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Editorial Board

Editor

Advisory Board (4)

Editorial Board Members (62)

Prof. Dr. Alírio E. Rodrigues Website SciProfiles
Editor-in-Chief
Laboratory of Separation and Reaction Engineering - Laboratory of Catalysis and Materials (LSRE-LCM),
Department of Chemical Engineering, Faculty of Engineering, University of Porto, 4200-465 Porto, Portugal
Interests: chemical engineering; bioengineering; materials engineering
Special Issues, Collections and Topics in MDPI journals

Prof. Dr. Fausto Gallucci Website
Inorganic Membranes and Membrane Reactors, Sustainable Process Engineering, Department of Chemical
Engineering and Chemistry, Eindhoven University of Technology, 5612 AZ Eindhoven, The Netherlands
Interests: process design and intensification; membranes and membrane reactors; separation technologies
Special Issues, Collections and Topics in MDPI journals
Special Issue in Processes: Process Intensification – improve efficiency by clever process/reactor
designs
Topical Collection in Processes: Process System Engineering for More Efficient Power and Chemicals
Production
Special Issue in Processes: Plasma-Based Processes for Improved Energy Efficiency
Special Issue in Reactions: Multifunctional Reactors
Special Issue in Catalysts: Multi-Scale Analysis of Advanced Catalytic Systems
Special Issue in Processes: Catalysis in Membrane Reactors
Special Issue in Processes: Feature Review Papers
Special Issue in Processes: Advances in CO2 Capture and Conversion
Special Issue in Processes: Recent Advances in Chemical Looping Combustion
Special Issue in Catalysts: Catalytic Process Intensification for Green Chemistry
Special Issue in Catalysts: Clean Ammonia Synthesis and Utilization for a Sustainable World: Catalytic
& Electron-Driven Routes

Prof. Dr. Dmitry Yu. Murzin Website SciProfiles
Faculty of Science and Engineering, Åbo Akademi University, 20500 Turku, Finland
Interests: heterogeneous catalysis; catalytic reaction engineering; biomass valorization
Special Issues, Collections and Topics in MDPI journals
Special Issue in Reactions: Selectivity in Complex Reactions
Special Issue in Materials: Heterogeneous Catalysts Synthesis and Characterization
Special Issue in Catalysts: Catalysis in Biomass Valorization
Special Issue in Reactions: Mechanism and Kinetics of Complex Reactions— 2020 Selected Papers from
Reactions’ Editorial Board Members
Special Issue in Reactions: Feature Papers in Reactions in 2021
Special Issue in Reactions: Feature Papers in Reactions in 2022
Special Issue in Catalysts: Aqueous-Phase Catalytic Hydrogenation and Hydrogenolysis of Renewable
Biomass and Its Downstream Products
Special Issue in Materials: Heterogeneous Catalysts Synthesis and Characterization (Second Volume)

Prof. Dr. José Rivera-Utrilla Website
Facultad de Ciencias, Departamento de Química Inorgánica, Universidad de Granada, E-18071 Granada,
Spain
Interests: preparation of new nanostructured carbon materials as catalysts and photocatalysts to develop
advanced water treatments; removal of pollutants from aqueous and gaseous phases by
adsorption/bioadsorption/biodegradation processes and catalysis using advanced carbon materials; new
treatments of water contaminated by organic pollutants by integrated technologies based on advanced
oxidation/reduction processes (ozonation, photooxidation, radiolysis) and carbon materials
Special Issues, Collections and Topics in MDPI journals
Special Issue in Catalysts: Photocatalytic Degradation of Organic Wastes in Water

Prof. Dr. Vincenzo Russo Website SciProfiles
Department of Chemical Sciences, Università degli Studi di Napoli Federico II, 80126 Naples, Italy
Interests: chemical reaction engineering; kinetics; catalysis; reactor; modeling
Special Issues, Collections and Topics in MDPI journals
Special Issue in Processes: Process Intensification in Chemical Reaction Engineering
Special Issue in Processes: Industrial Chemistry Reactions: Kinetics, Mass Transfer and Industrial
Reactor Design
Special Issue in Catalysts: Catalytic Epoxidation Reaction
Special Issue in Processes: Industrial Chemistry Reaction: Kinetics, Mass Transfer and Industrial
Reactor Design (II)
Special Issue in ChemEngineering: Catalytic Systems for Biomass Valorization

Filter Editorial Board Members Filter

Dr. Iker Agirrezabal-Telleria Website
Chemical and Environmental Engineering, University of the Basque Country, 48013 Bilbao, Spain
Interests: process engineering; heterogeneous catalysts; olefins; kinetics; bioenergy

Prof. Dr. Sonia Aguado Website
Department of Chemical Engineering, University of Alcalá, E-28871 Alcalá de Henares, Madrid, Spain
Interests: materials; zeolites; MOFs; CO2 capture; membranes; films; chemical engineering

Dr. Alessio Alexiadis Website SciProfiles
School of Chemical Engineering, University of Birmingham, Birmingham B15 2TT, UK
Interests: mathematical modelling; computer simulations; particle methods; molecular dynamics; discrete
multiphysics; coupling first-principle modelling with artificial intelligence; deep multiphysics
Special Issues, Collections and Topics in MDPI journals
Special Issue in ChemEngineering: Discrete Multiphysics: Modelling Complex Systems with Particle
Methods
Special Issue in Mathematics: Computational Fluid Dynamics II

Prof. Dr. Ana Maria Andrés Payán Website
Department of Chemistry and Process & Resource Engineering, School of Industrial Engineering and
Telecommunications (ETSIIT), University of Cantabria, Avda. Los Castros, s/n. 39005 Santander, Cantabria,
Spain
Interests: environmental assessment; waste valorisation; mobility of pollutants

Prof. Dr. Venko N. Beschkov Website
Institute of Chemical Engineering, Bulgarian Academy of Sciences, Acad. G. Bonchev Str., Bl. 103, 1113 Sofia,
Bulgaria
Interests: chemical engineering; biochemical engineering; fuel cells; environment protection
Special Issues, Collections and Topics in MDPI journals
Special Issue in Energies: Chemical and Biochemical Processes for Utilization of Renewable Energy
Sources

Prof. Dr. Amit Bhatnagar  Website SciProfiles
Department of Separation Science, LUT University, Sammonkatu 12, FI-50130 Mikkeli, Finland
Interests: water and wastewater treatment; bio(adsorption) processes; porous materials; nanotechnology;
green chemistry
Special Issues, Collections and Topics in MDPI journals
Special Issue in J: Nanomaterials for Environment: Progress and Future Scopes



Prof. Dr. Luca Brandt Website
Linné FLOW Centre and Swedish e-Science Research Centre (SeRC), KTH Mechanics, 100 44 Stockholm,
Sweden
Interests: fluid mechanics; complex fluids; multiphase flows; biofluids; heat and mass transfer

