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ABSTRACT OF THE THESIS

Development of a Novel Process to Fabricate Hierarchical Microporous

Open-Cell Polymer Foam

by MICHAEL C. FECHTMANN
Thesis Director:

Professor Shahab Shojaei-Zadeh

A new process to fabricate polymeric hierarchical microporous foams was
developed and the effects of process parameters on the cell structure, Young’s Modulus,
ultimate tensile strength and density of the resulting foams were studied. The process
uses a suspo-emulsion in which one phase is volatile blowing agent/particle slurry and
the other phase is a heat curable polymer. We found that the initial concentration of each
of the components had drastic effects on the stability of the suspo-emulsion and whether
or not the suspo-emulsion would phase invert to create polymer particles instead of
polymer foam. Also, increasing the amount of blowing agent in a given suspo-emulsion
resulted in lower density foam with a larger Young’s modulus and higher ultimate tensile
strength. Polydimethylsiloxane (PDMS) was the polymer chosen for the systematic study
of the process and epoxy resin was also used to demonstrate the versatility of the process.
Since the resulting foam is microporous and open-celled and because PDMS is
hydrophobic, the produced foam rejects high surface tension liquids like water, but
absorbs low surface tension liquids like motor oil. Thus, foams fabricated from different
compositions were evaluated for their ability to absorb oil for their potential application

in maritime oil spill cleanup operations.
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List of Figures

Figure 1. Schematics for the basic polymer foaming mechanisms. (a) Liquid blowing
agents are mixed into a liquid polymer and expanded during heating. (b) Porogens (solid
particle pore generators) are embedded in a liquid polymer matrix and then removed after
solidification. (c) An immiscible liquid is emulsified with a liquid polymer and then the
droplets are removed. (d) Gaseous blowing agents can be created from a chemical
reaction within the polymer or (e) physically blown into a liquid polymer.

Figure 2. Hierarchical macroporous polymer foam created from an emulsion stabilized
by both particles and surfactants at the droplet interface. Large pores created from the
particle stabilized droplets are surrounded by smaller pores created from the surfactant
stabilized droplets [17].

Figure 3. An aqueous foam stabilized solely by thermoplastic polymer particles (left) is
heated until the water evaporates and the polymer particles are sintered together into a
solid structure (right) [49].

Figure 4. A flow diagram representing the production process of open-cell hierarchical
foams.

Figure 5. A schematic of the process after the suspo-emulsion has been made. Heating
vaporizes the isopropanol and eventually causes it to evaporate, but not before the PDMS
has cured. When the sugar is dissolved, voids are left in the PDMS structure.

Figure 6. FE-SEM micrographs of the resulting foam using the proposed process. Epoxy
resin was used instead of PDMS to demonstrate the versatility of the process. (a) is a
micrograph of the foam that results from carrying out the process at 25°C, (b) is the foam
from the process being carried out at 60°C, and (c) is a close up showing small divots on
the cell walls.

Figure 7. FE-SEM image of the Domino 10X Confectioner’s sugar that was used as a
dissolvable filler (porogen) in the proposed foaming process.

Figure 8. FE-SEM micrographs of the process carried out with sodium bicarbonate
(NaHCO3) as the filler instead of powdered sugar. The hierarchical structure is clearly
visible in (a), with the large oval pores (three of which are outlined) caused by
isopropanol bubbles and the small angular pores formed from dissolving the sodium
bicarbonate. (b) is a close up of (a) to give a better view of the pores that are formed from
dissolving sodium bicarbonate. All scale bars are 200pm.

Figure 9. The phase diagram for the production process with the volume of PDMS held
constant at 4.85mL and the curing temperature held constant at 80°C. There are five
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distinct end products depending on the concentrations of isopropanol and sugar. The end
product of interest in the systematic study is the open-cell foam. The inset image is a
micrograph of PDMS particles (scale bar 300um) generated from the phase inverted
section of the phase diagram.

Figure 10. FE-SEM micrographs of a sample of foam before the sugar is dissolved. It is
clear that the sugar is pushed together by the expanding isopropanol bubbles and that the
sugar lies between films of PDMS.

Figure 11. Selected time laps images of thin films made from mixtures of only two of the
three required components: (a) PDMS/Sugar, (b) Sugar/Isopropanol, (c)
Isopropanol/PDMS. Image (d) represents the sample where all three required components
(PDMS/Isopropanol/Sugar) are present. All scale bars are 200 microns.

Figure 12. Normalized bubble growth of 1mm thick films of the suspo-emulsion at 25°C.
Increasing isopropanol or reducing sugar concentration leads to faster bubble growth. The
data is fitted to quadratic curves with the displayed R* values.

Figure 13. Normalized bubble growth of 1mm thick films of the suspo-emulsion at 38°C.
A larger concentration of sugar has a more dramatic negative effect on the bubble size at
an elevated temperature. The data is fitted to quadratic curves with the displayed R’
values.

Figure 14. FE-SEM micrographs of the cross section of foams prepared using a
composition of 1.86g/mL isopropanol, 4.12g/mL sugar and 4.85mL PDMS at different
curing temperatures. (b) is an example of mesoscale pores that can be found in these
foams. All scale bars are 200 microns, except for (b) which has a scale bar that is 2
microns.

Figure 15. FE-SEM micrographs of foams that all have 1.44g/mL of isopropanol and
4.85mL of PDMS, with various sugar concentrations. As the sugar concentration is
increased, the foam morphology becomes dominated by pores resulting from the
dissolution of sugar. All scale bars are 200 microns.

Figure 16. FE-SEM micrographs of foams that all have 5.15g/mL of sugar and 4.85mL
of PDMS with different isopropanol concentrations. As the isopropanol concentration is
increased the foam morphology becomes dominated by large pores formed by
isopropanol bubbles. All scale bars are 200 microns. (b) is a close up of the structure
shown in (a).

Figure 17. Schematic of the setup for determining the density of the foam samples. An
anchor weight of known volume was attached to the foam sample and then placed in a
graduated cylinder. The cylinder was then filled with water to a predetermined
graduation. The difference between the weight of water and the graduation is the volume
occupied by the foam sample and the anchor weight.
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Figure 18. A plot of the density of the foams as a function of the sugar concentration.
Changing the isopropanol concentration in the suspo-emulsion has a more drastic effect
on the density at higher sugar concentrations, showing that the density is an
interdependent function of sugar and isopropanol. The data is fitted to exponential decay
functions with the displayed R? values.

Figure 19. The effect of isopropanol concentration on foam density. The density is
inversely proportional to the isopropanol concentration for a given sugar concentration.
The data is fitted to lines with the displayed R* values.

Figure 20. The influence of sugar concentration on the porosity (calculated from the
density) of the produced foams. The porosity is proportional to the sugar concentration
but at higher sugar concentrations the isopropanol concentration creates greater variation.
The data is fitted to quadratic curves with the displayed R* values.

Figure 21. Pore size distribution generated from SEM micrographs for foam samples
fabricated with a constant isopropanol concentration of 1.44g/mL. There is a wide
distribution of pore sizes and the highest sugar concentration has the greatest number of
pores in each bin except for the 10* bin.

Figure 22. Average pore area generated from SEM micrographs of foam samples
fabricated with a constant isopropanol concentration of 1.44g/mL. The average pore area
decreases with an increase in the sugar concentration. The data is fitted to a line with an
R? value of 0.84125.

Figure 23. Pore area standard deviation generated from SEM micrographs of foam
samples fabricated with a constant isopropanol concentration of 1.44g/mL. The standard
deviation of the pore area decreases with an increase in the sugar concentration,
indicating that the pores become more uniform in size. The data is fitted to a line with an
R? value of 0.82992.

Figure 24. Porosity of foam samples calculated from their densities. The porosity of the
foam sample is proportional to the isopropanol concentration. There is a comparatively
large jump in porosity between the samples prepared with sugar concentration of
2.06g/mL and 3.09g/mL. The data is fitted to lines with the displayed R* values.

Figure 25. Pore size distribution generated from SEM micrographs of foam samples
prepared with a constant sugar concentration of 5.15g/mL. A lower isopropanol
concentration will lead to more pores in the 10° micron” bin.

Figure 26. Average pore area generated from SEM micrographs of foam samples
fabricated with a constant sugar concentration of 5.15g/mL. The average pore area
increases with an increase in the isopropanol concentration. The data is fitted to an
exponential equation with an R* value of 0.97827.
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Figure 27. Pore area standard deviation generated from SEM micrographs of foam
samples fabricated with a constant sugar concentration of 5.15g/mL. The standard
deviation of the pore area increases with the isopropanol concentration, indicating that
the pores become less uniform with an increase in the isopropanol concentration. The
data s fitted to a line with a R” value of 0.90015.

