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1 Introduction
1.1 Motivation

The current market size of membrane technology is approximately $20 billion, and was
expected to grow 8% between the years of 2015 and 2018 [1]. Decades of research have developed
a thorough understanding of the thermodynamic and kinematic perspectives of membrane
formation [1]. Most of this research has been done experimentally. An accurate computational
model would allow manufacturers of membranes to run simulations instead of experiments in a
lab. This ability would save manufactures time and money because they could observe the outcome
of a system without purchasing the materials required or lab time to perform the physical
experiment.
1.2 Objective

The objective of this research is to develop a computational model which, when given
inputs specific to a polymer-solvent system, could mathematically determine the membrane
formation. Analysis codes will also be used to determine the resulting membrane’s average pore
size, an important factor in determining whether the membrane is suitable for the desired

application.

2 Background

2.1 Membrane Research

In recent years, the field of semi porous membrane technology has been rapidly growing
[1]. One of the major applications of membranes is filtration. Membrane filtration can extend
beyond the range of solid-liquid filtration to macromolecules and dissolved solutes, allowing for

the separation of gas mixtures and multicomponent solutions [2]. Membrane technology has been






Simulations with this code were submitted to the Arkansas High Performance Computing
Center (AHPCC). The output files were then analyzed in Paraview [12] to create 2D and 3D
images depicting the concentration at each pixel. Videos were also created of the membrane

formation over time.

4 Results

4.1 PP/DPE Model Results

The simulations in this report are isothermal TIPS simulations. When the simulation
begins, the temperature immediately drops to the input temperature, causing phase separation to
begin, and the simulation stays at that temperature until the end. Figure 3 shows the progression
of a simulation with time as the mixture separates into polymer-rich and solvent-rich phases. The
polymer-rich area is represented by the light, opaque color and the solvent-rich area is represented

by the darker, transparent areas.



Figure 3. These are snapshots taken from one simulation at frames 1, 5, and 10 respectively for
the top row and frames 15 and 20 respectively for bottom row [12]. This simulation is at 325K
and a polymer volume fraction of 0.4.

The spinodal line was then graphed by setting the second derivative of the Flory Huggins Equation
with respect to the polymer volume fraction equal to zero [7]. Simulations were ran at varying
concentrations and temperatures. To compare these simulation results with theory, the images were
placed over a graph of the spinodal line, as seen in Figure 5. The lighter colors represent polymer-

rich areas and darker colors represent solvent-rich areas.



Phase Diagram - Spinodal Line
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Figure 4. Simulation images are placed over a graph of the theoretical spinodal line to see
correlation [12].

The data for the solvent-rich droplet diameters as the droplets develop over time can be seen in
Figure 5. This can be compared to the visual results of simulations ran at the same temperatures

and concentrations in Figure 6. Figures 7, 8, and 9 show the droplet diameters after 40,000 time
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steps for different temperatures over five different runs per temperature. The error bars indicate

the minimum and maximum values obtained within those five runs.

Diameter vs. Time for ¢, = 0.4
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Figure 5. Droplet diameter over time at quenching temperatures 300K and 320K

Figure 6. Simulation results for ¢=0.4 and temperatures (I) 300K and (Il) 320K [12]
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Figure 7. Droplet diameter averaged over five runs for each temperature with error bars for ¢@p =
0.3
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Figure 8. Droplet diameter averaged over five runs for each temperature with error bars for ¢p =
0.4
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Figure 9. Droplet diameter averaged over five runs for each temperature with error bars for ¢@p =
0.5

The diameter of the solvent-rich droplets can also be graphed as a function of concentration for a
given temperature. Figure 10 and 11 show these graphs for 280K and 300K. The points represent
the average droplet diameter of five runs, and the error bars show the minimum and maximum
values obtained within those five runs per concentration. Figure 12 shows visual results for

simulations ran at three different concentrations for 300K.
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Droplet Diameter (pixels)

Droplet Diameter (pixels)

Diameter vs. Concentration (280K)
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Figure 10. Droplet Diameter as a function of concentration for 280K

Diameter vs. Concentration (300K)
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Figure 11. Droplet Diameter as a function of concentration for 300K
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Figure 12. Final result of simulations ran at 300K for (1) @, = 0.3 (Il) @p = 0.4 (lll) @p = 0.5 [12]
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4.2 PVDF/DPC Model Results

Multiple simulations were ran with the second model and the binodal and spinodal lines
were graphed, following the same method of graphing as was used in model one with PP/DPE.
These simulation results were then overlaid on the graph to see how well the simulation results
corresponded to the theoretical results. These results can be seen below in Figure 13. The key to

the side shows the varying color ranges and their corresponding polymer concentration values.
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Binary phase diagram - PVDF/DPC
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Figure 13. PVDF/DPC Phase Diagram with Simulation Results [12]

Once the model was verified, more simulations were ran in three dimensions. A newly
developed script was used to determine the average distance between polymer regions, or pore
diameter, as seen in Figure 14 below. Figure 15 shows simulation results using various polymer
concentrations at 400K. These simulations visual correspond with the data plotting on the graph

in Figure 14. Using an average diffusivity coefficient for PVDF/DPC system and time span of
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