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Abstract: A surfactant-free oil-in-oil emulsion-templating
method is presented for fabrication of monolithic polyimide
aerogel foams using monomer systems that produce fast
sol–gel transition. An aerogel foam is a high porosity (∼90%)
material with coexisting meso- and macropores inherent to
aerogels with externally introduced micrometer size open
cells (macrovoids) that are reminiscent of foams. The mac-
rovoids are introduced in polyimide sol using surfactant-free
emulsion-templating of droplets of an immiscible liquid that
are stabilized against coalescence by fast sol–gel transition.
Three immiscible liquids – cyclohexane, n-heptane, and
silicone oil – are considered in this work for surfactant-free
emulsion-templating. The aerogel foammonoliths, recovered
by supercritical drying, exhibit smaller sizemacrovoidswhen
n-heptane and cyclohexane are used as emulsion-templating
liquid, while the overall porosity and the bulk density show
weak dependence on the emulsion-templating liquid.

Keywords: aerogel foams; aerogels; emulsion-templating;
mesoporous materials; polyimide; porous materials.

1 Introduction

Aerogel materials first reported by Kistler (1932) feature
high porosity (80–95%) (Kocon et al. 1998) and inter-
connectedpore structures, lowdensity (typically <0.1 g/cm3)
(Duan et al. 2012; Yoldas et al. 2000), and high surface area
(200–1000 m2/g) (Duan et al. 2012, 2013; Zhou et al. 2007).
Often, a sol–gel process is used for fabrication of aerogel
monoliths (Brinker and Scherer 1990). A wide range of in-
dustrial applications benefit from aerogels, such as space

exploration (Braun andManning 2007; Jones 2006), thermal
insulation (Baetens et al. 2011), catalysts (Pajonk 1991), and
energy storage (Akimov 2003).

Mechanically strong polyimide aerogels were synthe-
sized from a combination of diamines, dianhydrides, and a
crosslinker as reported by Kawagishi et al. (2007). Various
other polymeric aerogels were reported to date, such as
syndiotactic polystyrene (sPS) (Daniel et al. 2008; Wang
and Jana 2013), silica (Randall et al. 2011), polyurea (Lee
et al. 2009; Leventis et al. 2010; Shinko et al. 2015), and
polybenzoxazine (Gu et al. 2015; Mahadik-Khanolkar et al.
2014), but polyimides have been the subject of more
extensive investigations due to their importance in NASA’s
spacemission attributed to a set of unique properties, such
as thermal and chemical stability (Bessonov et al. 1987).
Polyimide aerogels withstand a continuous usage tem-
perature of 250°C and exhibit chemical stability in acids
and alkali environments (Androva et al. 1970; Bessonov
et al. 1987). Researchers at NASA elaborated the develop-
ment of various crosslinkers (Guo et al. 2011; Meador 2014;
Meador et al. 2015), reinforcement strategies in composite
aerogels (Meador et al. 2010), enhanced dielectric proper-
ties (Meador et al. 2014), moisture resistance (Meador et al.
2016), and reinforcement of polyimide backbones to ach-
ieve higher mechanical properties (Cashman et al. 2020;
Guo et al. 2020; Pantoja 2019). These researchers reported
polyimide aerogels with a surface area in the range of
200–600 m2/g, porosity in the range of 78–92%, and bulk
density ∼0.13 g/cm3 (Meador et al. 2012).

Polyimide (PI) aerogels offer large fractions ofmesopores
(pore diameter 2–50 nm) as classified by IUPAC (Mccusker
et al. 2001). The mesopores are comparable in size to mean
free path of gas molecules. Accordingly, the convective mo-
tion of gas molecules within the pores is subdued. This
property qualifies polyimide aerogels as thermal insulation
materials of cryogenic tanks (Fesmire and Sass 2008),
acoustic absorbers (Forest et al. 2001), and thermal insulators
for space shuttle antennas (Randall et al. 2011).

Aerogel materials have been produced as films and
sheets (Meador et al. 2012), regular shaped monoliths
(Duan et al. 2012, 2013), as micrometer size particles
(Gu et al. 2016; Lin and Jana 2021; Teo and Jana 2019; Teo

*Corresponding author: Sadhan C. Jana, School of Polymer Science
and Polymer Engineering, University of Akron, Akron, OH 44325-0301,
USA, E-mail: janas@uakron.edu
Erin Farrell, School of Polymer Science and Polymer Engineering,
University of Akron, Akron, OH 44325-0301, USA