Figure 28. An example of a graph of the raw data from the Instron tensile test machine.
Foam samples were tested until failure. The UTS is the peak values of stress attained
before sample failure.

Figure 29. Average of three Ultimate Tensile Strength (UTS) tests for each of the foam
compositions. The UTS of the foam samples increases with increasing isopropanol
concentration, but decreases with the addition of sugar. The UTS of bulk PDMS is
2.24MPa. The data is fitted to exponential functions with the displayed R* values.

Figure 30. Groups of samples with a constant sugar concentration (in g/mL) are circled.
Within each of these groups an increase in the isopropanol concentration not only leads to
a decrease in the density of the foam, but also to an increase in the UTS.

Figure 31. Average of the Young’s Modulus of three samples for each composition. The
Young’s Modulus of the foam will increase drastically with an increase in the
isopropanol concentration when there is a low sugar concentration in the suspo-emulsion,
but when there is a higher concentration of sugar in the suspo-emulsion, the isopropanol
concentration has less of an effect. The Young’s Modulus of bulk PDMS ranges from
360KPa to 870KPa. The data is fitted to quadratic equations with the displayed R? values.

Figure 32. Groups of samples with constant sugar concentrations (in g/mL) are circled.
Within each of these groups, an increase in the isopropanol concentration leads to a lower
density, but also a higher Young’s Modulus. The effect becomes less significant at higher
sugar concentrations.

Figure 33. Normalized mass gains for foam samples placed on top of oil slick for 1
minute. Generally, more oil is absorbed by foam samples that were fabricated with higher
isopropanol and sugar concentrations. The data is fitted to quadratic equations with the
displayed R* values.

Figure 34. Normalized mass gains for foam samples placed on top of oil slick for 15
seconds. Oil absorption after 15 seconds shows a similar trend to the 1 minute
experiment, but the normalized mass gains are lower. The data is fitted to cubic equations
with the displayed R” values.

Figure 35. Normalized mass gains for foam samples placed on top of oil slick for 1
minute plotted against the density. The normalized mass gains appear inversely
proportional to the density of the foam samples. Inset (a) is a picture of the foam before



absorbing oil (dyed red for visualization) and (b) is after absorbing oil. The dotted line is
to guide the reader.

Figure 36. Normalized mass gains for foam samples placed on top of oil slick for 15
seconds plotted against the density. The normalized mass gains appear inversely
proportional to the density of the foam samples and the data is more distinctively grouped
by sugar concentration than the 1 minute trial. This is because for a shorter time interval,
the flow rate of oil through the pores of the foam does not vary as much. The dotted line
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Introduction



1.1 Polymer Foam Background

In this study we have developed a novel method of foaming a liquid pre-polymer
matrix which is then crosslinked into a solid and hierarchically structured open-cell foam.
Open-cell foams have many applications, including bioscaffolds[1-3], high surface area
catalysts[4, 5], filters[6], battery, capacitor and fuel cell electrodes [7, 8],
vibration/acoustic dampers[9, 10], thermal insulation[11, 12], and sorbents[13, 14].
Polymeric open-cell foams are of particular interest due to their relatively low cost, low
weight and wide range of physical and mechanical properties. There are four basic
mechanisms of manufacturing polymer foams: gaseous blowing agents, liquid blowing
agents, emulsion templating and porogen (a solid particulate pore generator) leaching.
Schematics for these mechanisms are presented in Figure 1. These mechanisms can
produce both open and closed cell foams, with the transition between the two structures
relying upon the percentage of void space created in the particular foam[15]. Each of the
basic mechanisms can be broken down into a variety of specific methods, for example, a
gaseous blowing agent can be physically blown/injected into a viscous polymer and then
heated to expand into pores, or gas molecules could be a byproduct of the polymerization
reaction and collected into bubbles that become the cells of the foam[16]. A blowing
agent that does not undergo a chemical reaction during the foaming process is termed a
physical blowing agent, whereas chemical blowing agents are gasses created from a
chemical reaction. Of course, each of these methods has its advantages and drawbacks.
Gas bubbles (or liquid droplets) generated by gaseous blowing agents, liquid blowing
agents and emulsion templates need to be stabilized (usually with a surfactant) to prevent
their coalescence so that large voids do not occur in the final polymer foam. The

bubbles/droplets in these three methods can also be stabilized by low surface energy



particles at the bubble (or droplet) interface or by both particles and surfactants. An
example of an emulsion templated foam that is stabilized by both particles and
surfactants, and results in the formation of a hierarchical pore structure is shown in
Figure 2. The small pores are due to surfactant stabilized droplets and larger pores are
due to particle stabilized droplets[17]. A hierarchical pore structure — a mixture of pore
sizes of different length scales, i.e. a mixture of micropores (diameter 1pm to Imm) and
macropores (diameter >Imm), gives foams improved absorption capabilities over
uniform cell size foams due to the differing transport rates of fluids through large and
small pores in the foam’s structure[ 18], as well as improved mechanical properties[19].

Porogen leaching methods generally do not have to be stabilized, but the solid
porogen must be removed from the polymer matrix, which can be a cumbersome and
wasteful process, especially as the size of the porogen (and hence pores of the foam) is
reduced. However, templating and subsequent leaching of solid fillers is one of the
simplest and most robust techniques for creating open-cell structures. Common solid
porogens include sugar (sucrose)[20-30] and salt (sodium chloride)[23, 28-40] because
they are easily dissolved in water, as opposed to polymeric porogens that require the use
of organic solvents for dissolution. Ice has also been shown to be an effective solid
porogen[41-43], as it can easily be melted away.

There are other more exotic methods of creating polymer foams, such as using
micelles to create the pores of the foam [44, 45] or by stabilizing aqueous foams solely
by polymer particles at the liquid-gas interface and then sintering the polymer particles
into one solid structure (see Figure 3) [46-49].

As there are many methods of creating polymer foams, foams are also created from

many different types of polymers with a wide range of properties. Foams are made from



thermoplastic and thermoset polymers, biopolymers, hydrophobic and hydrophilic
polymers and elastomers. Commonly foamed polymers include polystyrene (especially
for consumer food containers), polyurethane, polyvinylchloride, polypropylene,
polyethylene and silicone.

Silicone open-cell foams are of particular interest because they have been shown to
be able to separate oil from water due to the inherent hydrophobicity and oleophilicity of
silicone[22]. This property coupled with a high chemical resistance, a low glass transition
temperature (-125°C) and stability at high temperatures[50] make silicone foams the ideal
candidate for cleaning up oil spills in harsh environments. Not only are the physical
properties of the silicone foam important, but so is the morphology of the cellular
structure. Recently there has been much interest in creating hierarchical pore
morphologies in foams[51-60] due to their improved mechanical and physical properties.
Creating a hierarchical structure requires a combination of the methods outlined
previously or using multiple sizes of the same type of template.

In this study we have developed a novel method that is a combination of porogen
leaching and liquid blowing agent methods to create hierarchical silicone foam. The
porogen particles are mixed into the blowing agent to create a suspension that is then
emulsified with the pre-polymer/curing agent mixture to create a suspo-emulsion (an
emulsion in which one of the phases is a suspension). Upon heating, the blowing agent
expands to create bubbles and the pre-polymer is solidified. Finally, the porogen particles
are dissolved away. This method is unique in that the suspo-emulsion from which the
foam is produced is stabilized not by particles at the interface or by surfactants, but by the
increase in viscosity from the addition of particles in the bulk of the blowing agent phase.

Thus, low surface energy (generally polymeric) particles are not required for this



technique, nor are surfactants, both of which can be environmentally hazardous if they
were to leach out of the foam. From the perspective that this method is essentially adding
a blowing agent to the conventional porogen leaching method, one can see that the
blowing agent helps to create a continuous network for the porogens to be leached from
at much lower porogen concentrations. From the other perspective, that this method is
adding porogens to the conventional liquid blowing agent process, one can see that the
viscosity of the lower molecular weight polymers can be modified with porogens to trap
liquid blowing agents. Additionally, the removal of the porogen particles and the
expansion of the blowing agent leads to a hierarchical pore structure that can be
controlled by the concentrations of the blowing agent and porogen.

1.2 Motivation

We are seeking a process-structure-property relationship for a novel method of
creating hierarchical foams and to determine if any of the resulting foam compositions
are viable for cleaning maritime oil spills. The novel process will be shown to create
foams from two different polymers, and with two different fillers. The process can run
into difficulties such as phase separation if the concentration of the starting components
are in improper proportions, so a processing window (or phase diagram) needed to be
determined. This phase diagram also gives insights into the interesting physics of the
process.