Prof. Dr. Saeed Chehreh Chelgani Website SciProfiles
Minerals and Metallurgical Engineering, Department of Civil, Environmental and Natural Resources
Engineering, Luleå University of Technology, SE-971 87 Luleå, Sweden
Interests: mineral processing; flotation; surface chemistry; rare earth processing; coal preparation; graphite
processing; leaching; modeling; neural network; random forest
Special Issues, Collections and Topics in MDPI journals
Special Issue in Minerals: Flotation Reagents
Special Issue in Materials: Mineral Processing for Advanced Material Applications
Special Issue in Minerals: Novel Advanced Machine Learning Methods in Mineral Processing
Special Issue in J: Applicable and Industrial Developments in Froth Flotation
Special Issue in Minerals: Flotation Reagents, Volume II

Dr. José P. Coelho Website SciProfiles
Instituto Superior de Engenharia de Lisboa, Instituto Politécnico de Lisboa, Rua Conselheiro Emídio Navarro,
1, 1959-007 Lisboa, Portugal
Interests: chemical engineering; supercritical fluids; antioxidants; thermodynamics; modelling; food technology
Special Issues, Collections and Topics in MDPI journals
Special Issue in Applied Sciences: The Applications of Supercritical Carbon Dioxide
Special Issue in ChemEngineering: Applications of Supercritical Fluids in Chemical Engineering
Special Issue in ChemEngineering: Exclusive Collection: Papers from the Editorial Board Members
(EBMs) of ChemEngineering

Prof. Dr. Francesco Di Natale Website SciProfiles
Department of Chemical, Materials and Production Engineering, University of Naples Federico II, P.le Tecchio
80, 80125 Naples, Italy
Interests: exhaust gas cleaning for marine applications; environmental impact of ship emissions on air quality;
aerosol technology; marine scrubber washwater; microplastics dispersion in sea water
Special Issues, Collections and Topics in MDPI journals
Special Issue in Processes: Conventional and Novel Processes for the Extraction of Precious Metals
from Spent Catalyst and Electronic Equipment
Special Issue in Journal of Marine Science and Engineering: Environmental Footprint of Shipping—
Characteristics and Mitigation Strategies

Dr. Massimiliano Lo Faro Website SciProfiles
Institute of Advanced Energy Technologies “Nicola Giordano” (ITAE) of the Italian National Research Council
(CNR), Via Salita S. Lucia sopra Contesse 5, 98126 Messina, Italy
Interests: fuel cell; electrolyser; sensor; battery; protonic conductors; oxygen ion conductors; cermets;
electrochemistry; mixed ionic electronic conductors
Special Issues, Collections and Topics in MDPI journals
Special Issue in ChemEngineering: Selected Papers from the HYdrogen POwer THeoretical and
Engineering Solutions International Symposium
Special Issue in ChemEngineering: 2018 HYPOTHESIS XIII: Hydrogen Power Theoretical and
Engineering Solutions International Symposium
Special Issue in ChemEngineering: 2019 HYPOTHESIS XIV
Special Issue in Materials: Materials and Components for Solid Oxide Based Electrochemical Cells
Special Issue in Catalysts: Catalysis in an Electrochemical Cell: Solid Oxide Fuel Cells, Electrolyzers
and Electrochemical Sensors

Prof. Dr. Eric Favre Website SciProfiles
Laboratoire Réactions et Génie des Procédés, ENSIC, 1 rue Grandville, BP 20451, 54001 Nancy CEDEX,
France
Interests: polymeric membrane materials; pervaporation; gas separation processes; membrane contactors;
design and modelling of membrane processes

Prof. Dr. Anna Maria Ferrari Website
Department of Sciences and Methods for Engineering, University of Modena and Reggio Emilia, 42122 Reggio
Emilia, Italy
Interests: life cycle assessment; environmental science; chemical engineering; materials science
Special Issues, Collections and Topics in MDPI journals
Special Issue in ChemEngineering: TiO2 Nanoparticles: Synthesis and Applications
Special Issue in Sustainability: Development of Manufacturing Based on Sustainability Goals and
Circular Economy

Prof. Dr. Josep Font Website SciProfiles
Universitat Rovira i Virgili, Departament d’Enginyeria Química, Avinguda dels Països Catalans 26, 43007
Tarragona, Spain
Interests: membrane processes; catalytic wet oxidation; advanced oxidation processes; process integration
and intensification; catalytic reactors; kinetic modelling and parameter estimation; homogeneous and
heterogeneous catalysis; energy generation and waste re-use; engineering education

Prof. Dr. Bogdan Gabrys Website
Faculty of Engineering and Information Technology, University of Technology Sydney, PO Box 123, Broadway,
NSW 2007, Australia
Interests: computational intelligence; data science; complex adaptive systems; machine learning; predictive
analytics

Prof. Dr. Luis M. Gandía Website SciProfiles
Sciences Department and Institute for Advanced Materials and Mathematics, Public University of Navarre.
Campus de Arrosadia, Edificio de los Acebos, 31006 Pamplona, Spain
Interests: chemical engineering; chemical reaction engineering; catalysis; hydrogen energy; biogas; syngas;
biofuels; methane conversion; CO2 capture and valorization, microfluidics, computational fluid dynamics
Special Issues, Collections and Topics in MDPI journals
Special Issue in Catalysts: Structured and Micro-Structured Catalysts and Reactors
Special Issue in ChemEngineering: Chemical Kinetics and Computational Fluid Dynamics Applied to
Chemical Reactors Analysis and Design
Special Issue in Sustainability: Eco-design and Green Chemistry
Special Issue in Reactions: Hydrogen Production and Storage

Prof. Dr. Sung Kyu Ha Website
Department of Mechanical Convergence Engineering, Hanyang Structures and Composites Lab (HSCL),
Hanyang University, 222 Wangsimni-ro, Seongdong-gu, Seoul 04763, Korea
Interests: piezoelectric materials; design of PVDF, P(VDF-TrFE) and PMN-PT devices; nanocomposites for
energy conversion/harvesting/generation
Special Issues, Collections and Topics in MDPI journals
Special Issue in ChemEngineering: Advances in Prediction and Characterization of Failure Behavior of
Polymer Composites
Special Issue in Energies: Application of Composite Materials for Energy Devices
Special Issue in Energies: Application of Composite Materials for Energy Storage and Generation

Prof. Dr. Nanjing Hao Website SciProfiles
School of Chemical Engineering and Technology, Xi'an Jiaotong University, Xi'an 710049, China
Interests: microfluidics; acoustofluidics; microreactor; micromixing; acoustic microreactor; 3D-printed
microreactor; paper microreactor; lab on a chip; microchemical engineering
Special Issues, Collections and Topics in MDPI journals
Special Issue in Nanomaterials: Microfluidics for Controllable Synthesis and Applications of
Micro-/Nanomaterials
Special Issue in Micromachines: Microreactors: From Principles to Rational Design and Applications

