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ABSTRACT: This work focuses on the fabrication and organic
dye adsorption capacity of pill-shaped polyimide aerogel micro-
particles of diameter approximately 200 um and length
approximately 1000 pm. First, spherical polyimide sol droplets
suspended in silicone oil are generated in a microfluidic droplet
generator. Second, these droplets are guided into a contraction
flow channel to deform them into pill-shaped droplets. Third, the
pill-shaped droplets undergo sol—gel transition in a heated section
of the flow channel and turn into particles. Finally, the pill-shaped
aerogel microparticles are recovered via solvent exchange and
supercritical drying and characterized. The data indicate that the
flow rates of polyimide sol and silicone oil strongly influence the
length of the microparticles while surfactants, although not
necessary to obtain pill-shaped particles, exert strong influence on the aspect ratio of the particles. The aspect ratio of particles
and the internal morphology are discussed using hydrodynamic and interfacial forces. The ionic dye adsorption capacity of these pill-
shaped particles is determined and compared with that of spherical gel microparticles.

B INTRODUCTION

Aerogels, a class of highly porous materials, are fabricated from
organic and inorganic molecules and their hybrids, often via
sol—gel transition processes. Kistler first synthesized aerogels
using silica.”” Subsequently, aerogel synthesis processes
encompassed a variety of material systems such as resorcinol-
formaldehyde,” graphene,” cellulose,” syndiotactic polystyr-
ene,~” polyurea,'”~" polyimide,"*~"” and polyurethanes."®
Several inor§anic—organic hybrid aerogels have been reported
to date."”™*" Aerogel articles have also been fabricated in a
variety of structural forms, such as monolithic blocks,”
sheets,’” foams,>>2° microparticles,n’28 core—shell hollow
spheres,” millimeter size particles with multiple voids as
inclusions,” and even 3D-printed gyroid structures.”’ This
proliferation of aerogels into various structural forms enabled
by recent progress in fabrication methods is also accompanied
by the expansion of the usage of aerogel porous structures in
an array of applications including thermal insulation,” air
filtration, > ™° energy storage devices,*® and space shuttle
antenna.””

Aerogel microparticles are of strong interest for their usage
in a large variety of applications such as double-layer capacitors
in energy storage,”® as packed bed reactors in chromatog-
raphy,”” and as drug reservoirs in drug delivery."”*" Aerogel
microparticles of primarily spherical geometry serve in this
application space due to the ease of fabrication, e.g, via
emulsification,”’ although some challenges must be overcome
to avoid broken particles and the customary wide particle size
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distributions originating from the nonuniform distribution of
shear rates in an emulsion preparation process via mechanical
mixing. The above issues preclude the tight control of the
particle size. In a bid to circumvent these challenges, Teo and
Jana®® successfully demonstrated the use of a microfluidic
setup and fabricated aerogel microparticles of a uniform size.
The droplet generation process did not use surfactants, thus
eliminating the need for additional processing or cleaning steps
to remove undesired surfactants. Teo et al.”’ extended the
work to obtain core—shell aerogel microparticles with a tight
distribution of the particle size. Recently, Yao et al.*’ used a
balance of buoyancy force and interfacial tension in
conjunction with microfluidic flows and fabricated millimeter
size aerogel particles with multiple internal voids.

The particle shape has emerged as an important parameter
in tuning the properties of micro- and nanoparticles.*”
Difterently shaped micro- and nanoparticles have been
fabricated via nonwetting templates,“”44 microfluidic
flows, ™% film stretching,48 and template assemblies.**>°
The particle geometry (shape and size) significantly affects
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Figure 1. (a) Complete connection of the droplet generator and (b) schematic representation of the elongation of spherical droplets into pill-

shaped droplets.

transport processes and absorption and adsorption—desorption
properties with the surface area-to-volume ratio being the
determining factor.>”*! For example, oblate particles improve
adhesion to biological substrates, owing to their larger planar
surface area.”’ In another example, the addition of platelets to
composite materials improve their mechanical properties.>”

Different microparticle geometries are reported in the
literature in the context of microparticles fabricated via
microfluidic flows. Xu et al. described the synthesis of plugs
and disk-shaped microparticles by using various microchannel
shapes during droplet formation process, followed by a
photopolymerization step to lock in the desired microparticle
shape.” Dendukuri et al. produced microparticles of various
polygonal, nonsymmetrical, and curved shapes using masks,
with applications in drug delivery systems."’