1.3 Thesis Outline

First, the production process and the materials used in the process will be explicitly
stated. The phase diagram for the selected materials and temperature will be explained, as
will the physics behind the process. The effect of the concentrations of the components in

the pre-foamed mixture on the resulting mechanical and physical properties of the final



foam, along with their testing methods, will be explained. Lastly, the potential application

of the produced foam for maritime oil spill cleanup will be examined.
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2.1 Production Process

A flow diagram of the production process is shown in Figure 4. First, a given mass of
powdered sugar (the porogen/filler) is weighed into a container on a milligram scale
(Mettler Toledo), followed by the addition of a given mass of isopropanol (the liquid
blowing agent). These two components are then mixed by hand for 30 seconds, and then
mixed in a high shear centrifugal mixer (Thinky AR-100) at 2000 RPM for 1 minute to
create the blowing agent/filler slurry forming the inner phase of the suspo-emulsion. In a
separate container, a mixture of PDMS elastomer base and crosslinker is prepared with
the components in a 10:1 ratio, respectively. This combination is mixed by hand for 30
seconds, and then mixed in the high shear centrifugal mixer at 2000 RPM for 1 minute.
This mixture becomes the outer phase of the suspo-emulsion, and thus, the foam. Next,
4.85mL of the PDMS base/crosslinker mixture is added into the isopropanol/sugar slurry
to create the precursor to the blowing agent slurry/polymer suspo-emulsion. The final
slurry/polymer suspo-emulsion is created by mixing the precursor mixture for 1 minute
by hand and 2 minutes at 2000 RPM in the centrifugal mixer. Additionally, the suspo-
emulsion is de-foamed in the centrifugal mixer for 1 minute to remove air bubbles that
are entrained during mixing and to ensure as homogeneous of a foam as possible.

The suspo-emulsion is then placed in the oven at a given temperature for 1 hour to
crosslink (cure) the PDMS and to cause the liquid isopropanol to vaporize into bubbles.
After curing, slight and variable compression is applied to the foam while under a stream
of water to help the water infiltrate the pores of the foam to aid in dissolving the sugar
particles. The samples are then placed in a container of water for 12 hours to ensure the
removal of all the sugar particles. The samples are then dried in an oven for 4 hours at

80°C resulting in the formation of the final foam structure. Three parameters were



systematically varied in this study in order to determine their influence on the structure
and the mechanical properties of the resulting foams: isopropanol, powdered sugar, and
the curing temperature. Figure 5 is a schematic of the process after the suspo-emulsion
has been made. During the heat curing process the isopropanol expands into bubbles that
are trapped by the PDMS. These isopropanol vapor bubbles push the sugar to their edges
to create a continuous network of sugar through the PDMS. Once the sugar is dissolved,
the PDMS hierarchical foam structure is released.

2.2 Equipment

Disposable containers that were chemically resistant to isopropanol and had melting
temperatures well above 80°C were used to contain the mixtures and emulsions that
resulted from the various stages of the production process. The foam was produced in
90mL polystyrene cups and in 22mL glass vials. A Mettler Toledo scale with a milligram
resolution was used to weigh the components into the container. A mini stainless steel
spatula was used to mix the components by hand and a Thinky AR-100 centrifugal mixer
was used to mix, de-foam and emulsify the components. A convection oven was used to
heat the final emulsion to cure the polymer and vaporize the blowing agent.

2.3 Materials Selection

Polydimethylsiloxane (PDMS) was purchased in the form of the Sylgard 184
elastomer base and crosslinker kit (Dow Corning) and was used as the polymer matrix of
the foam in this study. PDMS was selected because it can be cured in a wide temperature
range, allowing the blowing agent to be tested at several different temperatures.
Polyepoxide 635 thin epoxy resin and hardener (US Composites, Inc.) was used as an
alternate polymer matrix to show the versatility of the foaming method and to

demonstrate that the process can be used with different types of polymers. Figures 6(a-c)
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show a field emission scanning electron microscope (FE-SEM) image of a foam made
using this process with 4.85mL of epoxy resin, 3.09g/mL of sugar and 1.02g/mL of
isopropanol. It shows a similar structure to PDMS foam with a high loading of sugar and
a low loading of isopropanol (see Figure 16 (a)). Domino Sugar 10-X powdered
confectioners’ sugar (Domino Foods, Inc.) was used as the solid filler (porogen) for the
systematic study. Powdered sugar was used because it is easily dissolved away in water
after curing and because it is only slightly soluble in isopropanol which allows slurries to
be made at relatively low sugar concentrations as compared to water. An FE-SEM image
of the powdered sugar is shown in Figure 7.

The powdered sugar was run through 75 micron mesh at the Domino production
factory, so that is the maximum particle size. Sodium bicarbonate (Church & Dwight Co.,
Inc.) and sodium chloride (Morton Salt) were also used to show that this method is
compatible with multiple solid fillers. These solid fillers also have low solubility in
isopropanol, which allows thick slurries to be made at low filler concentrations. Figures
8(a-b) are FE-SEM micrographs of the PDMS foam with sodium bicarbonate as the filler.
The hierarchical structure of the foam is demonstrated in these images.

For the liquid blowing agent, 70% isopropanol (TopCare) was used as it does not
interfere with the curing reactions of PDMS and polyepoxide. Distilled water was used to
remove the solid filler from the foam after curing. For the oil absorption tests, Mobil
Special SAE 5W-30 motor oil (Exxon Mobil Corporation) with a density of 0.86g/mL

was used.

2.4. Process Temperature

The foaming process is highly temperature dependent because the rate of curing of
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the PDMS and the rate of vaporization of the isopropanol are both temperature
dependent. Therefore, the interplay of these two dynamic parameters is very important to
the resulting foam. It stands to reason that the faster the PDMS cures, the less time the
isopropanol has to vaporize and expand. The standard curing temperature of PDMS is
65°C and the boiling point of 70% isopropanol/30% water is 80.4°C, so they are within
approximately 15°C of each other. A solution of 70% isopropanol/30% water forms an
azeotrope (a mixture of two liquids that has a single boiling point), so the separation of
water and isopropanol will not occur during the vaporization process.

2.5 Phase Diagram

The percentage of the liquid PDMS phase versus the percentage of the sugar in
isopropanol suspension phase is very important to the structure of this emulsion. An
increase in the percentage of the inner phase (the sugar in isopropanol suspension) can
cause phase inversion, which is the inner phase becoming the outer phase. Conversely, a
reduction in the percentage of the outer phase (the liquid PDMS) can also cause phase
inversion. If the emulsion is unstable, then phase separation can occur and the inner phase
and outer phase will separate and stack by density in the container (PDMS on top of
sugar/isopropanol). Since one of the phases of this emulsion is a suspension of particles
in a liquid, it is a type of emulsion termed suspo-emulsion.

A phase diagram for the PDMS/sugar/isopropanol suspo-emulsion is shown in Figure
9. For each of the compositions in the phase diagram the volume of PDMS was held
constant at 4.85mL with the base to crosslinker ratio held constant at 10:1. Additionally,
the curing temperature was held constant at 80°C (approximately the boiling point of the
70% isopropanol/30% water azeotrope). At the bottom left hand corner of the phase

diagram there is a low concentration of sugar and a low concentration of isopropanol and
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in this region a closed cell foam results after curing. It is difficult to dissolve any of the
sugar out of the foam in this region. Increasing the sugar concentration without increasing
the isopropanol concentration brings the system into a region where an open cell foam
results after curing, but the structure is extremely weak and the foam crumbles apart
when the sugar is dissolved away. Increasing the isopropanol concentration from this
point brings the system to the center of the phase diagram, where an open-cell
hierarchical foam is formed after curing. This was the main region of interest for this
study, with the PDMS as the outer phase of the emulsion and sugar/isopropanol as the
inner phase. Increasing the concentration of isopropanol from this region brings the
system into the phase separation region, in which the isopropanol and sugar migrate to
the bottom of the container and the PDMS migrates to the top during the curing process.
Increasing the sugar concentration from this region can bring the system back into the
stable zone where the open-cell hierarchical foam is produced. Increasing the
concentration of sugar even further will push the system to a phase inversion point,
causing the PDMS to become the inner phase of the emulsion and sugar/isopropanol to
become the outer phase of the emulsion. PDMS particles are created after curing when
the system is in this region, as seen in the inset image in Figure 9.