Prof. Dr. Mark P. Heitz Website SciProfiles
Department of Chemistry and Biochemistry, SUNY Brockport, 228 Smith Hall, 350 New Campus Drive,
Brockport, NY 14420, USA
Interests: ionic liquids (ILs); deep eutectic solvents (DESs); cosolvent solutions with ILs and DESs;
supercritical fluid solvation; proteins; microheterogeneous media; molecular solvation dynamics; laser-based
spectroscopy
Special Issues, Collections and Topics in MDPI journals
Special Issue in ChemEngineering: Advanced Ionic Liquid-Based Mixed Solvent Systems
Special Issue in Molecules: Biomolecules in Non-aqueous Media, from Small Molecules to
Macromolecules
Special Issue in ChemEngineering: Ionic Liquid and Deep Eutectic Solvent-Based Solutions
Special Issue in Molecules: Supercritical Fluid Techniques

Dr. Timothy Hunter Website SciProfiles
School of Chemical and Process Engineering, University of Leeds, Woodhouse, Leeds LS2 9JT, UK
Interests: ultrasonics; particle stabilised foams and emulsions; surfactant and polymer sol. structure and
adsorption; suspension rheology and settling; flocculation and stability control; ion-exchange for effluents
Special Issues, Collections and Topics in MDPI journals
Special Issue in ChemEngineering: Role of Colloid and Surface Science in Decontaminating Ground and
Groundwater Systems

Dr. Adolfo Iulianelli Website SciProfiles
Institute on Membrane Technology of the Italian National Research Council (CNR-ITM), via P. Bucci Cubo 17/C
c/o University of Calabria, CS 87036 Rende, Italy
Interests: hydrogen generation; inorganic membrane reactors; gas separation; polymeric membranes; Pd-
based membranes; graphene membranes; CO2 separation; reforming reactions
Special Issues, Collections and Topics in MDPI journals
Special Issue in ChemEngineering: Membrane and Membrane Reactors Operations in Chemical
Engineering
Special Issue in Membranes: Hydrogen Generation from Renewable Sources via Membrane Reactor
Technology
Special Issue in ChemEngineering: Volume II: Membrane and Membrane Reactor Operations in
Chemical Engineering

Prof. Dr. Johan Jacquemin Website SciProfiles
Materials Science, Energy, and Nano-engineering MSN Department, Mohammed VI Polytechnic University, Lot
660, Hay Moulay Rachid, Ben Guerir 43150, Morocco
Interests: thermodynamics; fluid phase equilibrium; structure-properties relationships; various thermodynamic-
based models; process simulation models
Special Issues, Collections and Topics in MDPI journals
Special Issue in ChemEngineering: Physical and Applied Chemistry of Novel Materials and Their
Applications
Special Issue in Molecules: Ionic Liquids, from Their Synthesis to Their Applications
Special Issue in Thermo: The Second International Symposium on Energy & Materials (EM-II)
Special Issue in Thermo: Annual Thermodynamics Education Issue: Methods & Results
Special Issue in Thermo: Feature Papers of Thermo in 2022

Prof. Dr. Izabela Janowska Website
1) CNRS, Inst Chem & Proc Energy Environm & Hlth ICPEES, 25 Rue Becquerel, F-67087 Strasbourg 2,
France; 2) Univ Strasbourg, 25 Rue Becquerel, F-67087 Strasbourg 2, France
Interests: π-π conjugated nanocarbons and their metal(oxides) composites for energy related applications
Special Issues, Collections and Topics in MDPI journals
Special Issue in ChemEngineering: Synthesis of Carbon Nanomaterials and Carbon Nanomaterial–
Metal(Oxide) Composites and Their Applications in Catalysis

Dr. Jacek B. Jasinski Website SciProfiles
Conn Center for Renewable Energy Research, University of Louisville, Louisville, KY 40292, USA
Interests: materials science; nanoscale materials; energy material; functional materials; renewable energy;
energy conversion; energy storage; nanotechnology; solid-state physics; materials characterization; electron
microscopy; surface science; spectroscopy; diffraction; in-situ measurements
Special Issues, Collections and Topics in MDPI journals
Special Issue in ChemEngineering: Functional Materials for Renewable Energy Technologies

Prof. Dr. Anker Degn Jensen Website
Department of Chemical and Biochemical Engineering, Technical University of Denmark, Søltofts Plads
Bygning 229, 2800 Kgs. Lyngby, Denmark
Interests: heterogeneous catalysis within energy conversion (mainly methanol and higher alcohols, syngas
conversion, biomass pyrolysis and catalytic biomass pyrolysis); environmental protection (mainly NOx removal
in the form of SCR catalysis (both mobile and stationary sources)

Dr. Yonggang Jin Website
CSIRO, 1 Technology Court, Pullenvale, Queensland 4069, Australia
Interests: methane emissions abatement; functional nanomaterials for clean energy and environment; carbon
adsorbents; catalysis; photocatalysis; dust monitoring and control; diesel particulate matter

Prof. Dr. Hussam Jouhara Website SciProfiles
College of Engineering, Design and Physical Sciences, Brunel University London, UB8 3PH, UK
Interests: waste heat recovery technologies; heat pipe; heat exchangers; multi-phase heat transfer
Special Issues, Collections and Topics in MDPI journals
Special Issue in ChemEngineering: Advanced Heat Exchangers for Waste Heat Recovery Applications

Prof. Dr. Kwang-Yong Kim Website SciProfiles
Department of Mechanical Engineering, Inha University, Incheon 22212, Korea
Interests: micromixer; micro heat sink; fluid machinery; optimization; heat transfer
Special Issues, Collections and Topics in MDPI journals
Special Issue in Micromachines: Passive Micromixers
Special Issue in Micromachines: Optimization of Microfluidic Devices
Special Issue in Micromachines: Analysis, Design and Fabrication of Micromixers
Special Issue in Micromachines: Analysis, Design and Fabrication of Micromixers, Volume II
Topical Collection in Micromachines: Micromixers: Analysis, Design and Fabrication

Dr. Gunther Kolb Website SciProfiles
Fraunhofer IMM, Head of Division Energy, Carl-Zeiss-Straße, 55129 Mainz, Germany
Interests: catalysis; reaction engineering; kinetics; fuel processing; reforming; methanation
Special Issues, Collections and Topics in MDPI journals
Special Issue in ChemEngineering: Recent Advances in Novel Chemical Reactor
Special Issue in Catalysts: Catalysts for Ammonia Decomposition

Prof. Dr. Ori Lahav Website
Faculty of Civil and Environmental Engineering, Technion, Haifa 32000, Israel
Interests: Physical/chemical water treatment processes; Reverse osmosis desalination; Wastewater treatment
processes

Prof. Dr. Ulla Lassi Website SciProfiles
Research Unit of Sustainable Chemistry, University of Oulu, Oulu, Finland
Interests: chemical engineering; sustainable inorganic materials; catalysts; adsorbents; battery chemicals

Prof. Dr. Vasile Lavric Website
Faculty of Applied Chemistry and Materials Science, Department of Chemical and Biochemical Engineering,
University Politehnica of Bucharest, 1-7 Polizu Street, 011061 Bucharest, Romania
Interests: chemical engineering; bioengineering; optimization and optimal control