Int. Polym. Proc. 2022; 37(4): 427–441



et al. 2020), and as 3D-printed articles of complicated
shapes (Teo et al. 2019) with a balance of thermal insu-
lation and load bearing capabilities (Joo et al. 2021). Spe-
cifically, aerogel microparticles have strong potential in
drug delivery applications (Lin and Jana 2021), thermal
insulation (Kistler 1935), and as separation media in
packed bed filters to rid airborne particles (Zebida 2011).
The unique combinations and interconnectedness ofmeso-
and macropores in polyimide aerogels were exploited in
recent research on high efficiency airborne nanoparticle
filtration and it was learned that polyimide aerogel pore
sizes are dependent on synthesis method and material
selection (Zhai and Jana 2017). Mosanenzadeh et al. (2020)
reported the role of bimodal pore structures in polyimide
aerogels on air permeability. Kim et al. (2015, 2016, 2017)
investigated the relationship of aerogel pore fractions and
pore sizes with air permeability and filtration efficiency.

This work draws from research on polymers synthe-
sizedwithin the high internal phase emulsions (PolyHIPEs)
based on emulsion-templating of polymers that feature
high internal phase emulsions (HIPEs) (Menner et al. 2006)
with the internal phase accounting for 74% or higher by
volume (Menner and Bismarck 2006). Prior work investi-
gated the use of surfactants and salts for stabilization of
emulsion before polymerization of the monomers (Pandit
et al. 2000; Wong et al. 2013). PolyHIPEs are typically open
cell, with interconnected pore networks conducive to
permeability of gas and liquids. However, the polymer skin
layers in polyHIPEs are impervious and may impede large
mass flow (Bhumgara 1995). The stability of emulsions is a
concern for HIPEs, although properly selected surfactants
render acceptable level of stability (Zapryanov et al. 1983).
The research work by Barbetta and Cameron (2004), Sil-
verstein (2014), and Tebboth et al. (2014) discuss several
scenarios of emulsion stability.

The work presented in this paper differs from the
research on polymer aerogel foams reported by Teo et al.
(2018) and Mawhinney and Jana (2019) on the following ac-
counts. First, the aerogel foamsproduced in earlierworkused
surfactants for stabilization of emulsified droplets. However,
the removal of surfactants from the corresponding gels is a

lengthy process. The remnant surfactants often promote
moisture absorption due to polar nature and may undergo
thermal degradation at low temperature. Second, Teo et al.
(2018) and Teo and Jana (2018) considered slow reacting
monomer systems for polyimide formulations that needed
typically 5–15min at room temperature for sol–gel transition.
Accordingly, surfactants were needed for stabilization of
emulsified droplets over a period of 5–15 min. It was also
learned from the work of Teo et al. (2018) that not all sur-
factants are compatible with reactive monomer systems.
Mawhinney and Jana (2019) reported the use of high fractions
of surfactants ranging from20-35wt/vol% to counter the slow
gelation process in a polyurea system. Thus, a surfactant-free
process should consider fast reactingmonomer systems such
that fast-forming gels can stabilize the emulsified droplets.

To attain the above objective, we took advantage of the
fast reactivity offered by the polyimide monomers, such as
pyromellitic dianhydride (PMDA) and p-phenylene diamine
(PPDA). An additional goal was to study the effects of
dispersed volume fractions in the range of 20–40 vol%,
instead of 35 vol% considered by Teo et al. (2018). It is noted
that a higher volume fraction of macrovoids in the structure
of the aerogel can enhance the liquid and gas flow rates
through the aerogel foam networks.

The system in the current study was designed to be
surfactant-free for a few reasons. It is true that surfactants
reduce the interfacial tension in immiscible liquid systems
and thus allow emulsion-templating of polyimide gel
structures producing narrow macrovoid size distribution.
However, a few negative consequences are encountered as
well. First, surfactants promote retention of the dispersed
liquid within the gel network, e.g., by hydrogen bonding,
with unwelcome consequences, such as shrinkage in su-
percritical drying as was observed in the work of
Mawhinney and Jana (2019). Second, the surfactants also
produce denser gel networks around the dispersed phase
droplets than in the bulk as reported by Teo and Jana (2017)
in sPS and Teo et al. (2018) in polyimide aerogel foams.

Figure 1 presents a schematic of howpolyimide strands
organize in aerogel monoliths creating macro- and meso-
pores (Figure 1A) and in aerogel foams (Figure 1B) around

Figure 1: Strands of polyimide (A) and
(B) strands of polyimide around macrovoids
introduced via emulsion-templating.
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the macrovoids created by emulsion-templating. The
additional pore structures created by emulsion-templating
may expand the potential of these materials for absorption
and filtration purposes (Kim et al. 2015, 2016, 2017; Zebida
2011; Zhai and Jana 2017).