It is interesting to note that the addition of sugar prevents phase separation from
occurring, while the addition of isopropanol can cause phase separation. It stands to
reason that the sugar particles in the bulk are stabilizing the system because the addition
of particles will increase the viscosity of the isopropanol/sugar phase (which is clearly
noticeable during mixing). Additionally, the thinning effect of adding more isopropanol
causes the suspo-emulsion to become less stable. The stability of a specific composition

of the suspo-emulsion can be predicted by the equation that forms the line separating the
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phase separation region from the open cell foam region of the phase diagram in Figure 9,
as:
Cipa = 0.83Csy — 0.34 (1)

Where Cjp, is the concentration of isopropanol and Cgy is the concentration of sugar.
This equation will give the maximum isopropanol concentration that can be used for a
given sugar concentration without phase separation, when the temperature is 80°C. The
equation for the lower bound where foams begin to crumble apart is:

Cipa = 0.23Csyy — 0.16 (2)

This equation will give the maximum sugar concentration that can be used for a given
isopropanol concentration without causing the foam to crumble, when the processing
temperature is set to 80°C. These two equations are only valid between sugar
concentrations of ~0.5g/mL, where closed cell foams results, and ~9g/mL, which is
where phase inversion will start to occur. FE-SEM micrographs of the foam before the
sugar was dissolved away are shown in Figures 10(a-c). The sugar particles tend to form
interconnected granules that help create the open cell structure of the foam. The film of
PDMS that formed around the sugar is also clearly visible.

2.6 Bubble Growth

The pre-cured mixture was produced following the procedure detailed in Section 2.1.
A one millimeter thick film of the mixture was doctor blade extruded onto a glass slide.
This film was viewed from the bottom (through the glass slide) on an Olympus [X71
inverted microscope and a time lapse video was taken over the course of 20 minutes, with
a picture taken every 30 seconds. A thermocouple was used to measure the temperature
of the mixture on the slide. To extract data from the images, a color threshold was

performed to isolate the bubbles from the background, and then the areas of three bubbles
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were measured in each picture of the time lapse using the image processing program
Imagel. With these measurements, the area of each bubble was normalized by the

formula:
Ay =—— (3)

Where, A4, is the normalized area, A4, is the area at time ¢, and A4, is the area of the
bubble at time 7 = 0, which corresponds to one minute after the emulsion was removed
from the mixer. Using this normalization scheme the average bubble growth was
compared for three bubbles in four different compositions of sugar and isopropanol and
at two different temperatures. The glass slide was heated with a resistive heating element
in contact with the slide.

To confirm that the isopropanol was expanding and creating bubbles during the
foaming process, two of the three components (isopropanol, PDMS, and sugar) were
selected and a mixture was made. This was repeated for all possible combinations:
isopropanol/PDMS, isopropanol/sugar and PDMS/sugar using the same procedure
outlined in Section 2.1, though without one of the components. A time lapse video was
taken as described previously.

From the experiments where one of the three components (isopropanol, PDMS, and
sugar) was removed from the mixture, it is clear that all of them together are necessary to
create the foam structure. The mixture of just PDMS and sugar created no bubbles, as
was expected due to the lack of the volatile isopropanol. The mixture of isopropanol and
sugar did not create any bubbles either, which was also expected due to the lack of a
continuous matrix to house the bubbles. The mixture of isopropanol and PDMS did form

bubbles, however, there were very few compared to when all three components were in
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the mixture. Figures 11(a-d) show representative images from the time lapse of these
three mixtures compared to a mixture where all three components exist.

Four compositions were tested for emulsions that contained all three components. The
average normalized bubble size versus time for each composition at 25°C and at 38°C are
shown in Figure 12 and Figure 13, respectively.

To analyze the growth rate of the bubbles, a quadratic equation was fit to each of the
curves, and the first derivative of that quadratic equation was taken as the bubble growth
rate. The coefficient of the first order term of the first derivative is negative in for all
compositions and represents the factors that slow down the bubble growth rate as time
progresses. These factors include the dissipation of vaporized isopropanol into the
atmosphere and the increase in the viscosity of PDMS as the polymer chains are
crosslinked. The zeroth order coefficient (constant) of the first derivative represents the
factors that do not change with time, such as the initial concentrations of isopropanol and
sugar and the temperature of the glass slide. At 25°C and a concentration of 3.09 g/mL of
sugar, an increase in the concentration of isopropanol by 50% results in an decrease of
the coefficient of the first order term of the slope by 1250% and of the constant term by
144%. This physically means that a 50% higher isopropanol concentration initially
increases the bubble growth rate by 144%, but as time progresses the bubble growth rate
tapers off 1250% more quickly. Table 1 provides the compositions that were evaluated
and the first and zeroth order coefficients for each of the compositions at 25°C and 38°C.

Generally, for the compositions that were evaluated, a lower concentration of sugar
results in an increased bubble growth rate, which is likely due to the reduced viscosity of
the suspo-emulsion. A higher concentration of isopropanol also results in an increased

bubble growth rate, which could be due to a decrease in the viscosity of the suspo-
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emulsion and/or more isopropanol available for vaporization. The change from 25°C to
38°C results in an increase in the bubble growth rate for all compositions because the
liquid isopropanol expands as it vaporizes into a gas. We anticipate that the same factors
that increase the bubble growth rate in the evaluation of these foam films will also
increase the bubble growth rate in a bulk foam, and thus lead to a lower density bulk

foam.
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3.1 Morphology

Analysis of the morphology of the resulting foam is essential in determining the
variables that affect the production process of the foam. Additionally, there is a three way
relationship between processing, structure, and properties of a material, and to fully
understand a material system, the relationship between all three must be determined. In
this study three variables were shown to greatly influence the morphology (and thus the
material properties): curing temperature, sugar concentration, and isopropanol
concentration. All experiments from this point on were performed in the open-cell foam
region of the phase diagram (Figure 9).

FE-SEM micrographs were taken to compare the cell morphology of each of the foam
samples. The samples were prepared for the FE-SEM using the freeze fracture technique.
The foam samples were placed in liquid nitrogen for 1 minute to bring them below the
glass transition temperature of PDMS. The samples became brittle, and were easily
fractured. This freeze fracturing process allowed images of unadulterated foam to be
taken, as normal cutting of foam results in damage to the pores of the foam. Since PDMS
is an electrical insulator and the FE-SEM requires the surface of an object to be
electrically conductive for proper imaging, all samples were sputter coated with a thin
film of 25nm thick gold. All presented images are thus of the fractured and gold coated
surfaces.

3.1.1 Effect of Curing Temperature

The curing temperature was varied from 50°C to 90°C in increments of 10°C. For
these trials the composition of the foam was held constant with an isopropanol
concentration of 1.03g/mL, a sugar concentration of 2.06g/mL and the volume of PDMS

was 4.85mL. Figures 14(a-f) show the pore morphologies at each curing temperature. At
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a curing temperature of 50°C it is apparent that the morphology of the foam is more
heavily influenced by the pores formed from the sugar particles than pores formed from
isopropanol bubbles. This is evidenced by the lack of many large cells formed from the
expansion of the isopropanol.

In comparison to 50°C, the 60°C sample also shows cells formed from the expansion
of the isopropanol, however, there are many more of these cells. There is not an
appreciable difference between the sample prepared at 60°C and the sample prepared at
70°C as both display a similar pore structure. The samples prepared at 80°C and 90°C
show more chaotic cell structures which are likely due to the rapid expansion of
isopropanol and coalescence of the isopropanol bubbles. It is apparent that pores are
formed by both mechanisms at every temperature that was evaluated, however, at 50°C
the sugar particle have more influence on the structure than the isopropanol does, at 60°C
and 70°C the influence of the isopropanol becomes more apparent, and at 80°C and 90°C
the isopropanol causes a chaotic cell structure and the sugar particle voids are not as
apparent as they were at the lower temperatures.

3.1.2 Effect of Sugar Concentration

For the set of images shown in Figures 15(a-d) the concentration of sugar was varied
from 2.06g per milliliter of PDMS to 5.15g per milliliter of PDMS in 1.03g/mL
increments, while the other parameters were held constant. The temperature was held at
80°C, the concentration of isopropanol in PDMS was held constant at 1.44g/mL and the
volume of PDMS was held constant at 4.85mL. At a sugar concentration of 2.06g/mL
the isopropanol appears to be the dominant pore generator, though there are smaller pores
in the cell walls that are formed by the removal of the embedded particles of sugar. At a

sugar concentration of 3.09g/mL there are clumps of sugar particles that surround the cell
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walls generated by the isopropanol. PDMS also surrounds the clumps of sugar particles
and thus, the dissolution of the sugar creates an array of PDMS cells created by
isopropanol expansion that is connected by PDMS lamellae created around the sugar
particles. This is comparable to foam formed from surfactant stabilized polymer
emulsions, in which the polymeric outer phase forms films between domains of the liquid
inner phase. However, the structure of the present foam is more complex because the
inner phase is a suspension of particle in a volatile liquid. At a sugar concentration of
4.12g/mL the cells formed from isopropanol become less prevalent and the smaller
chaotic cells formed by the sugar become more prevalent. This trend continues and at a
sugar concentration of 5.15g/mL the cell structure is reversed as the sugar dissolution
becomes the main pore generating mechanism.