In this work, a continuous fabrication method is presented
for pill-shaped polyimide aerogel microparticles from an oil-in-
oil emulsion system with and without the use of surfactants.
The pill-shaped microparticle geometry was produced by
passing deformable, spherical sol droplets through a con-
traction flow downstream of the microfluidic droplet generator.
The train of pill-shaped sol droplets thus produced was guided
through a heated tube where an accelerated sol—gel transition
process fixed the shape and turned the sol droplets into gel
microparticles. The pill-shaped gel microparticles were
collected, washed with a solvent, and supercritically dried to
yield high surface area aerogel microparticles.

High surface area porous materials are used as media for the
adsorption of dyes and other organic pollutants from water,
especially from textile effluents. Han et al.”’ used surface-
modified silica aerogels for the removal of rhodamine B and
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methylene blue dyes from aqueous solutions. Methylene blue
is a cationic dye widely used in the textile industry. Methylene
blue found in textile effluents can cause a variety of harmful
effects on the human body, such as vomiting, diarrhea, shock,
and gastritis.”* In this context, the present study investigated
the potential of the pill-shaped gel particles in the adsorption
of methylene blue dye initially dissolved in water. The
adsorption behavior of pill-shaped particles was compared
with that of spherical 8gel microparticles fabricated using the
same flow conditions.”

B EXPERIMENTAL SECTION

Materials. Pyromellitic dianhydride (PMDA) was pur-
chased from Alfa-Aesar (Haverhill, MA), and 2,2’-dimethyl-
benzidine (DMBZ) was purchased from Shanghai Worldyang
Chemical Co. Ltd. (Shanghai, China). Tris(2-aminoethyl)-
amine (TREN) cross-linker, surfactant Pluronic F127 (trade-
mark of BASF), and methylene blue (MB) were purchased
from Sigma-Aldrich (Milwaukee, WI). Pyridine, acetic
anhydride, acetone, and silicone oil were purchased from
Fisher Scientific (Ontario, NY). N,N-Dimethylformamide
(DMF) was purchased from VWR International (Radnor,
PA). The components of the droplet generator, such as 27 G
syringe, 0.16 cm ID Tee connector, and Tygon tubing were
obtained from McMaster-Carr (Aurora, OH).

Fabrication of a Droplet Generator. The coflow droplet
generator used in this work was adapted from the work of Li et
al.>® and is an extension of the droplet generator used in the
work of Teo and Jana.”® The coflow droplet generator was
assembled by inserting a 27 G flat tip needle with an inner
diameter (ID) of 0.2 mm into a 1.6 mm ID Tee connector, as
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shown in Figure 1. The outlet of the Tee connector was
attached to a 1.6 mm ID PTFE tube, which in turn was
connected to a 1.0 m long, 0.8 mm ID PTEE tube (Figure la).
The purpose of reducing the PTFE tube ID from 1.6 to 0.8
mm was to produce a contraction flow that elongated the
spherical polyimide sol droplets into pill-shaped droplets in the
confines of the smaller channel geometry (Figure 1b).

B PREPARATION OF POLYIMIDE SOL

The polyimide sol in DMF was used to make spherical droplets
in the droplet generator. For this purpose, polyimide precursor
solutions were prepared at room temperature by mixing
PMDA, DMBZ, and TREN in DMF, as per the process
outlined by Teo and Jana.”* Briefly, 0.108 g of PMDA and
0.106 g of DMBZ, dissolved separately each in 2 mL of DMF,
were mixed and stirred for 2 min to obtain a solution of
polyamic acid. Subsequently, 10 uL of TREN dissolved in 1
mL of DMF, 0.333 g of acetic anhydride, and 0.313 g of
pyridine were added to the polyamic acid solution to trigger
cross-linking reactions and to allow for the chemical
imidization of the polyamic acid. The resultant solution was
used as the polyimide sol in this work. The polyimide sol thus
obtained had 3.9 wt % polymer. The sol was transferred
immediately after the preparation into the syringe pump
designated for polyimide sol in the droplet generation device.