Prof. Dr. Young-Il Lim Website SciProfiles
Center of Sustainable Process Engineering (CoSPE), Department of Chemical Engineering, Hankyong
National University, Jungang-ro 327, Anseong-si, Gyeonggi-do 17579, Korea
Interests: process systems engineering; sustainable process engineering; process simulation; multiscale
simulation; computational fluid dynamics; machine learning; deep learning; energy-efficient process
development
Special Issues, Collections and Topics in MDPI journals
Special Issue in ChemEngineering: Computational Fluid Dynamics (CFD) of Chemical Processes

Prof. Dr. Carlos Moreno Website SciProfiles
Department of Analytical Chemistry, Faculty of Marine and Environmental Sciences, University of Cádiz, 11510
Puerto Real (Cádiz), Spain
Interests: environmental analítical chemistry; marine and fresh water chemistry; trace Elements; micro-
extraction techniques; membranes separations
Special Issues, Collections and Topics in MDPI journals
Special Issue in ChemEngineering: Liquid Membranes for Chemical Speciation and Fractionation

Dr. Mario J. Muñoz-Batista Website SciProfiles
Department of Chemical Engineering, Faculty of Sciences, University of Granada, Avda. Fuentenueva, s/n,
18071 Granada, Spain
Interests: TiO2-based materials; nanomaterials; materials characterization; heterogeneous catalysis; kinetic
and mathematical modelling of photo-reactors
Special Issues, Collections and Topics in MDPI journals
Special Issue in ChemEngineering: Heterogeneous Photocatalysis and Photocatalytic Nanomaterials
Special Issue in Materials: Structure, Synthesis, and Applications of TiO2-Based Materials
Special Issue in Water: Application of Biochar for Effective Removal of Hazardous Chemicals from
Wastewater
Special Issue in Catalysts: Advanced-Photocatalytic Materials: New Perspectives and Challenges

Prof. Dr. Isabella Nova Website SciProfiles
Dipartimento di Energia, Laboratorio di Catalisi e Processi Catalitici, Politecnico di Milano, Via La Masa 34, I-
20156 Milano, Italy
Interests: heterogenous catalysis; environmental catalytic processes; chemical reaction engineering; modeling
of heterogenous catalytic processes; reactor design and simulation

Dr. Jorge Oliveira Website1 Website2 SciProfiles
Agrarian Scholl-IPV and CERNAS-IPV Research Centre, Polytechnic Institute of Viseu, 3504-510 Viseu,
Portugal
Interests: product design engineering and affective product design; Kinetics of quality and safety factors in
bioprocesses, including predictive shelf life modelling; Process modelling and optimisation, including Taguchi
analysis and quality by design; Engineering methods for packaging design of perishable products
Special Issues, Collections and Topics in MDPI journals
Special Issue in Applied Sciences: Engineering Methods for Packaging Design of Perishable Products

Dr. Akira Otsuki Website SciProfiles
Facultad de Ingeniería y Ciencias, Universidad Adolfo Ibáñez, Diagonal Las Torres 2640, Peñalolén, Santiago
7941169, Chile
Interests: recycling; colloid and interface science; mineral processing; analytical chemistry; material science
and engineering; functional materials; imaging; scattering; fluid dynamics; applied mechanics
Special Issues, Collections and Topics in MDPI journals
Special Issue in ChemEngineering: Coupling Flow Behaviors and Physico-Chemical Properties of
Concentrated Colloidal Particle Suspensions
Special Issue in Metals: Advances in Characterization of Heterogeneous Metals/Alloys
Special Issue in Journal of Composites Science: Non-Destructive Characterization and Processing of
Composite Materials
Special Issue in Applied Sciences: Sustainable Utilization of Primary and Secondary Raw Materials
Special Issue in Electronics: Imaging Based Material Characterization of Electronics and Their
Applications
Special Issue in Materials: Characterization and Processing of Complex Materials
Special Issue in Electronics: Resource Sustainability for Energy and Electronics
Special Issue in Processes: Process Intensification for Sustainable Society and Circular Economy
Special Issue in Metals: Metals and Materials Research for Our Sustainability—50 Years from the Limits
to Growth and 50 Years Future Perspectives
Special Issue in Materials: Characterization and Processing of Complex Materials - Volume 2
Special Issue in Sustainability: Sustainable and Optimal Manufacturing

Prof. Dr. Rajinder Pal Website SciProfiles
Department of Chemical Engineering, University of Waterloo, Waterloo, ON N2L 3G1, Canada
Interests: rheology of complex fluids; composite nanomaterials; pickering emulsions; soft matter;
thermodynamics
Special Issues, Collections and Topics in MDPI journals
Special Issue in Fluids: Non-Equilibrium Thermodynamics in Multiphase Flows
Special Issue in Fluids: Fluid Mechanics of Suspensions and Emulsions

Prof. Dr. Andrew S. Paluch Website
Department of Chemical, Paper, and Biomedical Engineering, Miami University, Oxford, OH 45056, USA
Interests: thermodynamics; phase-equilibrium; molecular simulation; separation processes
Special Issues, Collections and Topics in MDPI journals
Special Issue in Processes: Thermodynamics: Modeling and Simulation
Special Issue in Processes: Molecular Modeling for Industrial Process Design
Special Issue in ChemEngineering: Feature Papers in Chemical Engineering

Prof. Dr. George Z. Papageorgiou Website SciProfiles
Department of Chemistry, University of Ioannina, 45110 Ioannina, Greece
Interests: green engineering; sustainability; renewable raw materials; bioresources and biopolymers;
biorefinery; biobased materials and chemicals; polymer engineering; thermal processes; thermal analysis;
polymer wastes; biodegradation; recycling
Special Issues, Collections and Topics in MDPI journals
Special Issue in Polymers: Polymers from Renewable Resources
Topical Collection in Polymers: Sustainable Polymeric Materials from Renewable Resources
Special Issue in Polymers: Biobased and Biodegradable Polymers
Special Issue in Catalysts: Catalysis for Monomers and Polymers from Renewable Resources
Special Issue in Polymers: Green Polymeric Materials and Sustainable Valorization of Natural Resources
Special Issue in Eng: Green Engineering for Sustainable Development
Special Issue in ChemEngineering: Exclusive Collection: Papers from the Editorial Board Members
(EBMs) of ChemEngineering

Dr. Lidia Pino Website
CNR Istituto di Tecnologie Avanzate per l’Energia “Nicola Giordano”, Via Salita S. Lucia sopra Contesse 5, 98126 Messina, Italy
Interests: applied heterogeneous catalysis, particularly the catalytic process (partial oxidation, steam/autothermal reforming, tri-
reforming, dry-reforming) for H2 production from traditional and renewable sources; development of materials (nanostructured
oxides, sorbents) for applications in catalysis for sustainable processes and energy

Dr. Martín Ramírez Website1 Website2 SciProfiles
Department of Chemical Engineering and Food Technologies, Wine and Agrifood Research Institute (IVAGRO),
Faculty of Sciences, University of Cádiz, 11510 Puerto Real (Cádiz), Spain
Interests: bioreactor; biofiltration; biodesulfurization; biogas; hydrogen sulphide; microalgae; nitrification;
optimization; PID control; modelling
Special Issues, Collections and Topics in MDPI journals
Special Issue in ChemEngineering: Advances in Biogas Desulfurization