3.1.3 Effect of Isopropanol Concentration

The set of images in Figures 16(a-f) displays the variation of the concentration of
isopropanol from 1.03g/mL of PDMS to 1.86g/mL in ~0.20g/mL increments, while
holding the temperature at 80°C, the concentration of sugar at 5.15g/mL of PDMS and
the volume of PDMS at 4.85mL. When the concentration of isopropanol is 1.03g/mL the
morphology of the foam is dominated by the relatively high concentration of sugar as it
displays a fine structure caused by the dissolution of the sugar. There are very few cells
formed from the expansion of the isopropanol in this case. As expected, increasing the
concentration of isopropanol to 1.24g/mL resulted in increasing the number of cells
formed by the expansion of isopropanol. The trend continues as the isopropanol
concentration is increased to 1.44g/mL and 1.65g/mL with more lamellae between
isopropanol cells forming as well. When the isopropanol concentration is 1.86g/mL the

structure displays two interpenetrating networks of the pores formed by the two pore
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generating methods. This trend is exactly the opposite of the trend shown previously in
Figure 15 for increasing the sugar concentration.

3.2 Density of Fabricated Foams

The density of foams has been shown to greatly influence their mechanical properties,
with higher density foams showing higher tensile and compressive strength and a larger
Young’s modulus. This should be fairly obvious to an observer, as a test sample of foam
of the same volume as a solid sample will contain less material. However, not all foams
are created equal and two foams with the same density but a different pore morphology
(i.e. homogeneous vs. hierarchical) may have significantly different mechanical
properties.

In this study, the density of the foam was simply determined by dividing the weight
of a sample by its volume. The volume of the sample was determined by a water
displacement technique. The setup for the water displacement is shown schematically in
Figure 17. First, since the foam floats on top of water, the volume of an anchor needed to
be determined. The sample was weighted down with an anchor in a graduated cylinder on
top of a scale and the weight was tared. The foam is microporous and hydrophobic and,
therefore, water cannot penetrate the foam under low pressure, so the graduated cylinder
was filled with water to a predetermined volume graduation. The value of the volume
graduation minus the volume of water gives the volume of the sample plus the weight.

The formula to determine the volume of the sample from this process is as follows:

My
Vo=V, =2V, @

Where, V; is the volume of the sample, V; is the volume of the system as read on the

graduated cylinder, M,, is the mass of the water as read on the scale, p,, is the density of
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water, and V,, is the volume of the anchor used to keep the foam submerged. The density

of the foam sample is simply:

Ps = 7~ (5

Where, p, is the density of the foam, M is the mass of the foam and V; is the foam
volume.

3.2.1 Influence of Sugar Concentration on Foam Density

To determine the effect that the sugar concentration has on the density of the foam, a
matrix of foam samples with varying sugar and isopropanol concentrations were made in
cylindrical vials. These samples were made with sugar concentrations that varied from
2.06g/mL to 5.15g/mL in 1.03g/mL increments and isopropanol concentrations that
varied from 1.03g/mL to 1.86g/mL in 0.206g/mL increments. The volume of PDMS was
held constant at 4.85mL. Of these 20 sample compositions, two were found to be
unstable and phase separated. Both of these samples had isopropanol concentrations of
1.86g/mL (the highest tested) and sugar concentrations of 2.06g/mL and 3.09g/mL (the
lowest and second lowest tested). Thus, there are no densities reported for these two
compositions.

Since the sugar is eventually dissolved out of the foam, one would expect that a
higher initial sugar concentration would result in lower foam density. This is exactly what
is observed, however, the higher concentration of sugar may also result in the
composition retaining more isopropanol, leading to further expansion, and thus a lower
foam density. Apparently, there is also a competing effect from the increase in viscosity
of the suspension (as evidenced by increased difficulty when hand mixing) due to the

increased concentration of sugar and therefore the density-sugar concentration plot is



23

non-linear. Figure 18 is a plot of the sugar concentration versus the density of each of the
resulting foams for each of the compositions. The grouping of the constant isopropanol
curves at each interval is interesting to note because they tend to diverge as the amount of
sugar is increased.

3.2.2 Influence of Isopropanol Concentration on Foam Density

To determine the effect of the isopropanol concentration on the density of the foam
the same matrix of samples from the previous section was analyzed. Again, the
isopropanol concentration was varied from 1.03g/mL to 1.86g/mL in 0.206g/mL
increments while the concentration of sugar was varied from 2.06g/mL to 5.15g/mL in
1.03g/ml increments and the volume of PDMS was held constant at 4.85mL. Figure 19 is
a plot of the density versus isopropanol concentration for each of the compositions. As
the isopropanol concentration is increased, the density of the foam is decreased. This is in
agreement with our observations in the bubble growth experiments where an increase in
the isopropanol concentration resulted in a faster rate of bubble growth (see Table 1).
Larger bubbles in the suspo-emulsion result in larger pores in the cured foam and thus a
lower overall density. It is also interesting to note that in the density-isopropanol plot the
constant sugar concentration best fit equations are linear as opposed to the curves in the
density-sugar plot.

3.3 Porosity and Pore Size Distribution

The porosity of a foam is a measure of the void space in the foam, and for open cell
foams such as those in this study, the porosity determines the maximum amount of fluid
that can be held in the foam. The porosity is the opposite of the density; as density is a
measure of the amount of material per unit volume and porosity is a measure of the

amount of void space per unit volume. However, the porosity of the foam does not
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provide information on the size of the pores in the foam. A measurement of the pore size
distribution is required to determine the size of the pores in the foam. The pore size
distribution is important in determining the degree of hierarchy of the pores and is a
standard method to quantify the morphology of the foam. Foams that display a
hierarchical structure have been shown to have improved mechanical properties over
heterogeneous foams without a hierarchical structure[19].

The porosity of the foam was determined from Equation 6:

p=1-——t_ (6)

PPDMS

Where P is the porosity of the sample, p; is the measured density of the sample and
Prows 18 the density of cured PDMS (~1.03g/mL).

The pore size distribution was determined from the SEM micrographs. The
micrographs were turned into binary black and white images using ImagelJ, and then an
algorithm to remove single pixel specks was used so that the Analyze Particles function
was able to differentiate discrete pores. Then the Analyze Particles function that is built
into Image J was used to determine the area of each pore and to count the number of
pores in within a given area range.

3.3.1. Influence of Sugar Concentration on Porosity and Pore Size Distribution

The addition of sugar to the suspo-emulsion will result in a higher porosity simply
because the sugar takes up some volume and then it is dissolved away toward the end of
the production process. The addition of sugar to the suspo-emulsion will result in a
higher porosity as long as the suspo-emulsion does not phase separate or phase invert.
However, as shown in the phase diagram in Figure 9 in Section 2.5, the addition of sugar

generally results in reduced likelihood of phase separation until a critically high
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concentration of sugar either causes the foam to become weak and crumble (at low
concentrations of isopropanol) or causes phase inversion (at high concentrations of
isopropanol). A plot of the sugar concentration versus the porosity of the sample is shown
in Figure 20. This figure shows that the porosity of the sample is proportional to the sugar
concentration, but the relationship is non-linear due to the influence of the isopropanol.

The pore size distribution is also affected by the concentration of sugar in the sample
because the smaller, highly interconnected pores appear to form from the dissolution of
the sugar. Figure 21 is a histogram of pore sizes of samples with a constant isopropanol
concentration of 1.44g/mL and variable sugar concentration from 2.06g/mL to 5.15g/mL
in 1.03g/mL increments. This histogram shows that there are more pores in the sample
when the sugar concentration is increased. Figure 22 and Figure 23 are plots of the sugar
concentration in the suspo-emulsion versus the average pore sizes and standard deviation
of the pore sizes, respectively. The average pore size and the standard deviation of the
pores sizes are both reduced as the sugar concentration in the suspo-emulsion is
increased, showing that the pores are becoming smaller and more uniform in size since
the pores generated by the dissolution of the sugar particles are smaller than the pores
generated by the expansion of isopropanol.