An additional attribute of this work is the possibility of
accommodating different dispersed liquid phases without
recourse to its interactions with the surfactants. This work
considered three dispersed oil phases – cyclohexane,
n-heptane, and silicone oil. It was assumed that the volatile
nature of the dispersed phases in this system would be a
non-factor due to short reaction times that lead to gelation.

2 Experimental section

2.1 Materials

PMDAwith 97%purity andmolecular weight (MW) 218.12 g/
mol was purchased from Alfa-Aesar (Haverhill, MA, USA).
The trifunctional tris(2-aminoethyl) amine (TREN) with 96%
purity, and MW 146.23 g/mol, PPDA with 98% purity, and
MW 108.14 g/mol, acetic anhydride-ACS reagent with >99%
purity andMW 102.09 g/mol, and cyclohexane, ACS reagent
were acquired from Sigma Aldrich (Milwaukee, WI, USA).
Pyridine-ACS reagent with >99% purity and MW 79.102 g/
mol, high temperature silicone oil, and acetone, certified
ACS, were purchased from Fisher Scientific (Ontario, NY,
USA). N,N-dimethylformamide (DMF), 99.8%, anhydrous,
and n-heptane, 99% purity were purchased from VWR In-
ternational (Radnor, PA, USA).

2.1.1 Fabrication of polyimide aerogels

Anoil-in-oil (O/O) emulsionwasused in the synthesis process
to introduce micrometer sized droplets in the polyimide gel
network structure. The solid content in the gel system was
calculated based on the weight concentration of the final
polyimide products. The stoichiometric ratio of PMDA and
PPDA was set at 61:60 for a chain length (n) of 60. This ratio
was chosen to obtain a desired chain length between the
crosslinks for fair comparison with previous work reported in
the literature, suchasTeoand Jana (2018) andTeoet al. (2018,
2019). A constant chain length also yielded similar gel times
and crosslink density. The 61:60 stoichiometric ratio pro-
duced chains with dianhydride ends for crosslinking with a
trifunctional amine. Polyimide solutions were prepared by
first dissolving the diamine PPDA and dianhydride PMDA
separately in DMF and then stirring together for 2 min at
1200 revolutions per minute (RPM) to yield a polyamic
acid. TREN, acetic anhydride, and pyridine were added

simultaneously and stirred for 30 s to yield the polyimide sol.
The structures of diamine, dianhydride, crosslinkedpolyamic
acid, and crosslinked polyimide are shown in Figure 2. The
dispersed phase (cyclohexane, silicone oil, or n-heptane)was
introduced to the sol and stirred for an additional 30 s. A
typical polyimide sample at 10 wt% polymer concentration
with 30 vol%dispersed phase is preparedwith a total volume
of 7.5 ml and 0.3724 g PMDA, 0.1816 g PPDA, 0.0056 g TREN,
1.2912 ml acetic anhydride, 1.1048 ml pyridine, 4.66 ml DMF,
and 2.25 ml of the dispersed liquid.

The reaction was conducted at room temperature
(20°C) in a sealed glass vial. The final sol or emulsion-
templated sol was poured into cylindrical molds and
allowed to gel for 24 h. The wet gels were demolded to
facilitate exchange of the solvent from the network struc-
ture with acetone. The first two solvent exchanges were
carried out using mixed solvents of volume ratio of DMF
and acetone at 75/25 and 25/75. The wet gels were then
exchanged with 100% acetone three times, allowing 24 h
for each exchange. The acetone filled gels were placed in
the supercritical drying chamber to conduct solvent ex-
changes with liquid CO2. Supercritical drying was con-
ducted at 50°C and 11 MPa to obtain aerogels.

In this work, the polyimide gels were preparedwith 20,
30, and 40 vol% of the dispersed liquid named. The spec-
imens are designated in the rest of the manuscript as
80–20, 70–30, and 60–40. The control sample refers to a
polyimide aerogel produced without emulsion-templating.

2.2 Characterization

2.2.1 Interfacial tension measurement

The interfacial tension between the continuous phase DMF
and the dispersed phases, e.g., cyclohexane, n-heptane, or
silicone oil was measured via a Du Noy tensiometer (Inter-
facial Tensiometer 70545, CSC Scientific Co., Fairfax, VA,
USA). DMF was poured into a glass container followed by
addition of 20 ml of dispersed phase by pouring the liquid
over a glass slide at an angle to form a clean interface. The
interfacial tension value was recorded in triplicate with the
use of the Du Noy ring at room temperature (20°C).