The pill-shaped gel and aerogel microparticles were also
prepared in the presence of Pluronic F127 surfactant, a
polyethylene oxide-polypropylene oxide-polyethylene oxide
triblock copolymer. It was used as a viscosity modifier to the
polyimide sol at 0.0, 1.0, 2.5, and 5.0 wt % with respect to
DME. The surfactant was first dissolved in DMF followed by
the addition of other ingredients as presented above.

B FABRICATION OF POLYIMIDE AEROGEL
MICROPARTICLES

As shown in Figure 1b, polyimide sol was injected into the
droplet generator through the 27G needle using a Chemyx
syringe pump (Stafford, TX) into silicone oil. Silicone oil was
injected into the droplet generator through the Tygon tubing
by another Chemyx syringe pump. At the tip of the 27G
needle, the polyimide sol extended as a jet, underwent Rayleigh
instability, and broke off as spherical polyimide sol droplets
that traveled downstream through the 1.6 mm ID PTFE tube.
These spherical droplets were guided into the 0.8 mm ID
PTEFE tube, and the contraction flow of the channel forced the
deformation of the spherical droplets into a pill-shaped
geometry. The pill-shaped sol droplets further traveled through
the 0.8 mm ID PTFE tubing heated at 80 °C, thus undergoing
expedited sol—gel transition and preventing coalescence. The
PTEFE tubing was heated to 80 °C by taping its entire length on
a hot plate of an approximate temperature of 90 °C. As a
reference, the polyimide sol typically takes 23 min to undergo
the sol—gel transition at room temperature (20 °C). In a
separate reference experiment, 1 mL of polyimide sol in a glass
vial was heated from room temperature to 80 °C in an oil bath.
The sol turned into a gel in approximately 50 s. Considering
the small volume (~107* mL) of typical polyimide sol droplets
in this work, the sol—gel transition of the pill-shaped polyimide
sol droplets occurred in a significantly shorter time. In view of
this, no surfactant was needed to stabilize this oil-in-o0il (O/O)
emulsion system against coalescence. The pill-shaped gel
microparticles were collected in a glass jar containing hot
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silicone oil at 80 °C. The glass jar with silicone oil was heated
to 80 °C using a hot plate. The droplets were exposed to high
temperature (80 °C) in PTFE tubing and in hot silicone oil
and turned into gel particles. The gel particles settled down at
the bottom of the jar and aged in hot silicone oil at 80 °C for
24 h. The particles were removed from silicone oil, cooled to
room temperature, and subjected to solvent exchange using a
mixture of 50% chloroform/50% silicone oil followed by 100%
chloroform after 12 h.

The chloroform-filled gel microparticles were solvent
exchanged with mixed solvents, 25 vol % acetone/75 vol %
DMTF, 50 vol % acetone/50 vol % DMF, 75 vol % acetone/25
vol % DMEF, and finally with 100 vol % acetone each at 12 h
intervals. The gel microparticles were further washed with 100
vol % acetone for an additional five times at 12 h intervals to
remove the residual DMF and chloroform if any. The acetone-
filled gels were subsequently solvent exchanged with 100 vol%
liquid carbon dioxide six times at 1.5 h intervals in a
supercritical dryer and dried under the supercritical condition
of carbon dioxide at 50 °C and 11 MPa pressure to yield the
pill-shaped aerogel microparticles. The fabrication of spherical
polyimide aerogel microparticles is described elsewhere.””
Briefly, the spherical gel particles were obtained after removing
the flow contraction zone in Figure 1. In this context, the
volumes of the representative ensembles of pill-shaped and
spherical particles were the same as they originated from the
same droplet generation process.