3.3.2. Influence of Isopropanol Concentration on Porosity and Pore Size Distribution

An increase in the isopropanol concentration will also result in an increased porosity,
as shown in Figure 24, which is a plot of the isopropanol concentration versus porosity.
The more isopropanol added into the slurry, the more bubbles and pores are created.
There is, however, a limit to how much isopropanol can be added to the slurry, as an
increase in isopropanol concentration results in an increased likelihood of phase

separation as described previously in Section 2.5.
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While the smaller and more highly interconnected pores appear to be from the sugar
template, the larger pores are from the expansion of isopropanol. The pores from the
sugar template are generally open-celled, but the throats (the connection between two
pores) appear to be smaller.

Figure 25 is a histogram of pore sizes of samples with constant sugar concentration of
5.15g/mL and variable isopropanol concentration from 1.03g/mL to 1.86g/mL in
0.206g/mL increments. This histogram shows that there are fewer pores in the sample
when the isopropanol concentration is increased. Figure 26 and Figure 27 are plots of the
isopropanol concentration in the suspo-emulsion versus the average pore size and
standard deviation of the pore sizes, respectively. The average pore size and the standard
deviation of the pores sizes are both increased as the concentration of isopropanol in the
solution is increased indicating that the pores become larger and are more heterogeneous
in size.

3.4 Ultimate Tensile Strength

The Ultimate Tensile Strength (UTS) of a material is a measure of the maximum
tensile stress that a material can withstand before breaking. The value of the point with
the largest tensile stress on a tensile stress-strain curve is the UTS and it is measured in
units of force per unit area (Pascals). The UTS is an especially important parameter for
foams because foams tend to tear easily compared to their bulk material counterparts.
Experimentally, the procedure for measuring both the UTS and the Young’s modulus
follows the ASTM Standard D3574 for cellular materials. The foam samples are
extended at a rate of S00mm/min with measurements of the load and the extension taken
every 50 microseconds. The samples are required to have a constant cross sectional area

and are extended until they break. The suspo-emulsions are prepared in the same manner
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as before and molded into cylinders with a diameter of approximately 0.75 inches. Each
sample’s diameter was measured to ensure that no errors arose from the assumption that
the diameter of each sample was exactly the same, as the cross sectional area is used to
calculate the Young’s modulus. The samples were tested until failure on an Instron 4400
tensile test machine with a 250N load cell. The data collection program was Bluehill and
was set up to take all the data necessary to calculate the UTS and Young’s modulus.
Three samples for each composition were tested and averaged. An example of a stress-
strain diagram generated from the tests is shown in Figure 28.

The results of the tests are shown in Figure 29. In general, the UTS of the foam
decreased with an increased sugar concentration. This is due to the decrease in density of
the foam that results from overfilling with sugar. This is the usual trend for silicone
foams, as a decrease in density normally results in a decrease in the UTS[16].

Conversely, an increase in the isopropanol concentration results in an increase in the
UTS of the foam. This is attributed to the hierarchical structure that is formed from the
interplay of the isopropanol pores and the pores formed by the dissolution of sugar.

The UTS is plotted against the density of the foam samples in Figure 30. The trials
with the same sugar concentration are grouped with ovals around them, and trials with
the same isopropanol concentration are grouped by symbol. It is clear that as more
isopropanol is added to the suspo-emulsion at a constant sugar concentration, the density
of the resulting foam is decreased and UTS values are increased. Sugar appears to have
an adverse effect on the UTS of the foam, but that is in part due to the reduction of
density of the foam, which is known to decrease the strength of polymer foam[16].

3.5 Young’s Modulus

The Young’s modulus (or tensile modulus or modulus of elasticity) of a liner elastic
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material characterizes the stiffness of the material and is defined as the ratio of tensile
stress over tensile strain. For the case of silicone foam, the Young’s modulus is
determined for small strains where the stress-strain curve is linear. The equation for the

Young’s modulus is:

E = (7)

o
&

Where E is the Young’s modulus, o is the tensile stress, and ¢ is the tensile strain.
When determining the Young’s modulus of a material, the tensile stress is simply the

force applied to the material divided by the cross sectional area of the material sample, as

shown in Equation 8:
og=— (8)

Where o is the tensile stress, I is the force applied to the sample, and A4, is the initial
cross sectional area of the sample. The tensile strain is the change in length of the
material sample divided by the initial length of the material sample as displayed in

Equation 9:

AL

€= ©)

Lo
Where ¢ is the tensile strain of the material, AL is the change in length of material
sample from its initial length to its final length, and L, is the initial length of the material
sample.
Figure 31 shows the isopropanol concentration versus the Young’s modulus of the
resulting foam. Interestingly, at a sugar concentration of 2.06g/mL, the isopropanol
concentration has a drastic increasing effect on the Young’s modulus of the foam. There

also appears to be very little difference between the moduli of foams that were made with
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a sugar concentration of 3.09g¢/mL and 4.12g/mL, while foams made with a sugar
concentration of 5.15g/mL show a significant decrease in moduli values.

Figure 32 is a plot of the density versus the Young’s modulus with the samples
grouped by sugar content in ovals, and grouped by isopropanol content by symbol. From
this graph it can be seen that an increase in sugar concentration reduces the density of the
foam, but also significantly reduces the Young’s modulus. It is also evident that an
increase in isopropanol concentration reduces the density and increases the Young’s
modulus. This pattern appears to hold true for all sugar concentrations. Therefore, to
obtain the highest Young’s modulus with the lowest density, one would want to have as
much isopropanol as possible with as little sugar as possible (while avoiding phase

separation and phase inversion!).



Chapter 4

Application to Maritime Qil Spills

30



31

4.1 Introduction

The foam produced from this process has the potential for use in the cleanup of oil
spills that occur in bodies of water because of its oleophilic and hydrophobic nature. Oil
spills have a tremendous negative environmental and economic impact [61, 62] and are
extremely costly and time consuming to clean up. Environmental repercussions of oil
spills include the loss of animal life and habitats, and the introduction of harmful
chemicals into their food supply [63-68]. Aside from the obvious economic effects of
reduced profits to oil companies and increased gasoline prices [69], oil spills can destroy
the main source of income for fishing communities and create economic downturns in
travel destinations [70]. In the case of the British Petroleum Gulf of Mexico oil spill in
2010 over $20 billion has been set aside for litigation and environmental remediation
costs [71].

Due to the obvious importance of oil spill cleanups, several methods of removing oil
from water have been developed. There exist large and expensive equipment that use
oleophilic/hydrophobic spinning disks to selectively adsorb oil to their surface as a
protrusion scrapes the oil off. However, these machines are only effective close to the site
of the spill where the concentration of oil is high [72, 73]. A centrifuge that spins a
mixture of oil and water can also be used to separate oil from water based on their
different densities, as the oil will remain in the center of the centrifuge while the water is
pushed to the edges [72]. These machines can process large volumes of contaminated
water; however the concentration of oil in the processed water would still be above the
environmentally safe level of 10ppm [68, 74]. Skimmers, as their name implies, attempt
to skim the oil slick off of the surface of the water, although they require calm water to be

effective [75]. These methods are used where there is a high concentration of oil, usually
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near the site of the spill, but are not effective as the oil slick spreads far away [76-78].
Dispersants are used to break up an oil slick into oil droplets that can be diluted into the
volume of the water rather than lie at the surface. Dispersants themselves tend to be toxic,
especially in conjunction with oil [68, 79].

Further away from the site of the spill, absorbent materials can be used as they can
more selectively absorb oil that exists in lower concentrations [80]. Though oil and water
are immiscible, most porous, spongy materials will readily absorb both oil and water [81,
82]. This is unfavorable because the oil tends to create a thin film on the surface of the
water that is easily emulsified (albeit unstably), creating a situation where water is just as
likely to be absorbed as the oil. This makes non-selective absorbent materials not
economical for oil cleanup. Our silicone selectively absorbs oil instead of water and the
absorbed oil can be removed by compressing the foam.