2.2.2 Emulsion droplet size

The size of dispersed phase oil droplets was first registered
by placing 100 µl of the emulsion on a microscope slide
with a depression and taking the images of droplets using
an optical microscope (model BX51, Olympus, Center Val-
ley, PA, USA). The images were analyzed using ImageJ
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software (National Institute of Health, Bethesda, MD, USA)
to obtain a population of droplet diameter and the corre-
sponding distribution with the diameter of at least 200
individual drops analyzed.

2.2.3 Gel time

The gel time for the polyimide sol was estimated at room
temperature (20°C) via tilting method. At the gel time, the
liquid meniscus in the mold did not move when the mold
was tilted at an angle of 25°.

2.2.4 Porosity and pore volume

Porosity was calculated from the values of bulk (ρb) and
skeletal (ρs) density using equation (1):

Porosity(π) = 1 − ρb
ρs

( ) × 100 % . (1)

Bulk density was determined frommass and volume of
the aerogel specimens. Skeletal density was determined
using helium pycnometer (AccuPyc II 1340, Micromeritics
Instrument Corp., Norcross, GA, USA). Total pore volume

Figure 2: Molecular structures of (A) pyromellitic dianhydride and p-phenylene diamine monomers, (B) polyamic acid, (C) crosslinked
polyamic acid, and (D) crosslinked polyimide.
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(Vtotal) was determined from the values of bulk and skeletal
density using equation (2). The volume of macropores
(Vma, diameter >50 nm), as shown in equation (3) was ob-
tained from equation (2) and the pore size distribution
data from the Tristar II 3020 analyzer (Micromeritics In-
strument Corp., Norcross, GA, USA) that provided the
values for micropore volume (Vmi, diameter> 2 nm) and
mesopore volume (Vms, diameter 2–50 nm). The fractions
of mesopores (ϕms) and macropores (ϕma) in aerogels
were determined by multiplying overall porosity by the
volume fraction of each component, as demonstrated in
equation (4):

Vtotal = 1
ρb

− 1
ρs

, (2)

Vma = Vt − Vmi − Vms, (3)

ϕma =
πVma

VT
; ϕms =

πVms

VT
 . (4)

2.2.5 Shrinkage

The diameter shrinkage in aerogel foams was determined
from the comparison of the diameter of the mold (d0) and
that of the supercritically dried aerogel foam (d), as in
equation (5):

Shrinkage = 100(1 − d
d0
)% . (5)

The diameter of the mold was 1.22 cm.

2.2.6 BET surface area

The Brunauer–Emmett–Teller (BET) surface area of the
aerogel was collected via nitrogen adsorption–desorption
isotherms at 77K with the Tristar II 3020 (Micromeritics
Instrument Corp., Norcross, GA, USA).

2.2.7 Aerogel morphology

Scanning electron microscope (SEM, JSM5310, JEOL, Pea-
body, MA, USA) was used to study the morphology of the
aerogel samples. An accelerating voltage of 5 kV and an
emission current of 20mAwere used for sample imaging. A
piece of aerogel specimen was mounted on an aluminum
stub with carbon tape and sputter coated with silver
(ISI-5400 Sputter Coater, Polaron/Quorum, Laughton, UK).

2.2.8 Viscosity

Theviscosity values of polyimide solswere obtained froman
ARESG2 Rheometer (TA Instruments, NewCastle, DE, USA).
The rheometer setup had a 50 mm diameter cone and plate
arrangement with oscillatory strains at a constant angular
frequency of 1 rad/s at 10% strain, as previously established
by Teo et al. (2019). The rheological measurements were
carried out at room temperature (20°C). The values of com-
plex viscosity versus time were also obtained.

3 Results and discussion

Table 1 lists several properties of the solvents used.
The O/O emulsions were prepared in the absence of

precursor monomers for polyimide and used in evaluation
of interfacial tension and the distribution of dispersed
phase droplet diameter.

The interfacial tension values between the continuous
phase DMF and three dispersed phase liquids are listed in
Table 2.

It is inferred from Table 2 that the lowest value of
interfacial tension, 3.0mN/m, was found for the liquid pair
DMF and silicone oil, followed by DMF/cyclohexane
(3.6 mN/m), and DMF/n-heptane (4.0 mN/m). The vapor
pressure data in Table 1 indicate that silicone oil has the
lowest volatility while cyclohexane has the highest vola-
tility among the dispersed phase liquids.

Table : Solvent data (Smallwood ).

Solvents Formula Density

(g/cm)

Surface
tension
at °C
(mN/m)

Viscosity

(cp)

Vapor pressure
at °C

(mmHg)

Cyclohexane CH . . . .
n-Heptane CH . . . 