Prof. Dr. Vicente Rives Website1 Website2 SciProfiles
GIR-QUESCAT, Department of Inorganic Chemistry, University of Salamanca, 37008 Salamanca, Spain
Interests: layered double hydroxides; heterogeneous oxide catalysts; soil water remediation; controlled
release of drugs; adsorption of organics and of inorganics on layered materials; mixed oxide precursors for
ceramics
Special Issues, Collections and Topics in MDPI journals
Special Issue in ChemEngineering: Advanced Applications of Layered Double Hydroxides

Prof. Dr. Nicolas Roche Website SciProfiles
Aix Marseille Univ, CNRS, IRD, INRA, Coll France, CEREGE, BP 80, 13545 Aix-en-Provence, France
Interests: chemical engineering; wastewater treatment; sludge; water reuse; circular economy; rheology;
modeling

Prof. Dr. Jorge Rodríguez-Chueca Website SciProfiles
Departamento de Ingeniería Química Industrial y del Medio Ambiente, E.T.S. de Ingenieros Industriales,
Universidad Politécnica de Madrid, c/José Gutiérrez Abascal 2, 28006 Madrid, Spain
Interests: water and wastewater treatment; water quality; water management; wastewater reuse; advanced
treatments; environmental engineering
Special Issues, Collections and Topics in MDPI journals
Special Issue in Water: Urban and Industrial Wastewater Disinfection and Decontamination by Advanced
Oxidation Processes (AOPs): Current Issues and Future Trends
Special Issue in Water: Innovative Data Analysis Methodologies in the Water Sector: Water Quality and
Water Management
Topics: Water Reclamation and Reuse

Dr. Luís Guerra Rosa Website SciProfiles
IDMEC, DEM, Instituto Superior Técnico, Universidade de Lisboa, 1049-001 Lisboa, Portugal
Interests: metallurgy and materials science; development of characterization methods for materials and
components; materials processing using solar energy; fatigue and fracture

Prof. Dr. Ilenia Rossetti Website SciProfiles
Dipartimento di Chimica, Università degli Studi di Milano, Via C. Golgi, 19, I-20133 Milano, Italy
Interests: photocatalysis; heterogeneous catalysis; process design; valorization of renewable raw materials
Special Issues, Collections and Topics in MDPI journals
Special Issue in ChemEngineering: Process Design Issues for Hydrogen Production: From Catalyst
Design to Reactor Modelling and Process Simulation
Special Issue in Catalysts: Catalytic, Photocatalytic and Electrocatalytic Processes for the Valorisation
of CO2
Special Issue in Catalysts: Design Challenges for Catalytic and Photocatalytic Reactors
Special Issue in Catalysts: New Insights into Heterogeneous Catalysis
Special Issue in Materials: Feature Paper in Section Catalytic Materials

Prof. Dr. Erol Sancaktar Website SciProfiles
Department of Polymer Engineering, University of Akron, Akron, OH 44325, USA
Interests: mechanical behavior of adhesives, polymers, composites; design and manufacture with novel
materials; excimer laser applications in polymers; electrically conductive adhesives and polymers;
nanoprocessing, nanocomposites, and nanodevices
Special Issues, Collections and Topics in MDPI journals
Special Issue in ChemEngineering: Material and Structural Design of Novel Adhesives and Adhesive
Systems

Prof. Dr. Osvalda Senneca Website SciProfiles
Istituto di Scienze e Tecnologie per l'Energia e la Mobilità Sostenibili, Consiglio Nazionale delle Ricerche,
Piazzale Vincenzo Tecchio 80, 80125 Napoli, Italy
Interests: chemical engineering; chemistry; energy and fuels
Special Issues, Collections and Topics in MDPI journals
Special Issue in ChemEngineering: Thermochemical Conversion of Solid Fuels
Special Issue in Energies: Advances in Solid Fuels Conversion to Enable the Global Energy Transitions

Prof. Dr. Yongwon Seo Website
Department of Urban and Environmental Engineering, Ulsan National Institute of Science and Technology,
Ulsan 44919, Korea
Interests: chemical engineering; environmental science and engineering; gas hydrates

Dr. Eleonora Sforza Website1 Website2
Department of Industrial Engineering DII, University of Padova, Via Marzolo 9, 35131 Padova, Italy
Interests: bioprocess engineering; microalgae cultivation; bioremediation; photosynthetic organisms
Special Issues, Collections and Topics in MDPI journals
Special Issue in ChemEngineering: Industrial Cultivation of Microalgae: Technologies, Applications and
Challenges

Dr. Farooq Sher Website1 Website2 SciProfiles
Department of Engineering, School of Science and Technology, Nottingham Trent University, Nottingham NG11
8NS, UK
Interests: sustainable development; renewable energy technologies; bioenergy; biomass; thermochemical
conversion; solar energy; climate change mitigation; hydrogen production; energy optimization; clean fossil
fuels; carbon dioxide capture and storage (CCS)
Special Issues, Collections and Topics in MDPI journals
Special Issue in Sustainability: Sustainable Conversion of Renewable Energy Sources
Special Issue in Molecules: Nanohybrid Composites for Greener Energy Devices and Environmental
Remediation
Special Issue in Energies: Biofuels and Sustainable Energy Materials Development

Prof. Dr. Roumiana Petrova Stateva Website
Institute of Chemical Engineering, Bulgarian Academy of Sciences, 1113 Sofia, Bulgaria
Interests: chemical engineering thermodynamics (fluid phase equilibria); supercritical fluid extraction of high
added value substances from natural matrices; physical and thermodynamic properties prediction, modelling,
simulation and design of processes
Special Issues, Collections and Topics in MDPI journals
Special Issue in ChemEngineering: Applications of Supercritical Fluids in Chemical Engineering

Prof. Dr. Amadeu K. Sum Website
Hydrates Energy Innovation Lab, Chemical & Biological Engineering Department, Colorado School of Mines,
Golden, CO 80401, USA
Interests: clathrate hydrates/gas hydrates; flow assurance; multiphase flow; molecular
thermodynamics/simulations

Dr. Catalin Teodoriu Website SciProfiles
Mewbourne School of Petroleum and Geological Engineering, University of Oklahoma, Norman, OK 73071,
USA
Interests: drilling; wellbore integrity; process safety; automation; wellbore construction technologies
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Abstract: Viscoelastic bonds intended for Discrete Multiphysics (DMP) models are developed to
allow the study of viscoelastic particles with arbitrary shape and mechanical inhomogeneity that
are relevant to the pharmaceutical sector and that have not been addressed by the Discrete Element
Method (DEM). The model is applied to encapsulate particles with a soft outer shell due, for example,
to the partial ingress of moisture. This was validated by the simulation of spherical homogeneous
linear elastic and viscoelastic particles. The method is based on forming a particle from an assembly
of beads connected by springs or springs and dashpots that allow the sub-surface stress fields to be
computed, and hence an accurate description of the gross deformation. It is computationally more
expensive than DEM, but could be used to define more effective interaction laws.