4.2 Oil Absorption Test

The lower the density of an open-cell foam, the more oil it should be able to absorb
due to the increased void space, however, some of the pores may be closed - leading to
less oil absorption capacity. Thus, an oil absorption test where the mass of the sample is
measured before and after being placed on a simulated oil slick was developed to allow
for a more direct measurement of the performance of the different foam compositions.
Cylindrical samples measuring 0.75 inches in diameter were placed atop a Petri dish that
was filled with ExxonMobil 5W-30 motor oil. The cross sectional area of each of the
sample was held constant so that a before test mass and after test mass could be easily
compared between the samples. Since PDMS is oleophilic, the motor oil was readily
absorbed. After 1 minute the sample was removed and the mass was recorded again. This

was also repeated for time period of 15 seconds instead of 1 minute to determine the
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effect of time on the absorption performance. As a performance measure, the weight gain

of the foam was calculated using the following equation:

MG = L (10)

M;

Where, MG is the mass gain, M;is the final mass of the sample and A, is the initial
mass of the sample. Figures 33 and 34 are plots of the normalized mass gain vs.
isopropanol concentration in the suspo-emulsion for 1 minute and for 15 second tests,
respectively. Each test shows that an increase in isopropanol slightly increases the
normalized mass gain of oil, and an increase in the sugar concentration more drastically
increases the normalized mass gain. The difference between the two tests shows that the
majority of the oil absorption occurs within the first 15 seconds of the test, because the
values for the 15 second test are greater than half of the values for the 1 minute test. This
would be expected because over time there will be less void space for the oil to fill in as
the oil is being absorbed. Figures 35 and 36 are plots of the density of the foam versus the
normalized weight gain for the 1 minute and 15 second tests, respectively, and it is easy
to verify that lower density foams show higher normalized weight gains in both instances.
It is also obvious that all the foams show higher weight gains in the 1 minute test
compared to the 15 second test. It is apparent from this test that the sample made with the
largest concentrations of isopropanol and sugar performed the best, specifically; the

sample made with 1.86g/mL of isopropanol and 5.15g/mL of sugar performed the best.
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5.1 Conclusion

A process to create hierarchical open cell silicone foams from a blowing agent
slurry/liquid polymer suspo-emulsion was developed. The processing parameters to
obtain open cell foams, closed cell foams, particles (phase inversion) and phase
separation were elucidated. Sugar in the suspo-emulsion was found to have a stabilizing
effect on the suspo-emulsion due to a thickening effect, while isopropanol had a thinning
and destabilizing effect. Bubbles generated during the foaming process and FE-SEM
micrographs were analyzed to expose the physical foaming mechanism. The parameter
window for open cell foams was then studied in detail by studying morphological,
mechanical and physical properties. Morphology of the foam samples tended to be
hierarchical with most pores ranging from tens of microns to hundreds of microns in
diameter. Curing temperature and concentrations of isopropanol and sugar affected pore
morphology in a predictable manner. We found that the Ultimate Tensile Strength and
Young’s Modulus of the foam was highly dependent on the density of the foam, but
improved mechanical properties and lower density could be obtained by increasing the
concentration of isopropanol in the suspo-emulsion while staying within the processing
window. These open cell foams were then tested for their oil absorption performance and
it was found that the best performing foam was made from the suspo-emulsion with the
highest concentrations of sugar and isopropanol tested (5.15g/mL and 1.86g/mL,

respectively).

5.2 Outlook
Future work on this method of foaming polymers can be broken down into several

areas: different input materials, suspo-emulsion phase diagrams, applications and large
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scale manufacturing.

As is usual with any foaming process that uses a liquid blowing agent, there is
generally a tradeoff between the boiling point of the blowing agent and its environmental
friendliness. Water has a relatively high boiling point so its use as a blowing agent is
rather limited. Nonetheless, I believe it is the logical next blowing agent that should be
explored for this process. A solar oven may be the environmentally friendly way to
overcome the larger energy requirement for vaporization. Since sugar is more soluble in
water than it is in isopropanol, the process will likely require a higher sugar concentration
to achieve the necessary viscosity to prevent phase separation.

The phase diagram for the suspo-emulsion may very well raise the most
scientifically interesting questions. There appear to be at least five regions for end
products as shown in Figure 6, and they appear to be well defined. But what determines
the equations of the lines that separate the regions? Phase separation can be induced by
heat, so phase diagrams at different temperatures should be performed. By creating phase
diagrams for several material systems at different temperatures, we may be able to find
general equations for each of the regions based on material properties (and curing
temperature) and thus be able to predict the outcome for new material
systems/temperatures. Does the size of the porogen particles affect the stability of the
suspo-emulsion? Or whether or not the foam will crumble? Nanocrystalline sugar could
create drastically different suspo-emulsions and foams. Could we push the phase
separation boundary beyond its natural limit by adding a surfactant? Even for the current
PDMS/isopropanol/sugar suspo-emulsion the PDMS particles that are created at high
sugar and high isopropanol concentrations are a mystery. Can their size and shape be

controlled? They do not appear to be perfectly spherical. Are sugar particles embedded
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inside the PDMS particles? On their surface? Can the sugar particles be extracted if they
happen to be embedded?

Another area that needs to be tackled is the scalability of the process for the open-
cell foam. The three areas of concern are high shear mixing of the components to create
the suspo-emulsion, evaporation of the blowing agent and dissolution of the sugar from
the final structure. High shear mixing is accomplished with a centrifugal mixer in the lab,
but a rotary immersion mixer is likely necessary for manufacturing, so the phase diagram
may be affected by a different mixing mechanism. Evaporation of the blowing agent
could be hazardous at a large scale because of the flammability of isopropanol vapor, so
it will likely have to be sequestered during production. Depending on the final geometry
and size of the foam, dissolving the porogen may take a significant length of time. Thin
foam sheets are ideal because of their high surface area to volume ratio, but actively
driving water through the foam should also reduce the time for dissolution.

In addition to petroleum oil absorption, applications for the open-cell foam region
of the PDMS/sugar/isopropanol phase diagram are lipid separation and bioscaffolds.
Cooking oils need to be separated from watery organic plant matter, as do lipids from
many dairy products, so there may be a process that this foam is well suited to. Since
PDMS is chemically inert after it has been crosslinked, it is also biocompatible. Living
cells have been shown to react to the structure of the scaffold that they are placed on, so
control over the pore morphology of the scaffold is important, and this technique could
create large pores for living cells to attach to while leaving smaller pores open to
transport nutrients. This process may also be used with biopolymers to create a

bioscaffold that dissolves in the body.
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Figure 1. Schematics for the basic polymer foaming mechanisms. (a) Liquid blowing
agents are mixed into a liquid polymer and expanded during heating. (b) Porogens
(solid particle pore generators) are embedded in a liquid polymer matrix and then
removed after solidification. (c) An immiscible liquid is emulsified with a liquid
polymer and then the droplets are removed. (d) Gaseous blowing agents can be created
from a chemical reaction within the polymer or (e) physically blown into a liquid
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Hierarchical Macroporous Polymer
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Figure 2. Hierarchical macroporous polymer foam created from an emulsion stabilized
by both particles and surfactants at the droplet interface. Large pores created from the
particle stabilized droplets are surrounded by smaller pores created from the surfactant

stabilized droplets [17].




Figure 3. An aqueous foam stabilized solely by thermoplastic polymer particles (left)
is heated until the water evaporates and the polymer particles are sintered together
into a solid structure (right) [49].
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Figure 4. A flow diagram representing the production process of open-cell hierarchical

foams.
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Figure 5. A schematic of the process after the suspo-emulsion has been made. Heating

vaporizes the isopropanol and eventually causes it to evaporate, but not before the
PDMS has cured. When the sugar is dissolved, voids are left in the PDMS structure.
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200um

Figure 6. FE-SEM micrographs of the resulting foam using the proposed process.
Epoxy resin was used instead of PDMS to demonstrate the versatility of the process. (a)
is a micrograph of the foam that results from carrying out the process at 25°C, (b) is the
foam from the process being carried out at 60°C, and (c) is a close up showing small
divots on the cell walls.
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Figure 7. FE-SEM imge of the Domino 10X Confectioner’s sugar that was used as a
dissolvable filler (porogen) in the proposed foaming process.
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Figure 8. FE-SEM micrographs of the process carried out with sodium bicarbonate
(NaHCO:3) as the filler instead of powdered sugar. The hierarchical structure is clearly
visible in (a), with the large oval pores (three of which are outlined) caused by
isopropanol bubbles and the small angular pores formed from dissolving the sodium
bicarbonate. (b) is a close up of (a) to give a better view of the pores that are formed