Silicone oil CHOSi .  – 

Dimethylformamide CHNO .  . .
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The size of droplets in O/O emulsion was inferred from
optical microscopy images with the aid of ImageJ software.
The emulsions were prepared by stirring the DMF contin-
uous phase and one of the dispersed phase liquids listed in
Table 2 at 20 and 40% by volume. The diameter of at least
200 individual droplets were taken into account for each
analysis and the diameter data were distributed in three
size bins at <60, 60–120, and >120 μm, as shown in Figure 3.

The breakdown of data into narrower diameter range and
greater number of bins did not produce better interpreta-
tion. The data revealed that at both 20 and 40% by volume,
the emulsions of cyclohexane in DMF exhibited the highest
fraction of droplets smaller than 60 μm, while silicone oil
produced the highest fraction of droplets with size greater
than 120 μm. At 20% by volume, cyclohexane and n-hep-
tane emulsions had respectively ∼95 and ∼65% of droplets
smaller than 60 μm. The percent of droplets in the range
60–120 μm increased in all cases for 40 vol% of dispersed
liquids. It is noted that the diameter distribution of mac-
rovoids in the final aerogel foams is closely related to
diameter distribution of dispersed phase liquid in the
precursor emulsion.

Table 3 lists the values of mean, median, maximum,
and minimum droplet diameter for each emulsion system
inferred from optical microscope images and analyzed
using ImageJ software. The results indicate that the
smallest mean droplet diameter of 27 ± 12 μm at 20 vol%
and 67 ± 30 μm at 40 vol% were obtained in the case of
cyclohexane, in line with the lowest interfacial tension
value among the three dispersed phase liquids when vis-
cosity was comparable. The emulsions of n-heptane and
silicone oil exhibited much larger droplets, respectively,
59 ± 35 μmat 20 vol% and 95 ± 44 μmat 40 vol% n-heptane
and 124 ± 63 μm at 20 vol% and 154 ± 82 μm at 40 vol%
silicone oil.

The data in Table 3 also corroborate that an increase
of dispersed phase volume percent also increases the
mean droplet size, e.g., silicone oil had a mean droplet
diameter of 113 and 154 µm, respectively, at 20 and 40 vol
%. This is attributed to higher degree of coalescence of
droplets at greater volume fraction of the dispersed phase.
A more specific break down of diameter and the popula-
tion of droplets in each diameter range are listed in
Table 4.

The data listed in Table 4 indicate that cyclohexane
dispersed phase at 20 vol% yielded 96% of measured
droplets with diameter less than 60 µm. This group of
droplets had a mean diameter of 26 µm. At 40 vol%
cyclohexane, the fraction of droplets of diameter less than
60 µm was only 47% with a mean diameter 45 µm, while
47% of the droplets were found in the range of 60–120 µm
due to greater degree of coalescence. Similar shifts in
droplet population are seen for other dispersed phase liq-
uids. Silicone oil dispersed phase at 20 and 40 vol% had,
respectively, 45 and 60% of droplets with diameter greater
than 120 µm.We attribute this to higher frequency collision
events between dispersed phase droplets. Figure 4 pre-
sents a set of representative images used in the generation
of droplet size distribution.

Table : Interfacial tension values without surfactant.

Continuous phase Dispersed phase Interfacial tension
(mN/m)

N,N-dimethylformamide Silicone oil . ± .
n-Heptane . ± .
Cyclohexane . ± .

Figure 3: Droplet size distributions, at (A) 20 vol% dispersed phase
and (B) 40 vol% dispersed phase.
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Table : Mean, median, maximum, and minimum droplet diameter in surfactant-free emulsions in N,N-dimethylformamide.

Dispersed phase
vol%

Dispersed phase Mean diameter
(µm)

Median diameter
(µm)

Maximum diameter
(µm)

Minimum diameter
(µm)

 Cyclohexane  ±    

n-Heptane  ±    

Silicone oil  ±    

 Cyclohexane  ±    

n-Heptane  ±    

Silicone oil  ±    

Table : Droplet distribution data and mean diameter in micrometer in each size range.