B METHYLENE BLUE (MB) ADSORPTION ON
POLYIMIDE GEL MICROPARTICLES

The extent of MB adsorption was assessed by dipping water-
filled polyimide spherical and pill-shaped gel microparticles in
aqueous solutions of MB. For this purpose, the acetone-filled
gel particles were solvent exchanged with mixed solvents
consisting of 25 vol % water/75 vol % acetone, 50 vol % water/
50 vol % acetone, 75 vol % water/25 vol % acetone, and finally
100 vol % deionized (DI) water, each at 12 h intervals. The gel
microparticles were further exchanged with 100 vol % DI water
five times at 12 h intervals to remove the residual DMEF,
chloroform, and acetone. A known weight (12 mg) of an
ensemble of DI water-filled spherical and pill-shaped gel
microparticles was separately added to 40 mL of 0.001 g/L MB
solution in DI water. The concentration of MB in the solution
over time was determined from the UV—vis absorbance of MB
measured using a UV—vis spectrophotometer (UV-—vis
Spectrophotometer 8453, Hewlett Packard, Palo Alto,
California, USA) and a calibration curve generated from the
known MB concentration and corresponding absorbance. The
cuvettes containing the gel specimen and MB solution were
kept inside aluminum foil enclosures except when spectropho-
tometer data were taken.

B CHARACTERIZATION OF AEROGEL
MICROPARTICLES

Gel and Aerogel Microparticle Size Distribution. The
size distributions of gel and aerogel microparticles were studied
using an Olympus BXS1 optical microscope (OM). The
images of a population of particles were collected and analyzed
using Image] software. Typically, the sizes of more than 100
particles were considered in each case.

Aerogel Morphology. The morphology of aerogel

microparticles was studied using a scanning electron micro-
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Figure 2. Optical microscopy images of (a) pill-shaped gel and (b) pill-shaped aerogel microparticles. SEM images of (c) pill-shaped aerogel
microparticle and (d) cross section of the fractured aerogel microparticle are also shown.

Table 1. Mean and Standard Deviation of Gel and Aerogel Microparticle Length and Diameter and their Associated Shrinkage

at Different Flow Conditions

gel microparticle aerogel microparticle shrinkage
dispersed phase flow rate — Qp continuous phase flow rate — Q¢ diameter diameter length diameter

(mL/min) mL/min) length (um) (um) length (ym) (um) (%) (%)
0.01 0.5 1400 + 60 244 + 11 1330 + 60 230 + 14 S.3 5.3
0.02 1680 + 150 233 + 15 1610 + 160 230 + 13 44 2.1
0.03 1740 + 100 236 + 12 1680 + 130 220 + 11 3.5 5.9
0.04 1830 + 70 239 + 13 1740 + 80 230 + 12 5.0 54
0.02 0.4 1810 + 110 248 £ 11 1670 + 110 240 + 14 7.7 2.0
0.5 1680 + 150 233 + 1§ 1610 + 160 230 + 13 4.4 2.1

0.6 1470 + 180 235+ 12 1440 + 145 220+ 2 22 6.0

0.7 1200 + 130 235 £ 13 1135 + 120 210 + 14 5.7 9.4

scope, JSMS5310, JEOL, MA at an accelerating voltage of 5 kV
and an emission current of 20 mA. A representative piece of
the aerogel specimen was mounted on an aluminum stub using
a carbon tape, followed by sputter coating with silver (ISI-5400
Sputter Coater, Polaron, UK). Some samples were deliberately
fractured to study the cross-sectional morphology of the pill-
shaped aerogel microparticles.

Fourier Transmission Infrared Spectroscopy (FT-IR).
The infrared spectra were collected by a Nicolet iS50 FTIR tri-
detector spectrophotometer (Thermo Scientific, MA). Aerogel
specimens were ground into a powder form. The aerogel
powder and F127 powder were mixed separately with KBr
pellets, and the mixture was pressed into discs. IR spectroscopy
data were taken in transmission mode.