from dissolving sodium bicarbonate. All scale bars are 200um.
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Figure 9. The phase diagram for the production process with the volume of PDMS held
constant at 4.85mL and the curing temperature held constant at 80°C. There are five distinct end
products depending on the concentrations of isopropanol and sugar. The end product of interest
in the systematic study is the open-cell foam. The inset image is a micrograph of PDMS
particles (scale bar 300um) generated from the phase inverted section of the phase diagram.
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Figure 10. FE-SEM micrographs of a sample of foam before the sugar is dissolved. It is
clear that the sugar is pushed together by the expanding isopropanol bubbles and that
the sugar lies between films of PDMS.
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the three required components: (a) PDMS/Sugar, (b) Sugar/Isopropanol, (c)
Isopropanol/PDMS. Image (d) represents the sample where all three required
components (PDMS/Isopropanol/Sugar) are present. All scale bars are 200 microns.
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Figure 12. Normalized bubble growth of 1mm thick films of the suspo-emulsion at
25°C. Increasing isopropanol or reducing sugar concentration leads to faster bubble
growth. The data is fitted to quadratic curves with the displayed R values.
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Figure 13. Normalized bubble growth of 1mm thick films of the suspo-emulsion at
38°C. A larger concentration of sugar has a more dramatic negative effect on the
bubble size at an elevated temperature. The data is fitted to quadratic curves with the
displayed R* values.
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Figure 14. FE-SEM micrographs of the cross section of foams prepared using a
composition of 1.86g/mL isopropanol, 4.12g/mL sugar and 4.85mL PDMS at different
curing temperatures. (b) is an example of mesoscale pores that can be found in these
foams. All scale bars are 200 microns, except for (b) which has a scale bar that is 2
microns.
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Flgure 15. FE SEM mlcrographs of foams that all have l 44g/mL of 1sopropanol and
4.85mL of PDMS, with various sugar concentrations. As the sugar concentration is
increased, the foam morphology becomes dominated by pores resulting from the
dissolution of sugar. All scale bars are 200 microns.
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Figure 16. FE-SEM micrographs of foams that all have 5.15g/mL of sugar and 4.85mL
of PDMS with different isopropanol concentrations. As the isopropanol concentration is
increased the foam morphology becomes dominated by large pores formed by
isopropanol bubbles. All scale bars are 200 microns. (b) is a close up of the structure
shown in (a).
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Figure 17. Schematic of the setup for determining the density of the foam samples.
An anchor weight of known volume was attached to the foam sample and then placed
in a graduated cylinder. The cylinder was then filled with water to a predetermined
graduation. The difference between the weight of water and the graduation is the
volume occupied by the foam sample and the anchor weight.



Density (g/cm3)

0.34

0.32

0.3

0.28

0.26

0.24

0.22

0.2

0.18

55

I T I I
. R’=0.99274 - -®- - PA 1.03g/mL
iy R’=0.99715 - -m--IPA 1.24g/mL |
. R’=0.99542 - -&--IPA 1.44g/mL
o R’=0.93656 - V- IPA 1.86g/mL |
L RN .
e
n - N
o
v N ~ - -
| S N - e _
:550‘
-
T . m
v B
v
| | | | |
2 2.5 35 4 45 5

Sugar Concentration (g/mL)

5.5

Figure 18. A plot of the density of the foams as a function of the sugar concentration.
Changing the isopropanol concentration in the suspo-emulsion has a more drastic effect
on the density at higher sugar concentrations, showing that the density is an
interdependent function of sugar and isopropanol. The data is fitted to exponential

decay functions with the displayed R? values.



0.34

0.32

0.3

0.28

0.26

0.24

Density (g/cm3)

0.22

0.2

0.18

\ \ \
o - e 2.06g/mL Sugar R’=0.93903
)
L - - “®--309g/mL Sugar R’= 0.90303/
* e 4.12g/mL Sugar R’= 0.87741
| |
| *——\;-;;;\;;;!;\
I
4 _
~ - *
‘ ) T - -
L e ) _
e
| | | | |
1.2 1.4 1.6 1.8 2 22

Isopropanol Concentration (g/mL)

56

Figure 19. The effect of isopropanol concentration on foam density. The density is
inversely proportional to the isopropanol concentration for a given sugar concentration.
The data is fitted to lines with the displayed R” values.
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Figure 20. The influence of sugar concentration on the porosity (calculated from the
density) of the produced foams. The porosity is proportional to the sugar concentration
but at higher sugar concentrations the isopropanol concentration creates greater
variation. The data is fitted to quadratic curves with the displayed R” values.
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Figure 21. Pore size distribution generated from SEM micrographs for foam samples
fabricated with a constant isopropanol concentration of 1.44g/mL. There is a wide
distribution of pore sizes and the highest sugar concentration has the greatest number of
pores in each bin except for the 10* bin.
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Figure 22. Average pore area generated from SEM micrographs of foam samples
fabricated with a constant isopropanol concentration of 1.44g/mL. The average pore
area decreases with an increase in the sugar concentration. The data is fitted to a line
with an R? value of 0.84125.
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Figure 23. Pore area standard deviation generated from SEM micrographs of foam
samples fabricated with a constant isopropanol concentration of 1.44g/mL. The
standard deviation of the pore area decreases with an increase in the sugar
concentration, indicating that the pores become more uniform in size. The data is fitted
to a line with an R” value of 0.82992.
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Figure 24. Porosity of foam samples calculated from their densities. The porosity of the
foam sample is proportional to the isopropanol concentration. There is a comparatively
large jump in porosity between the samples prepared with sugar concentration of

2.06g/mL and 3.09g/mL. The data is fitted to lines with the displayed R* values.
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Figure 25. Pore size distribution generated from SEM micrographs of foam samples
prepared with a constant sugar concentration of 5.15g/mL. A lower isopropanol
concentration will lead to more pores in the 10° micron” bin.
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Figure 26. Average pore area generated from SEM micrographs of foam samples
fabricated with a constant sugar concentration of 5.15g/mL. The average pore area
increases with an increase in the isopropanol concentration. The data is fitted to an
exponential equation with an R? value of 0.97827.
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Figure 27. Pore area standard deviation generated from SEM micrographs of foam
samples fabricated with a constant sugar concentration of 5.15g/mL. The standard
deviation of the pore area increases with the isopropanol concentration, indicating that
the pores become less uniform with an increase in the isopropanol concentration. The
data is fitted to a line with a R* value of 0.90015.
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Figure 28. An example of a graph of the raw data from the Instron tensile test machine.
Foam samples were tested until failure. The UTS is the peak values of stress attained

before sample failure.
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Figure 29. Average of three Ultimate Tensile Strength (UTS) tests for each of the foam
compositions. The UTS of the foam samples increases with increasing isopropanol
concentration, but decreases with the addition of sugar. The UTS of bulk PDMS is
2.24MPa. The data is fitted to exponential functions with the displayed R? values.
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Figure 30. Groups of samples with a constant sugar concentration (in g/mL) are
circled. Within each of these groups an increase in the isopropanol concentration not
only leads to a decrease in the density of the foam, but also to an increase in the UTS.
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Figure 31. Average of the Young’s Modulus of three samples for each composition.
The Young’s Modulus of the foam will increase drastically with an increase in the
isopropanol concentration when there is a low sugar concentration in the suspo-
emulsion, but when there is a higher concentration of sugar in the suspo-emulsion, the
isopropanol concentration has less of an effect. The Young’s Modulus of bulk PDMS
ranges from 360KPa to 870KPa. The data is fitted to quadratic equations with the

displayed R* values.
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Figure 32. Groups of samples with constant sugar concentrations (in g/mL) are
circled. Within each of these groups, an increase in the isopropanol concentration leads
to a lower density, but also a higher Young’s Modulus. The effect becomes less

significant at higher sugar concentrations.
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minute. Generally, more oil is absorbed by foam samples that were fabricated with
higher isopropanol and sugar concentrations. The data is fitted to quadratic equations
with the displayed R” values.
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Figure 34. Normalized mass gains for foam samples placed on top of oil slick for 15
seconds. Oil absorption after 15 seconds shows a similar trend to the 1 minute
experiment, but the normalized mass gains are lower. The data is fitted to cubic
equations with the displayed R* values.
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Figure 35. Normalized mass gains for foam samples placed on top of oil slick for 1
minute plotted against the density. The normalized mass gains appear inversely
proportional to the density of the foam samples. Inset (a) is a picture of the foam before
absorbing oil (dyed red for visualization) and (b) is after absorbing oil. The dotted line
is to guide the reader.
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Figure 36. Normalized mass gains for foam samples placed on top of oil slick for 15
seconds plotted against the density. The normalized mass gains appear inversely
proportional to the density of the foam samples and the data is more distinctively
grouped by sugar concentration than the 1 minute trial. This is because for a shorter
time interval, the flow rate of oil through the pores of the foam does not vary as much.
The dotted line is to guide the reader.
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Tables

25°C Slope is of the form A(t) + B
IPA

(g/mL) Sugar (g/mL) A (x10'7) B (x10'4)
1.03 3.09 -0.24 2.61
1.55 3.09 -3.24 6.37
1.03 4.12 -0.56 1.48
1.55 4.12 -3.9 5.40

38°C
IPA

(g/mL) Sugar (g/mL) A (x107) B (x107
1.03 3.09 -10.00 12.12
1.55 3.09 -11.26 14.71
1.03 4.12 -1.52 435
1.55 4.12 -1.44 4.95

Table 1. Quadratic equations were fitted to the normalized bubble
growth equations. These are the tabulated first derivatives of those
equations, which are the bubble growth rates.
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