Keywords: Kelvin–Voigt viscoelastic bonds; coarse grained model; particle method; viscoelastic
particles; inhomogeneous particles

1. Introduction

The Discrete Element Method (DEM) has been employed to study a range of pharmaceutical
manufacturing processes and products including powder mixing [1], agglomeration with and without
a liquid binder [2], and the release of Active Pharmaceutical Ingredients (APIs) from powder inhalation
products [3]. Invariably, this has not involved inhomogeneous particles, and those of arbitrary shape
have been simulated by gluing primary particles together such that the interior is essentially rigid in
order to minimise the computational cost, which is not representative of real particles [4]. An important
example of mechanical inhomogeneity is the softening of particles due the presence of moisture during
agglomeration or dispersion/dissolution. In such cases, a gradient of moisture content is developed
with a corresponding gradient in the mechanical properties. Another example is the encapsulation
of APIs for which there is commonly a hard shell and a softer core. For particles formed from
an organic polymer such as microcrystalline cellulose, the ingress of moisture will cause them to
become viscoelastic.

Mesh-free methods and, in particular, particle methods such as DEM are increasingly popular
in the scientific community due to their ability to overcome some drawbacks of the conventional,
mesh-based, numerical methods; see [5] for a review. Particle methods can also be coupled together
within a Discrete Multiphysics (DMP) framework that, unlike conventional multiphysics techniques,
is based on “computational particles” rather than on computational meshes [6,7]. In fact, there is a
range of systems for which DMP can address problems that would be very difficult, if not impossible,
for traditional multiphysics approaches. Examples are cardiovascular valves [8,9], blood clotting [10],
phase transitions [11], capsules’ breakup [12,13], and fuzzy boundaries (e.g., a tablets’ dissolution) [14].
In many of the above examples, the solid phase is often represented by a Lattice Spring Model (LMS)
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and involves both linear and non-linear springs for modelling elastic materials. In the current study,
the method is extended to viscoelastic materials by implementing the Kelvin–Voigt (KV) viscoelastic
model that involves springs and also dashpots to represent the viscous friction.

KV bonds have been proposed in the LSM literature, but only to model wave propagation in
viscoelastic media (e.g., seismic wave propagation [15]), where the media are treated as homogenous
and no external forces are applied to the system. KV bonds have never been implemented to study the
strain field of solid objects under the effect of external loads. Achieving this objective would provide
particle-based multiphysics techniques (e.g., DMP) with the ability to model viscoelastic materials,
which is currently not possible.

The current study addresses the above shortcoming in the literature. For benchmark and validation
purposes, the diametric compression of homogeneous spherical particles between parallel platens is
described, which may be considered as a special case of indentation. A flat indenter or platen is widely
used especially for the diametric compression of single particles [16] and microcapsules [17]. Generally,
they are loaded at a constant velocity to a specified displacement and unloaded, or alternatively held
in position, to measure the stress relaxation.

A quasistatic model based on Hertz’s contact theory has been employed to describe the interaction
between the particles that are packed together to represent unconsolidated porous media [18].
The evolution of the permeability with the deformation was computed by the lattice-Boltzmann
approach. Here, the approach is that macroscopic bodies (such as particles) are sub-divided into
computational beads. Each bead is connected to the nearest neighbours by linear springs or by KV
bonds. It will be shown that for the spherical particle represented by beads connected by linear springs
model, under diametric compression simulation, the relationship between force and displacement is
nearly identical to the Hertz contact theory.

In the current work, the KV model is compared initially with the theoretical results for a single
viscoelastic bond. Then, elastic and viscoelastic spherical particle models including multiple bonds are
developed and simulated under diametrical loading. Finally, applications of DMP to spherical particles
composed of core and shell regions with different properties are also presented to demonstrate the
potential for inhomogeneous systems.

2. Materials and Methods

2.1. Theoretical Background

2.1.1. Hertz Theory for Elastic Normal Contact Force

Hertz proposed a theory to analyse the contact of two elastic isotropic spherical solids by assuming
linear elasticity and frictionless boundary conditions [19]. For diametric compression, a spherical body
is in contact with two flat surfaces, and the radius of curvature of the flat surfaces is set to infinity. Since
the total deformation is evaluated, it is divided by two [20], and therefore, the relationship between the
force, FH, and the relative displacement of the plates, δ, is as follows:

FH =
E
√

2R
3(1− υ2)

δ3/2, (1)

where E, R, and υ are the Young’s modulus, radius, and Poisson’s ratio of the particle, respectively.

2.1.2. Viscoelastic Normal Contact Force

For the diametric compression of a spherical viscoelastic particle, the force may be partitioned
between the elastic deformation and the viscoelastic dissipation, thus [21,22]:

FVE = Felastic + Fdissipative = Aδ3/2 + Bδ1/2
.
δ, (2)
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where δ and
.
δ are the displacement and the rate of displacement, respectively. The elastic term is

the Hertzian contact force where A is the constant in the Hertz theory. The dissipative part has a
dissipative constant B that was derived independently in [21,23,24].

2.1.3. Mass-Spring-Dashpot Models

Figure 1 depicts two particles of mass m connected by a KV model, which is defined as a “KV”
bond and implemented numerically as described in the next section. When a KV bond is displaced by
a distance X from its equilibrium position, the resulting force is given by the following relationship:

FKV = kX + b
dX
dt

, (3)

where k is the spring constant and b is the dashpot constant. If such a force is applied to the model, the
displacement will be a function of time, t, as follows:

X(t) =
F
k

(
1− e−

k·t
b

)
, (4)
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Figure 1. Two particles connected by a spring and a dashpot in parallel.

2.2. Model and Simulation

In this section, we initially compare the numerical implementation of the spring and dashpot
model with the theoretical results for a single viscoelastic bond. Then, we extend the study to a large
geometry (spherical) including multiple bonds.

2.2.1. Validation of a Single KV Bond

The KV bond was implemented numerically in LAMMPS [25] following the standard Hooke’s law
and Newton’s law of fluid flow for the spring and dashpot, respectively, as shown in Equation (3). To
validate the numerical implementation of the mass-spring-dashpot model, a simple system was created
as shown in Figure 1, and the displacement was calculated from the simulations and compared to the
analytical solution of Equation (4). The following parameter values were employed for the simulations:
F = 1 N, m = 0.00001 kg, k = 0.2 N/m, and a range of values of b, as shown in Figure 2, where m is the
mass of the beads. The simulated displacements are in close agreement with the analytical solution.

A second validation was performed by comparing the creep and recovery responses of the system
in Figure 1 to that calculated using Simulink (Version 9.1, The MathWorks Inc., Natick, MA, USA).
As depicted in Figure 3, the simulated displacements were in close agreement with the calculated
values from Simulink. After the force was applied, the displacement increased rapidly until it reached
a steady state. When the force was removed, the displacement decreased rapidly, and as time increased,
it approached asymptotically to zero.
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A third validation was performed by comparing the displacement response of the system in
Figure 1 to a sinusoidal load (dynamic force), to the value calculated using Simulink (Version 9.1,
The MathWorks Inc. Natick, MA, USA), as shown in Figure 4. Furthermore, in this case, the simulated
displacements were in close agreement with the calculated values.