Length and Diameter Shrinkage. The shrinkage of
supercritically dried aerogel specimens was obtained from the
length and diameter readings of the gel microparticles and the
corresponding dried aerogel microparticles. The values of
shrinkage were calculated from the average values of the length
and diameter of each group of materials. It was difficult to
compare the length and diameter of each individual micro-
particle in the gel state and after supercritical drying.
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Bl RESULTS AND DISCUSSION

Morphology. The fabrication method described above
successfully generated the pill-shaped gel and corresponding
aerogel microparticles, as shown in Figure 2. It is seen that the
gel microparticles were typically 1400 ym long with a diameter
of 240 pm (Figure 2a), while the aerogel microparticles are
typically 1330 pm long with a corresponding diameter of 230
um (Figure 2b). A comparison of the images presented in
Figure 2a and b suggests that the pill-shaped aerogel
microparticles lost some of their straight cylindrical shape.
This is attributed to the shrinkage that occurred during the
supercritical drying process. The image in Figure 2¢ indicates
that the microparticle surface was smooth at a 100 ym length
scale. A wrinkled surface became apparent at the 100 nm
length scale as seen from Figure 2d. Such a wrinkled texture of
the surface of core—shell polyimide aerogel microparticles was
earlier reported by Teo et al.”® and attributed to the osmotic
pressure caused by the higher solubility of DMF and silicone
oil at 80 °C. A highly porous internal structure of the
microparticles is also apparent from Figure 2d.

Microparticle Size Distribution. The microparticle size
distribution was studied as a function of the flow rates of the
dispersed phase (Qp) polyimide sol and the continuous phase

https://dx.doi.org/10.1021/acs.iecr.0c05424
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Figure 3. Dependence of mean values of the length of gel and aerogel microparticles on Qp, and Q. (a) Average length vs Qp, at constant Q. = 0.5
mL/min and (b) average microparticle length vs Q. at constant Qp, = 0.02 mL/min. Error bars scaling with one standard deviation are shown. The
data points are connected using straight line segments to guide the eye.

(Qc) silicone oil. For this purpose, first, Qp, was varied in the
range of 0.01—0.04 mL/min while keeping the Q. constant at
0.5 mL/min. Subsequently, Qp was maintained at 0.02 mL/
min while Q. was varied from 0.4—0.7 mL/min.

A few observations can be made after examining the
microparticle length and diameter data presented in Table 1.
The distribution of particle lengths is presented in Figure SI.
First, the gel microparticles in general had a larger length and
diameter than their corresponding aerogel microparticles,
irrespective of the flow rates Qp and Qc, thereby indicating
the appreciable shrinkage in the diameter and length during
supercritical drying. This is illustrated using the data obtained
with Qp = 0.01 mL/min and Q¢ = 0.5 mL/min. The average
gel microparticle length was 1403 + 59 um, while the
corresponding average aerogel microparticle length was 1329
+ 60 pm. This corresponds to a mean length shrinkage of
5.3%. This shrinkage occurs both axially and radially as
indicated in Table 1. The data presented in Table 1 also show
that the mean shrinkage values of 2—9% are consistent with the
shrinkage values reported in the previous work.”® We recall
that the shrinkage values reported in Table 1 correspond to an
ensemble average due to the difficulty associated with tracking
the shrinkage values of each individual microparticle.

The data in Table 1 also show the dependence of the
microparticle length on Qp and Q¢, while the microparticle
diameter shows the weak dependence on flow rates of silicone
oil and polyimide sol. For example, the gel microparticle length
increased from 1203 + 127 ym to 1828 + 69 um in this study.
In contrast, the gel microparticle diameter only varied from
233 + 15 pm to 248 + 11 um. The weak dependence of the
microparticle diameter on Qp and Q can be attributed to the
same degree of contraction of the flow from 1.6 mm to 0.8 mm
ID (see Figure 1b) leading to pill-shaped particles of similar
diameter irrespective of the combinations of Q¢ and Qp. It is
also worthwhile to note that the gel microparticle mean
diameter (233—248 pm) was smaller than the ID (0.8 mm) of
the contraction channel. The small variation in the particle
diameter can be attributed to the shape relaxation of the
elongated pill-shaped droplets before the shapes were fixed via
expedited gelation in the heated section of the tube.

