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Abstract

Immersion precipitation membranes are common in industry.  However, the process by which they are made is not well understood.  This paper describes the attempt to learn more about this process.  During this project, unexpected dynamics called into question many of the assumptions that form the basis of others’ work.  This phenomenon was explored and the cause determined to be solvent effects at the non-solvent - air interface.  This source, while essentially determined, displays interesting properties which require further exploration.  Initial observations are described. 
Introduction

Originally, the goal was to create and study polymeric membranes formed by immersion precipitation.  This process is thought to be fairly well understood.  Our task was to examine the morphology created during different immersion precipitation conditions.  This data would test the accuracy of certain hypotheses concerning this process.  During this project, however, unexpected dynamics were discovered.  These dynamics seemed to counter the assumptions made by others when accounting for the formation of membranes by immersion precipitation.  This prompted a study to find the source of this unexpected motion.  


This paper will briefly outline the original intent and describe the unexpected phenomenon.  This phenomenon is then analyzed and two hypotheses are considered.  Several experiments are observed and the results strongly suggest that one of the hypotheses is correct.  While general source of the dynamics is believed to have been resolved, many of the specific aspects require further study.  
Background


Immersion precipitation membranes are widely used in industry for filtering purposes.  The process used to create them involves spreading a thin layer of solvent-polymer solution onto a substrate, usually glass.  The substrate is then dipped into a non-solvent.  The solvent mixes with the non-solvent, while the polymer forms a thin porous membrane.  The membrane can then be used for filtering liquids, usually water.  

The formation of the pores is believed to be the result of a phase transition.   This transition occurs as the solvent leaves the polymer and is replaced by non-solvent.  The repulsion of these two components causes the polymer and non-solvent to separate.  As the polymer chains condense, they become entangled and prevent the completion of the phase transition.  The pores are created as a result.  


The core of current research on this process is focused on the change in morphology observed through the depth of the membrane.  Generally the surface of the membrane forms small pores, which quickly form into larger macro-voids as we head through the membrane toward the substrate.  It is believed that the speed of the attempted phase transition controls the type of morphology observed.  An image of the different morphologies is shown below.  
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Original Goal

The goal of this project was to prepare membranes which sample the phase diagram.  By sampling the phase diagram, the rate of membrane formation can be controlled.  The different membranes will be imaged, and the resulting morphology will be compared.  

Experimental


In all experiments, Poly-Viniladene-Fluoride (PVDF) will be used as the polymer.  Dimethylfloramide (DMF) will be used as the solvent.  De-ionized water with varying concentrations of DMF will be used as the non-solvent.  
Thick Films


The first task was to develop a way to consistently create thick films through the immersion precipitation process.  Thick films were required in order to view all morphology changes in the membranes.  They would have to be created in a consistent manner to provide accurate comparison.  
Films thicker than 200 um proved to be difficult to create.  Thicker films tend to curl up and deform the cross-section, making comparison difficult.  A few alternative methods were attempted, but with little success.  Pipettes were filled with the polymer solution and immersed in the non-solvent.  This created thick films, but they were inconsistent and difficult to cut.  In the hope of creating small spherical membranes, the polymer solution was injected under the surface of the non-solvent bath using a syringe.  These spheres would float to the surface and usually stick to the side of the syringe.  Finally, a droplet of polymer solvent was placed on the surface of the non-solvent bath, in the hopes of creating a small circular membrane.  Unexpectedly, this droplet would begin moving rapidly over the surface of the non-solvent.  The motion continued for up to twelve minutes.  This motion was puzzling and required explanation.  This is the focus of the remainder of the paper.  
Ramification of Dynamics


While intriguing in itself, this motion raises questions about much of the current understanding of this process.  It is generally accepted that the immersion precipitation process is diffusive (Cheng et. al., 1999).  The presence of such rapid sustained motion means that there is an effect other than diffusion acting on this droplet.  Before continuing to study the morphology, this behavior needs to be explained.  
Examination of Motion
Observations

With the non-solvent consisting of pure de-ionized water, the motion was continuous with a top speed of approximately 0.2 m/s.  To gain further understanding of the motion, the non-solvent was diluted with solvent.  This had a very noticeable effect.  Using 17% DMF in water as the non-solvent, the motion slowed and became sporadic.  The droplet would move a few centimeters and after a few seconds, it would again move off in a random direction.  While studying the motion closely, there appeared to be a jet of solvent protruding out from one side of the droplet pushing it in the opposite direction.  

