Numerical simulations for the dynamics of macromolecular particles in flowing solutions inside mesopores
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Abstract

The dynamics and motion of macromolecular particles suspended in flowing fluids in mesopore systems, and their diffusive collisions and possible adsorption at surface solid boundaries, is a subject of fundamental importance for physical and biological studies. This theme has also promising new applications in the context of mesopore nanotechnology.


The analysis of the macromolecular motion in a flowing fluid inside mesopores is necessary to understand a variety of complex phenomena, as the motion of red blood cells, of suspended nanoparticles in pipe flow, and in polymer processing and composite manufacturing [1]. The analysis is also necessary to describe the adsorption of suspended nano particles inside mesopore systems in a variety of domains. The treatment of polluted air in human lungs, of selective separation of substances and fuel and energy storage, are just some examples of adsorption applications [2]. Adsorption is also an important effect to consider for successful encapsulation and immobilization for biological systems.


A detailed understanding of the influence of fluid hydrodynamics and Brownian movement on the diffusive collisions of macromolecular particles at the solid surface boundaries of mesopores is, however, still absent. Further, the study of the approach dynamics of the macromolecular particles in the neighbourhood of the solid boundaries, and of their diffusive collisions at these boundaries, should permit calculating with precision their adsorption properties, sorption thermodynamics, as well as their overall mobility. This study could also favour a detailed understanding of the phase separation of mixtures of different species of such macromolecules under hydrodynamic flow inside mesopores.


In the present study we have carried out numerical simulations to calculate the probability distribution functions (PDF) for the positions and angular orientations of macromolecular rigid rod-like particles, as the DNA molecules, in suspension in a flowing fluid. The particles are considered in dilute solution in a three dimensional frame, and are subject to the shear hydrodynamic flow and thermal Brownian movement, whether in the bulk of the flowing fluid or in the neighbourhood of a solid surface boundary.

The motion and the probable orientations of macromolecules at dilute concentration in the bulk of a flowing liquid are determined by two conflicting forces. The first is due to hydrodynamics stemming from the shear flow, and the second is thermal originating from Brownian diffusion. Boeder [3], is the first to have studied this problem from the theoretical point of view. He suggested an ordinary Differential equation (BDE) of the form

P’’ + (sin²()P)’ = 0.                                                                                                    (1)

This differential equation governs the PDF P() which describes the probability distribution of the orientations of the macromolecules in the bulk fluid. This BDE is derived in two dimensions describing the linear flow for rod like particles of negligible cross-sectional area, as a function of the Peclet number number α = γ' / Drot where γ’  is the shear rate in the hydrodynamic linear flow and Drot is the coefficient of rotational diffusion for the macromolecules. Boeder gave a series solution valid for only very small values of The analytical solution of the BDE equation in the bulk has been obtained subsequently for a wide range of  , where special, analytical as well as numerical methods are developed in order to calculate accurately the PDF, for arbitrary values of 


The BDE is not, however, sufficient to study the dynamics of macromolecules in the neighbourhood of surfaces. Indeed in this region the macromolecules suffer random diffusion collisions with the solid surface boundaries. The detailed nature of these collisions is complex and varies with the topography of the mesopores and with the nature of the macromolecular species, and the approach of a differential equation becomes hence severely limited.

 

The mechanical restitution model for diffusive collisions on boundaries due to Brownian and hydrodynamic effects is hence developed [4, 5], initially in two dimensions, for ideally flat surfaces and a variety of channel problems. More recently we have developed numerical simulations in 2D for the spatial and orientation PDFs in the vicinity of rough solid surface boundaries, and in particular in a confined mesopore space where the average mesopore width is smaller than the length of the macromolecules [6]. The figures below show an example of our results for different Peclet numbers 

In the first figure are presented the normalized spatial distributions, P(ξ), as a function of the different heights ξof the particle centre of mass with respect to the solid surface boundary in units of the particle length, and in the second figure the normalized orientation distributions, P(), as a function of  in degrees, for different Peclet numbers  The channel width is 2D = 0.8L, where L is the length of the macromolecules.
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It is clear from the above figures that macromolecules have the tendency to bunch up at the middle of the channel, where these tendencies increase as increases. The P(θ) distributions show in general two peaks cantered at θ = 44.4° and θ = - 44.4°, which implies that the majority of macromolecules are blocked with their extremities touching the upper and the lower surface boundaries of the channel with their centre of mass at the channel centre. Nevertheless the appearance of a small but appreciable probability for small angles indicate that some macromolecules may still pass freely inside the channel in particular for low 

 

In the present work, the mechanical restitution model is generalized to three dimensions, and combined with a fuller implementation of Jeffery’s equations which govern the motion of ellipsoidal particle forms in an unbounded linear flow field [7]. It is also assumed in the bulk that the fluid is Newtonian and that the particles are non-sedimenting. 

 

Bretherton [8] extended Jeffrey’s equations for the motion of rigid cylindrical forms. This version is hence used in the present study to calculate the PDF functions for macromolecular rigid rod-like particles, in the bulk and in the neighbourhood of solid boundaries.


The dynamics of diffusive collisions is not well understood either for nanoparticles, for a wide range of sizes and shapes. Experimental studies show that there is a critical velocity for a nanoparticle bounce, below which the particle adsorbs. Wang et al. [9] proposed a model to predict this critical velocity, and in a recent work Sato et al. [10] made numerical simulations to study further the mechanical restitution effect. The possibility of adsorption framed by mechanical restitution and sorption thermodynamics, and the analysis of the mobility of the macromolecular particles inside mesopores, are the main motivation for our present research.


The results for the diffusive collision dynamics of the macromolecular particles in a 3D frame demonstrate, in contrast to those for 2D [11], the importance of developing the numerical simulations in real space. In particular we are able to have a complete hierarchical topography for the PDF functions in the depletion layer near the solid surface boundary.
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The figures show an example of our results for a Peclet number α = γ' / Drot = 10, for the orientation PDF functions at two different heights of the particle centre of mass with respect to the solid surface, namely  ξ= 0.1  and ξ= 0.3, in units of the particle length, as a function of 3D orientation angles θ andThe PDF distributions are symmetric about θ = π/2 which indicate that the rods are mostly in the plane of the shear flow. They show a broad base near the flat surface due to the wide range angle for the mobility of these particles. The 3D results are also important to develop a refined theoretical model that is under study, for the adsorption and the mobility of the macromolecules inside mesopore systems.
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