For a given Q, the particle length increased with an increase
in Qp as is intuitive. As discussed earlier, the contraction flow
geometry in Figure 1b kept the diameter of the pill-shaped gel
microparticles in a close range of 233—244 um (Table 1).
Therefore, the effects of Q¢ and Qp are apparent in the values
of the length of the pill-shaped microparticles. Table 1 shows
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that the average gel microparticle length increased from 1403
+ 59 pum to 1828 + 69 um for an increase in Qp from 0.01 to
0.04 mL/min for a given Q¢ of 0.5 mL/min. These trends are
illustrated in Figure 3a. The higher droplet mass at higher
values of Qp, is responsible for the larger particle length. We
recall that the extent of contraction in the contraction flow was
the same in all cases and thus pill-shaped microparticle
diameter was insensitive to both Q. and Qp, values.

An increase in Qp for a given Qc led to an increase of the
mass flow rate of polyimide sol extruded through the 27G
needle. This in turn yielded larger spherical droplets of
polyimide sol in the first part of the microfluidic droplet
generator as schematically presented in Figure 1b. Eq 1, valid
for droplet generation in annular co-flow microfluidic systems
under jetting regime, presents a relationship between spherical
droplet diameter D, and the ratio of Qp and Qc°° In eq 1, W,
is the width of the outer channel, and g(k*) is a function of the
wavenumber k* with g(k*) & 1.43. Eq 1 predicts a spherical
droplet of diameter 323 ym for Q; = 0.5 mL/min, Qp = 0.01
mL/min, and W, = 1.6 mm. The droplet diameter changes to
404 um for Q¢ = 0.5 mL/min and Qp = 0.04 mL/min.

(1)

An increase of Q¢ for a given Qp caused a reduction in
microparticle length as presented in Figure 3b. For example,
the gel microparticle length reduced from 1808 + 113 ym for a
Q¢ of 0.4 mL/min to 1203 + 127 um for a Q¢ of 0.7 mL/min
for a given value of Qp = 0.02 mL/min. This reduction in the
microparticle length can be attributed to two primary factors.
First, a smaller droplet is generated in the microfluidic droplet
generator at a higher Q, as predicted by eq 1. Second, a higher
Qc also leads to a higher shear rate in silicone oil in the
microfluidic channel thereby exerting a greater viscous force
over the interfacial force and causing a much greater
deformation of polyimide sol droplets in the contraction flow.

Effects of a Surfactant. The effects of the Pluronic F127
surfactant in polyimide sol are now discussed. It is worthwhile
to note that no surfactant was required for the fabrication of
these pill-shaped microparticles as droplet coalescence was not
a factor in this work due to the expedited sol—gel transition in
the heated section of the microfluidic tube flow (Figure 1b).
The addition of a surfactant exerts two effects on polyimide
sol.”” First, it increases the room temperature viscosity of the
DMEF solution, e.g,, from 0.85 mPa-s for DMF to 1.15 mPa-s at

https://dx.doi.org/10.1021/acs.iecr.0c05424
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Table 2. Average Length and Diameter of Gel and Aerogel Pill-Shaped Microparticles and their Associated Shrinkage at
Different Pluronic F127 Concentrations. Flow Rates Were Kept Constant at Qp = 0.01 mL/min and Q¢ = 0.5 mL/min

gel microparticle

shrinkage

aerogel microparticle

Pluronic F127 concentration (wt %)  length (um)  diameter (um) D (from eq 2) length (um) diameter (um)  length (%)  diameter (%)
0.0 1403 + 59 244 + 11 0.703 1329 + 60 231 + 14 5.3 5.3
1.0 1542 + 80 266 + 9 0.706 1434 + 84 247 + 1§ 7.0 7.1
2.5 1658 + 89 311 + 21 0.684 1508 + 109 281 + 22 9.0 9.6
5.0 2105 + 89 371 + 22 0.700 1782 + 94 309 + 21 15.3 16.7

a. Length — 0.0 wt.% F127 b. Length — 1.0 wt.% F127
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Figure 4. Gel and aerogel microparticle size distributions at various Pluronic F127 concentrations. Red bars correspond to gel microparticles while
gray bars correspond to aerogel microparticles. (a—d) are length distributions while (e—f) are diameter distributions. Flow rates were kept constant

at Qp = 0.01 mL/min and Q¢ = 0.5 mL/min.