Dispersed vol% Dispersed phase < μm diameter – µm > µm

Percent Mean diameter Percent Mean diameter Percent Mean diameter

 Cyclohexane     

n-Heptane      

Silicone oil      

 Cyclohexane      

n-Heptane      

Silicone oil      

Figure 4: Dispersed phase droplets in N,N-dimethylformamide at 20°C, A) silicone oil, B) cyclohexane, C) n-heptane in 30 vol% of the
respective solvent.
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It is known from prior work that O/O emulsions have
poor stability due to mutual solubility between the phases
(Molau 1965; Smallwood 2012). As per the data presented
above and the representative images of droplets in emul-
sion presented in Figure 4, the largest droplets were found
in emulsions of silicone oil, attributed to higher viscosity of
silicone oil at 105 cp. The higher viscosity silicone oil
needed greater shear force for breakup of the droplets
(Nekouei andVanapalli 2017). The Grace curve for capillary
breakup under shear flow also supports the observation of
largest droplets in the case of silicone oil (Grace 1982). The
ratio (p) of viscosity of silicone oil dispersed phase (ηd) and
DMF/polyimide solution continuous phase (ηc) as in
equation (6) determines a critical capillary number (Cac,
equation (7)) in the Grace curve. In equation (7) γ̇ is shear
rate, R is the equilibrium radius of the droplet, and Γ is the
interfacial tension.

p = ηd
ηc

, (6)

Cac = ηcγ̇R0

Γ
. (7)

The shear viscosity of DMF/polyimide solution
continuous phase was the same for all formulations, but
the value of p varied more significantly for silicone oil
dispersed phase yielding larger droplets for silicone oil.

3.1 Emulsion stability

As no surfactantwas used in preparation of the emulsion, it
was expected at the outset that the emulsions would
experience certain degree of instability. In view of this, the
time scale of appreciable separation of the dispersed phase
liquid was evaluated. As per the density data listed in
Table 1, all three dispersed phase liquids – cyclohexane

(density 0.778 g/cm3), n-heptane (density 0.664 g/cm3),
and silicone oil (density 0.936 g/cm3) – were lighter than
polyimide sol prepared in DMF (density 1.0 g/cm3) and
experienced creaming. Figure 5 shows images of the vial
containing cyclohexane emulsion just after removal from
the stir plate (A) and after separation was complete with a
layer of cyclohexane forming at the top of the polyimide
sol.

A time-lapse video of separation of the dispersed liquid
was recorded and the time for complete separation was
noted. For this purpose, the height (h) of the clear liquid
layer of the dispersed phase was monitored with time (t)
and compared with the initial height (h0) of the emulsion
vial. The creaming ratewas inferred from the slope of (h/h0)
versus t curves as shown in Figure 6 and listed in Table 5.
As expected, the silicone oil system experienced the
slowest creaming (Figure 6B) due to smallest density dif-
ference with the polyimide sol. The system with fastest
creaming was observed for n-heptane, due to highest
density difference with polyimide sol. It is apparent from
the data in Table 5 that higher volume fraction of the
dispersed phase led to slower creaming. This is counter-
intuitive, as greater extent of coalescence and droplets of
much larger diameter found at higher dispersed phase
volume fractions, as per data in Table 3 and associated
discussions, should promote faster creaming.

It is recalled that the data included in Table 5 were
obtained using a continuous phase of polyimide sol
without the catalyst and the dehydrating agent. Thus, the
creaming behavior did not take into consideration the ef-
fects of imidization reactions.

The data presented in Figure 6 can be interpreted in
terms of terminal velocity of the dispersed droplets. The
terminal velocity is the constant speed of a freely rising
droplet determined by the balance of form drag and the
buoyancy force. An expression of terminal velocity (Vt) is:

Figure 5: State of emulsion with (A) stirring
and (B) creaming after stirringwas stopped.
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Vt = (2
9
)(ρp − ρf

μ
)gR2. (8)

In equation (8), ρpis the density of the dispersed phase
droplet, ρf is the density of DMF, μ is the viscosity of the
polyimide sol, g is gravity, and R is the radius of the
dispersed droplet. It is noted that equation (8) does not
account for the volume fraction of the dispersed phase and
is applicable for the motion of a single droplet.

The viscosity of polyimide sol increased with time due
to crosslinking and imidization reactions (see Figure 7).

The viscosity did not change much initially, e.g., up to
∼60 s, but increased in exponential fashion as the gelation
point was approached. Accordingly, the terminal velocity
value reduced appreciably with time as per equation (8).
The higher terminal velocity and faster creaming are
inferred for larger droplets. The counterintuitive results
seen from the data in Table 5, e.g., slower creaming at
higher volume fractions of dispersed liquids can now be
attributed to “crowding” (Abbott 2017) caused by an in-
crease of the viscosity of the emulsion. Richardson and
Zaki (1959) reported a relationship between the effective
terminal velocity Vt,eff with dispersed phase volume frac-
tion (ϕ) and single droplet terminal velocity Vt as in
equation (9). The value of Vt,eff is lower than Vt at non-zero
values of ϕ.