2.2.2. Modelling the Diametric Compression of a Spherical Particle

In DMP models, macroscopic bodies are sub-divided into computational particles (beads). Since in
this work, we study KV bonds that can be used in DMP (or other particle-based multiphysics methods),
we extended the validation to macroscopic spheres that accounted for multiple KV bonds. A sphere
could be sub-divided into computational beads in different ways. Here, we employed two approaches:
the beads were arranged on (a) a regular cubic lattice and (b) an irregular tetrahedral lattice.
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In the first case, the spherical particle (Figure 5a) was constructed from cubic lattice cells (Figure 5b).
It contained 137,059 beads with each connected to the nearest neighbours and along face diagonals
by linear springs or by KV bonds. This work focuses on viscoelasticity (KV bonds), and the case
of purely elastic spheres (linear springs) was computed for comparison. The case of linear springs,
in fact, has been already studied, and mass-spring cubic lattice cell models are known to represent
(purely) elastic homogenous isotropic materials if the connection between the masses and the stiffness
of the springs are selected appropriately [26]. For a cubic lattice cell with nearest neighbour and
next nearest-neighbour linear springs, the Poisson’s ratio is predicted by the theory to be 0.25 [26],
and Young’s modulus is given by the following relationship [27]:

E = 2.5 k/l (5)

where l is the length of an edge of the cell. In the “Results and Discussion” (Section 3), our model will
be initially validated against these theoretical values for a perfectly elastic sphere by only accounting
for linear springs and, later, it will be extended to a viscoelastic sphere by substituting the springs with
KV bonds.
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The tetrahedral cells were created by discretising the sphere with a finite-element mesh generator.
In this case, the distance between the beads was not perfectly uniform, and for this reason, we called it
a disordered model. Using this approach, less beads were required, but the calculation of the elastic
modulus a priori (Equation (5)) was less accurate [26]. A spherical particle based on a disorder model
with 5921 beads was created using an open-source 3D finite element grid generator [28]. As in the
case of the cubic lattice, the beads were connected to their neighbours either with linear springs or KV
bonds to model, respectively, elastic and viscoelastic materials.

Two parallel solid planes were applied to the particle in order to simulate diametric compression.
They exerted a force to compress the particle, where the magnitude of the force, F(r), is given by [29]:

F(r) = S(rb − Ri)2, (6)

where S is the specified force constant, Ri is the position of the plane and rb − Ri is the distance from
the bead to the plane. The force is repulsive, and F(r) = 0 for rb > Ri. The force constant was set to be
1010 Nm−2 for all simulations in order to represent rigid compression planes. During the compression
loading simulations, one plane compressed the particle with a constant velocity for both the elastic
and viscoelastic particle models, while the other was maintained static. For the viscoelastic particle,
the displaced plane was held at its final position after the loading to allow for relaxation. The force and
particle displacement were recorded during the simulations, and a time step of 10−11 s was used to
integrate Newton’s equations of motion.

It is well known that the KV model can produce the creep and recovery responses of a two-bead
system, as shown in Figure 3, but cannot model stress relaxation behaviour. However, as will be
shown in the next section, for the many-bead spherical particle models connected with KV bonds,
stress relaxation behaviour could be observed. This is because a many-bead particle model connected
with KV bonds is similar to a generalized KV model, i.e., a viscoelastic material model composed of N
Kelvin–Voigt units assembled in series. The generalized KV model has been employed, for example to
study the viscoelastic properties of micro-cracked materials [30].

3. Result and Discussion

3.1. Perfectly Elastic Spherical Particles

3.1.1. Cubic Lattice Cell Model

Figure 6a presents the simulated force as a function of displacement for an elastic spherical particle
based on the cubic lattice cell with a spring constant of 200 Nm−1. The data were compared against
the Hertz theory predictions (Equation (1)) and the comparison depicted in Figure 6b. The force and
displacement calculated from the simulations were nearly identical to the Hertz theory. The fluctuating
behaviour in Figure 6 was due to slight numerical inaccuracies that artificially perturbed the total energy
of the system. Since the particle was perfectly elastic, this energy was never dissipated and manifested
itself as a high frequency perturbation. This is a known issue with the LSM, which, in the literature, is
usually solved by adding a small artificial dissipative term that damps these high frequencies [31].
In this study, since the focus was on validation, we did not implement any artificial dissipation.

The calculated Young’s modulus for the spherical particle was 39.1 MPa, which was in a close
agreement with the Young’s modulus of the elementary cubic lattice cell of 40 MPa calculated using
Equation (5). The small discrepancy arose because, due to the cubic cell internal structure, the bead
model was not a perfect spherical shape, so that it did not fully comply with the Hertzian contact model.

The bulk shear stress, which is the sub-surface principal stress difference, i.e., |(σ1 − σ3)|/2, may be
calculated for each bead. The principal stresses (σ1 and σ3) were calculated from the virial stress
and kinetic energy contributions [32] for each bead. The contours of the calculated shear stress are
presented in Figure 7, where a is the contact radius and r is the particle radius. The shape of the
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contours was similar to that calculated theoretically [33,34]. The maximum value was found at a depth
of 0.5a. This is in a close agreement with theoretical value of 0.48a [33].
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lattice cell.

3.1.2. Disorder Model

Figure 8a presents the normal contact force as a function of displacement calculated from the
simulations using the disorder model with a spring constant of 200 Nm−1. Although this involved a
smaller number of beads, the data were a closer fit to a Hertzian response (Figure 8b), but with greater
fluctuations of the force. As mentioned above, these fluctuations normally would be removed with an
artificial dissipation term, but in this validation example, it is noteworthy that, as expected, disordered
structures increased the amplitude of the perturbation. Using Equation (1) and assuming that υ = 0.25,
the Young’s modulus was calculated to be 12.4 kPa.
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Figure 9 presents the contours of the calculated sub-surface shear stresses, for which due to the
random location of the beads, the pattern was not similar in form to that of the cubic lattice cell model.
However, the maximum value was also found at a depth of about 0.5a below the surface, which was
similar to the cubic lattice model.
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3.2. Viscoelastic Spherical Particles

3.2.1. Cubic Lattice Cell Model

Figure 10 presents the contact force as a function of time during compression and relaxation
calculated from the simulations of a viscoelastic spherical model based on the cubic lattice cell during
compression with a spring constant of 200 Nm−1 and a dashpot constant of 10−6 Nm−1 s. The force
and displacement data were fitted to Equation (2) in order to obtain the value of A, and hence Young’s
modulus using Equation (1). It was found to be 36.8 MPa, which was slightly less than that for the
elastic particle.
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Figure 10. Contact force as a function of time during compression and relaxation calculated from the
simulations of the viscoelastic spherical particle based on the cubic lattice cell model.

An analysis of the force relaxation after compression was performed using a previous method for
experimental compression of an agarose micro-particle [35]. Instantaneous (E0, corresponding to t = 0)
and long-time (E∞, corresponding to t = ∞) elastic moduli were then calculated. The values were
found to be E0 = 54 MPa and E∞ = 34 MPa. The Hertzian Young’s modulus was close to the calculated
relaxed value. The relaxation times are t1= 0.49 s and t2= 4.6 × 10−5 s.