1 wt % and 2.1 mPa-s at S wt % surfactant loading.22 Second, it
reduces the interfacial tension between DMF and silicone oil.
Accordingly, the presence of the Pluronic F127 surfactant
influences both the spherical droplet generation process in the
microfluidic droplet generator and the deformation of spherical
droplets into pill-shaped droplets in the contraction flow.

The deformation (D) of droplets as defined in eq 2 in the
contraction flow is dependent on the balance of hydrodynamic
and interfacial stresses.”” Christafakis and Tsangaris™® studied
the deformation of droplets in contraction flows and predicted
transient and steady droplet shapes as a function of Reynolds
number (Re), Weber number (We), and capillary number
(Ca), defined respectively in eqs 3—S5. These authors predicted
the formation of blunted tail cylindrical droplets, similar to
what was discussed earlier in reference to Figure 2a.

L-B
D =
L+B ()
DU
Re = 0 S
e (3)
D,U?
We = 0% fe
r (4)
1, U
Ca =
r (s)
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In egs 2—5, L is the length of the pill-shaped droplet, B is the
diameter of the pill-shaped droplet, D, is the diameter of
contraction tube, U, is the mean velocity in the contraction
tube, p. is the density of silicone oil, 7, is the viscosity of
silicone oil, and T'is interfacial tension between DMF and
silicone oil. The flow rate of the polyimide sol (Qp ~ 0.01—
0.04 mL/min) was much smaller compared to the flow rate of
silicone oil (Q¢ &~ 0.5—0.7 mL/min). In view of this, the value
of U, was in the range of 1.668—2.33 cm/s. The values of Re,
We, and Ca were respectively 14.8, 33, and 3.5 without the
surfactant considering U, & 1.668 cm/s. In the presence of a 5
wt % surfactant, the interfacial tension reduced to 1.6 mN/m.
The corresponding values of Re, We, and Ca were respectively
14.8, 79, and 8.9. It is noted that as per eq S, the value of the
capillary number increased in the presence of surfactants due
to the reduction in the interfacial tension. The values of the
capillary number in this work were much greater than what was
considered in the work of Christafakis and Tsangaris, Ca ~
0.1-1.0.°® Consequently, the deformation observed in this
work was much higher (Table 2), and much longer gel droplets
were produced.

To assess the effects of the surfactant indicated above, the
values of Qp and Qg were kept at 0.01 and 0.5 mL/min,
respectively, and the concentration of Pluronic F127 was
increased from 0.0 to 5.0 wt %. The resulting gel and aerogel
microparticle length distributions are presented in Figure 4,
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weight loss.

and the mean values of the length and diameter of pill-shaped
particles are summarized in Table 2.

The data presented in Figure 4 and Table 2 reveal the
following trends. First, the gel microparticle length increased
from 1403 + 59 pm to 2105 + 89 um as the concentration of
Pluronic F127 was increased from 0.0 to 5.0 wt %. A
corresponding increase in the gel microparticle diameter from
244 + 11 pum to 371 + 22 um was also observed. The
shrinkage data reveal higher shrinkage values in the particle
length in aerogel specimens obtained with surfactants, e.g,
5.3% with no surfactant to 15.3% in the presence of a 5 wt %
surfactant. The distributions of particle length and diameter of
aerogel specimens produced with and without surfactants
diverged from that of gel specimens at a high surfactant
concentration as revealed in Figure 4. These are clearly
apparent in Figure 4d,h. These observations led us to believe
that there were two different mechanisms at work, both
attributed to the introduction of Pluronic F127 into the
system.

First, it was noted earlier that Pluronic F127 served as both a
viscosity modifier and as a surfactant. In its presence, the room
temperature viscosity of polyimide sol increased from 0.85
mPa-s for DMF to 1.15 mPa-s at 1 wt % and 2.1 mPa-s at 5 wt
% surfactant loading,22 and the interfacial tension between
polyimide sol and silicone oil reduced from 4.0 to 1.6 mN/
m.”” The increase in viscosity and reduction in interfacial
tension both delayed the breakup rate of the liquid jet of
polyimide sol from the tip of the 27G needle. Consequently,
the liquid jet stretched further from the needle tip before the
droplet breakoff occurred,”” and larger droplets were formed in
the droplet generator. The increase in the viscosity of the
droplet phase with the addition of a surfactant also reduces the
deformability of the droplets for a given continuous phase flow
rate in the contraction region. This resulted in an increase in
the gel microparticle diameter.