Vt, eff = Vt × (1 − ϕ)4.65. (9)

Equation (9) indicates that the terminal velocity de-
creases with an increase of dispersed phase liquid volume.
This explains the experimental data and the creaming
times reported in Table 5. In Figure 8, the terminal velocity
calculated based on equation (9) are plotted versus time

Table : Emulsion separation times and creaming rates in poly-
imide sol.

Emulsion Time to separate (s) Creaming rate (/s)

 vol% cyclohexane  .
 vol% cyclohexane  .
 vol% n-heptane  .
 vol% n-heptane  .
 vol% silicone oil  .
 vol% silicone oil  .

A) B)

C)

Figure 6: Emulsion separation in polyimide sol versus time for (A) cyclohexane, (B) n-heptane, and (C) silicone oil.
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after considering an increase of the value of viscosity μ, as
per data presented in Figure 7. It is apparent that emulsions
with 20 vol% dispersed liquid show higher terminal ve-
locity and faster creaming corroborating the experimental
data reported in Figure 6 and Table 5.

3.2 Gel times

The data in Figure 9 show dependence of gelation time of
polyimide sol on volume fraction of dispersed phase liq-
uids cyclohexane, n-heptane, and silicone oil. For a given
dispersed phase volume fraction, the longest gelation time
is seen for cyclohexane and the shortest for silicone oil. The
data also show longer gelation time at higher volume
fraction of the dispersed phase. For example, at 20 vol%
dispersed phase, the gelation times are 68, 62, and 52 s,
respectively, for cyclohexane, n-heptane, and silicone oil.
The gelation time increased to 88, 80, and 66 s for the same
dispersed phases at 35 vol%.

Teo et al. (2018) and Teo and Jana (2018) reported that
the surfaces of dispersed phase droplets trigger heteroge-
nous nucleation of polyimide domains much earlier than
the bulk. Also, such heterogenous nucleation produces
much denser gel networks than in the bulk. Accordingly,
the bulk of the liquid sees depletion of polyimide precursor
materials which is accentuated at higher volume fraction of
the dispersed phase leading to an extended gelation time,
as also reported byMawhinney and Jana (2019). It is seen in
Figure 9 that silicone oil-templated samples underwent
fastest gelationwhile cyclohexane took the longest time for
gelation for the same dispersed phase volume percent. It

was seen from the data in Table 3 that cyclohexane pro-
duced the smallest droplets in emulsion in DMF, thus of-
fering highest surface area to volume ratio for nucleation
among the three dispersed phase liquids.

3.3 Aerogel foam materials

Data on porosity, density, shrinkage, BET surface area, and
pore volume are collected and correlated to the emulsion
composition. Table 6 lists the data for bulk density,
porosity, shrinkage, and volume percentages of emulsion-
templated aerogel samples.

Figure 7: Viscosity of polyimide sol with time.
Figure 8: Theoretical terminal velocity of droplets over time.

Figure 9: Gel time as a function of dispersed phase volume.
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3.4 Bulk density

In view of macrovoids accounting for additional pore vol-
umes, the introduction of a dispersed phase liquid in
emulsion-templated specimens should reduce the bulk
density of aerogel specimens, as shown by Kulkarni and
Jana (2021) for aerogel foams of sPs produced via Pickering
emulsion method:

ϕT = ϕmacrovoid + ϕinherent(1 − ϕmacrovoid). (10)

In equation (10), ϕT, ϕmacrovoid, and ϕinherent are,
respectively, the total porosity of the aerogel foam spec-
imen, porosity contributed by the macrovoid, and the
inherent porosity of the control aerogelmaterial. Assuming
no additional shrinkage due to incorporation of the
dispersed phase liquid, equation (10) yields total porosity
values of 90.4, 91.6, and 92.2%, respectively, for aerogel
foams with 20, 30, and 35 vol% dispersed phase liquids. In
these calculations, ϕinherent was assumed to be the same as
the control PI aerogel (88%). It is seen from the data in
Table 6 that the total porosity values of aerogel foams in the
range of 92–95% were higher than the control specimen
but did not change much with an increase of the vol% of
the dispersed phase liquid. This may be due to additional
shrinkage in aerogel foam specimens encountered in sol-
vent exchange or supercritical drying steps. It was inferred
earlier that emulsions took longer times to gel in the
presence of higher volume percent of dispersed phase
liquid and that heterogenous nucleation at dispersed
phase droplet surfaces depleted polyimide concentration
in the bulk. This may be the primary reason behind greater
shrinkage observed.