It was considered that this jet was caused by a buildup of pressure inside the droplet.  Perhaps the initial membrane formation restricted the flow of solvent outward.  If the drop began to shrink, the pressure could build up until the outer membrane burst.  This is what appeared to be taking place, but there was substantial evidence the contrary.  The expulsion of solvent would have to be quite powerful if it was to move the droplet a substantial amount.  With the non-solvent consisting of de-ionized water, the motion was continuous and the total distance traveled appeared to be an impossible feat for such a mechanism.  

While examining this process, another mechanism was considered.  There appeared to be a region of solvent located on the underside of the droplets.  Perhaps, this region would contact the non-solvent surface on one side of the droplet and immediately spread, reducing the air non-solvent interfacial energy.  This could push the drop, and create the appearance solvent being expelled from the droplet.  To test the effects of DMF on the surface, a needle damp with DMF was dipped in the non-solvent near a droplet that had completed formation.  This immediately moved the droplet a few centimeters.  This process was also immediately repeatable.  This mechanism appeared to have the ability to produce the observed events.  A crude drawing of this process is shown below.
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Surface Experiments


In order to get a better idea of the action of the DMF, small particles were placed on the surface.  Then, solvent was dripped onto the surface.  The particles immediately spread from the location of contact, as one would expect from any surfactant.  However, the surface would quickly recover and the particles would return to their approximate starting positions.  Photos of this effect are shown below.  This observation was repeated with acetone as the solvent, and the effect was nearly identical.  The recovery of the surface could be due to the rapid evaporation of the solvent as it creates a thin layer, or perhaps the solvent is mixing with the non-solvent.  There could also be some other process involved; this phenomenon needs to be studied further.  
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From left to right: 1) Initial configuration of surface at time 0.0s.  2) Effect of solvent drop on surface at time = 0.4s.  3) Recovery of surface at time = 1.5s.  

Again using the surface particles, a drop of the polymer solution was placed on the surface of the non-solvent (pure de-ionized water).  As it moved, it left a tear shaped wake, void of particles.  Once the droplet moved out of the area, the surface nearly completely recovered.  The droplet was also able to prevent particles from collecting on its leading edge, likely due to smaller amounts of solvent spreading from that side.  An image of this motion is shown below.  When examining these experiments, it appears quite likely that the spreading solvent is the mechanism causing the motion.  
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Photograph of droplet of PVDF-solvent solution moving over surface littered with small particles.  Droplet is curving left and is located near the bottom left of the open space.  You can see the small wake left behind the droplet. This wake will quickly be replaced with particles as the droplet moves on.   
Available Energy


The following is a rough calculation of the energy available in the spreading solvent.  This will demonstrate that the observed motion is possible given the energy constraints of the spreading solvent.  The interfacial energy of air and water at 20 C is 72 J/(m^2).  The interfacial energy of air and DMF was not found, but acetone and air has an interfacial energy of 29 J/(m^2) and the effect on surface particles was similar (Anderson, 1989).  The experiments were done at 25 C, but the values should remain close.  Using an idealized system with pure DMF on one side of the droplet and pure water on the other, the force on the droplet was calculated to be 2.15*10^(-4) N.  Using the mass of the droplet, the acceleration was found to be approximately 9 m/(s^2).  Of course this does not consider drag, or the fact that the droplet appears to be surrounded by DMF during the motion.  However, this calculation demonstrates that the observed acceleration of approximately 0.1 m/(s^2) is possible given these constraints.  
Polar Behavior


Once the droplets completed formation, they displayed other interesting properties at the air non-solvent interface.  They would exhibit quadrupolar or other polar qualities.  During formation the droplets would begin to curl up at certain points on their perimeter.  This would draw the water up while the points between would push the water down.  A diagram is shown below.
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Usually the droplets would form shapes similar to the one shown above.  Again because of surface tension, similar regions will attract one another.  When many droplets were placed in proximity, they would begin to form chains or simply migrate to the edge of the container holding the non-solvent.  By repeatedly inserting and withdrawing a metal rod near one of these droplets, it would begin to rotate.  There is, perhaps, much more which could be explored in this area.  

Conclusion


It appears to be clear that the motion is due to the surfactant nature of the DMF.  This effect is the result of an interface and in general would not affect the immersion precipitation process.  However, there is still much to be explored in this area.  The repeatability of the spreading solvent is not completely understood, and the precise dynamics of the moving droplet could be resolved.  There is also the polar nature of these membranes to explore.  As for the original goal, it appears that the assumption it is a diffusive process is still safe.  The morphological study can be resumed.
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