3.2.2. Disorder Model

Figure 11 presents the simulated contact force as a function of time for a viscoelastic spherical
particle based on the disorder model with a spring constant of 200 Nm−1 and a dashpot constant of
10−6 Nm−1 s. The force and displacement data were fitted to Equation (2) in order to obtain the value
of A, from which the Young’s modulus was obtained using Equation (1) as 112 KPa, which was greater
than the calculated value for the elastic particle.
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An analysis of the force relaxation after compression was performed using the procedure used for
the cubic lattice model. The elastic modulus values were found to be E0 = 203 KPa and E∞ = 200 KPa.
The Hertzian Young’s modulus was less than the calculated relaxed value, indicating that the force
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was not fully relaxed after compression. The relaxation time t1 = 0.82 s and t2= 2.83 × 10−5 s. It
is noteworthy that since the dashpot accounted for the physical viscosity of the material, artificial
dissipation was not necessary in these examples.

3.3. Application of the Elastic Disorder Model: Hard Core-Soft Shell and Soft Core-Hard Shell Spherical
Particles under Compression

In this section, we consider spherical inhomogeneous particles composed of a hard core-softer
shell (HC-SS) and a soft core-harder shell (SC-HS). The models were based on a disorder lattice with
6065 beads. The beads were connected with springs to their neighbours. The hard regions of the
particles were modelled using a larger spring constant than that for the soft part. The ratios of shell
thickness, h, and the particle radius, r, were set to be 0.5, 0.2, and 0.05. A visualization of the shell
thickness and particle radius is presented in Figure 12. A small artificial damping force (1−10 Nm−1.s)
was added to the beads, which was proportional to the relative velocity of the beads, in order to damp
the kinetic energy from the system and obtain a smoother compression force. Two parallel solid planes
were positioned on the surface of the particle in order to simulate diametric compression, as described
in the previous section. Using Equation (1) and assuming that υ = 0.25, the Young’s modulus was
calculated for each case.ChemEngineering 2020, 4, x FOR PEER REVIEW 10 of 14 
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Figure 12. Illustration of shell thickness (h) and particle radius (r).

Figure 13 presents the force as a function of fractional deformation (δ/2r) of HC-SS particles with
different values of kcore and h/r. Figure 14 presents the force as a function of fractional deformation
(δ/2r) of SC-HS particles with different values of kshell and h/r. The force profiles in Figures 13 and 14
can be compared with experimental data to simplify theoretical equations for small deformation e.g.
for microcapsules [36].

By comparing Figures 13a and 14a, for the deformation up to 5%, it may be seen that the change
in kshell affected the deformation force more significantly than the change in kcore. Figure 13a shows
that by reducing kshell from 200 to 20 Nm−1, the deformation force is now just about 11% of the initial
value; while in Figure 14a, by reducing Icore from 200 to 0.2 Nm−1, the force now is about 67% of the
initial value. Thus, at small deformations, the compression load is mainly absorbed by the shell.

Increasing the h/r ratio from 0.05 to 0.2 changed the deformation force more significantly than
increasing the h/r ratio from 0.2 to 1, as presented in Figures 13b and 14b for the deformation up to 5%.
Increasing the h/r ratio from 0.5 to 1 did not change the force significantly. Moreover, it may be seen
from Figures 15b and 16b that changing the h/r ratio from 0.5 to 1 did not change the lumped Young’s
modulus significantly. In these cases, the h/r ratio of 0.5 could be considered as a cut-off ratio where
there would be no significant change to the modulus.
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Figure 13. (a) The force as a function of fractional deformation (δ/2r) of HC-SS particles (h/r = 0.2
and different kshell) and a hard solid particle (kshell = kcore = 200 Nm−1). (b) The force as a function of
fractional deformation (δ/2r) of HC-SS particles (kcore = 200 Nm−1 and kshell = 20 Nm−1) with different
values of h/r and a soft solid particle (h/r = 1, kcore = kshell = 20 Nm−1).
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Figure 14. (a) The force as a function of fractional deformation (δ/2r) of SC-HS particles (h/r = 0.2
and different kcore) and a hard solid particle (kcore = kshell). (b) The force as a function of fractional
deformation of SC-HS particles (kcore = 2 Nm−1 kshell = 200 Nm−1) with different values of h/r and a
hard solid particle (h/r = 1, kcore = kshell = 200 Nm−1).
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Based on the results, a lumped Young’s modulus could be calculated using Equation (1), which
represented the equivalent Young’s modulus the particle would have if it were homogeneous.
Figures 15 and 16 present the lumped Young’s moduli of HC-SS and SC-HS particles as a function
of kshell and kcore, respectively, and as a function of the h/r ratio. As expected, with increasing values
of kshell or kcore, the Young’s modulus increases for HC-SS and SC-HS particles, respectively. For the
HC-SS particle, increasing the h/r ratio decreased the Young’s modulus, while for the SC-HS particle,
it increased the value.

4. Conclusions

It has been demonstrated that the LSM could accurately represent the deformation, including
the associated sub-surface stress fields, not only for elastic particles, but also for viscoelastic particles
when linear springs were substituted with KV bonds. The disorder model was computationally more
efficient than that based on a cubic lattice cell and led to a more refined definition of particle shape.
Although only spherical particles were investigated in the current study, the approach is readily
applicable to more complex shapes of the type that are often encountered in the pharmaceutical sector.
The proposed technique could be employed, within a particle-based multiphysics model such as DMP,
to model mechanical inhomogeneity, for example the softening of a particle immersed in water could
be modelled by coupling the Young’s modulus with the diffusion coefficient. It could also be extended
to non-linear elastic deformation, plastic deformation, and fracture by introducing non-linear springs,
friction elements, and springs of limited extensibility. For example, the fracture strength is of particular
interest for encapsulates.

If compared with gluing DEM particles together to model different shapes, the proposed technique
provided not only accurate contact stresses, but also the stresses within the particle. The disadvantage,
however, was in the greater computational cost. However, it was considerably more convenient to
implement than discrete finite elements, which require more complex material models. The proposed
approach could also be adopted to develop effective interaction laws for inhomogeneous systems in
DEM simulations to reduce the computational cost. It would also be possible to incorporate LSM
particles in a DEM simulation.
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Nomenclature

a contact radius
API Active Pharmaceutical Ingredients
b dashpot constant
δ relative displacement
.
δ rate of displacement
DEM Discrete Element Method
DMP Discrete Multiphysics
E Young’s modulus
F force
F(r) force (diametric compression)
FE viscoelastic normal contact force
FH force (Hertz theory)
FKV force (Kelvin–Voigt model)
h shell thickness
HC-SS hard core-softer shell
k spring constant
KV Kelvin–Voigt
l length of an edge of the cell
LSM Lattice Spring Model
m mass
r radius
rb-Ri distance from the bead to the compression plane
Ri position of the compression plane
σ1, σ3 principal stresses
S specified force constant
SC-HS soft core-harder shell
υ Poisson’s ratio
X distance from equilibrium position
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