The bulk density of aerogel foam specimens obtained
using silicone oil as the dispersed phase were higher

(0.112–0.118 g/cm3, Table 6) compared to the control
specimen density of 0.102 g/cm3. This is attributed to
higher shrinkage (20–26%) in the former specimens
compared to 14% shrinkage in control material. The aerogel
foam specimens produced with n-heptane and cyclohexane
had lower bulk density values (0.094–0.099 g/cm3),
although shrinkage was higher (16–23%).

3.5 BET surface area

The BET surface area values in Table 7 show reductionwith
increasing amount of dispersed phase for all combinations.
The control sample features the highest surface area value
at 620 ± 5 m2/g. The BET surface area values for different
dispersed phases follow the same trend as the interfacial
tension. Based on the solvent used at 20 vol%, the n-hep-
tane dispersed phase reports the highest specific surface
area at 445 ± 4 m2/g, followed by cyclohexane at
423 ± 5 m2/g, then silicone oil at 357 ± 4 m2/g. With an
increase of dispersed phase liquid content to 35 vol%, the
surface areas reduced for cyclohexane, n-heptane, and
silicone oil with values of 318 ± 2, 320 ± 4, and 264 ± 2m2/g,
respectively. The introduction of the dispersed phase in-
creases the gelation time and results in the formation of

Table : Bulk density, shrinkage, porosity, and percent pores inmacro- andmesopore range of emulsion-templated polyimide aerogel foams.

Material Bulk density (g/cm) Shrinkage (%) Porosity (%) Macropore (%) Mesopore (%)

Control . ± . . ± . . ± . ∼ ∼
Cyclohexane
 vol% . ± . . ± . . ± . ∼ ∼
 vol% . ± . . ± . . ± . ∼ ∼
 vol% . ± . . ± . . ± . ∼ ∼
n-Heptane
 vol% . ± . . ± . . ± . ∼ ∼
 vol% . ± . . ± . . ± . ∼ ∼
 vol% . ± . . ± . . ± . ∼ ∼
Silicone oil
 vol% . ± . . ± . . ± . ∼ ∼
 vol% . ± . . ± . . ± . ∼ ∼
 vol% . ± . . ± . . ± . ∼ ∼

Table : BET surface area.

Dispersed
liquid

Cyclohexane
(m/g)

n-Heptane
(m/g)

Silicone oil
(m/g)

 vol%  ±   ±   ± 

 vol%  ±   ±   ± 

 vol%  ±   ±   ± 

Control PI aerogel monolith surface area =  ±  m/g.
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denser skin layers at the interface. Teo and Jana (2018)
discussed polyimide strands and the correlation with
gelation time and BET surface area. The BET isotherm data
are presented in Figure S1 (see Appendix).

3.6 Macrovoid and pore architecture

The SEM images verify the presence of themacrovoids. A set
of representative images are seen in Figure 10. The aerogel
foams produced with silicone oil show the most visible
macrovoids originating from the large droplets produced in
emulsion-templating (see Table 4). Cyclohexane-templated

specimens had smallermacrovoids originating from smaller
dispersed droplets.

As indicated by the SEM images in Figure 10, the pol-
yimide morphology in and around the macrovoids did not
vary much with the use of different emulsion-templating
liquids, although the size of the macrovoids varied due to
different sizes of emulsified droplets. The examination of
representative SEM images at the top, bottom, and middle
of specimens indicate that the system did not undergo
appreciable creaming prior to polyimide gelation due to an
increase of viscosity of the sol, as seen in Figure 7. In view
of this, the emulsified droplets were capturedwithin the gel
and produced the macrovoids.

Figure 10: Scanning electron microscope images of aerogel foams produced with (A) silicone oil, (B) n-heptane, and (C) cyclohexane.
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4 Conclusions

The findings indicate that the fast-reacting diamine and
dianhydride selected in this work led to gelation within
90 s and produced good quality polyimide aerogel foam
materials even in the absence of a surfactant. Among the
three emulsion-templating liquids, n-heptane showed a
tendency of fastest creaming while silicone oil showed the
slowest creaming, although the continual increase of vis-
cosity of the sol due to fast gelation acted against appre-
ciable creaming in the aerogel foammaterials. The porosity
of the aerogel foam (92–95%) was higher than the corre-
sponding monolith (88%). All three emulsion-templating
liquids produced similar values of porosity and bulk den-
sity although the macrovoid sizes were the smallest in the
case of cyclohexane and largest in the case of silicone oil.
The overall porosity and the co-existing open pores con-
sisting of macrovoids, macropores, and mesopores
togetherwill be important for applications such as airborne
nanoparticle filtration.
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