We now discuss higher values of shrinkage in Table 2 in the
presence of surfactants. We attribute the higher shrinkage to
the residual Pluronic F127 surfactant in the gel particles.
Pluronic F127 is traditionally used as a surfactant due to the
presence of both nonpolar 6polypropylene oxide and polar
polyethylene oxide groups.””®” In particular, the polyethylene
oxide groups tend to retain polar solvents such as DMF and
acetone. Accordingly, in the supercritical drying step, the
presence of trace amounts of DMF and acetone in the gel
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produced nonzero capillary stress and caused shrinkage due to
the collapse of the pores.

The aerogel specimens were analyzed using IR and TGA to
verify the presence of the residual surfactant in the system.
Such results are presented in Figure 5. Figure Sa shows that
Pluronic F127 was still present in the aerogel microparticles, as
evident from the Pluronic F127 alkane groups at 2880 cm™.
The other bands at 1716, 1776, and 1365 cm™! show the
symmetrical and asymmetrical stretching of C=0 and C—N
respectively of the polyimide functional group. The absence of
COOH (2926 cm™) and CONH (3272 cm™) bands also
signifies the successful chemical imidization of polyamic acid.
The presence of Pluronic F127 was corroborated by the TGA
curves in Figure Sb.Pluronic F127 was found to start degrading
at a lower temperature of 390 °C and left no char at 700 °C,
while neat polyimide started degradation at 504 °C. The
reduction in the char residue from 61 to 41 wt % with an
increase in the Pluronic F127 concentration from 0.0 to 5.0 wt
% indicated that the final aerogels did retain Pluronic F127
even after the solvent exchange steps and supercritical drying.
This residual surfactant retained polar solvents DMF and
acetone in the gel, which in turn caused an increase in
shrinkage values as seen in Table 2.

B ADSORPTION OF MB BY POLYIMIDE GEL
MICROPARTICLES

As indicated in the Experimental section, an ensemble of 12
mg of spherical and pill-shaped water-filled polyimide gel
microparticles was used to study the adsorption behavior of
MB. Figure 6 presents a comparison of the adsorption behavior
of MB by polyimide gel microparticles observed over a period
of 3 weeks. We do not claim that the values reported in Figure
6 are indicative of maximum MB adsorption capacities by the
polyimide microparticles. It is apparent from Figure 6 that the
initial rate of adsorption was high and can be attributed to the
high surface area of gel microparticles. Figure 6 also shows that
spherical and pill-shaped particles had similar initial adsorption
rate, although the extent of adsorption was slightly higher for
the pill-shaped particles, e.g., 26.6 mg/g at 30 000 min than the
spherical particles with 24.6 mg/g at 30 000 min.

We recall that the volumes of representative ensembles of
pill-shaped and spherical particles in 12 mg of DI water-filled
gel specimen were the same, as the particles originated from
the same droplet generation process and that the contraction

https://dx.doi.org/10.1021/acs.iecr.0c05424
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Figure 6. Adsorption of MB by spherical and pill-shaped polyimide
gel microparticles.

zone was not used when spherical particles were intended.
Accordingly, the dye adsorption experiments accommodated
the inherent effect of particle size distributions included in 12
mg of ensemble of DI water-filled gel particles. In view of this,
repeated measurements with different ensembles of particles
produced under the same condition were not conducted. We
also noted that absorbance measurements of the control MB
solution using UV—vis spectrophotometry were reproducible.

A slightly higher adsorption in the case of pill-shaped
particles can be attributed to the higher surface area-to-volume
ratio compared to spherical particles. It is noted that the weight
of the spherical microparticles was controlled in this work by
the flow rates of the dispersed and continuous phase flow rates
in the droplet generator (Figure la). It is also noted that the
pill-shaped particles were formed by passing the spherical
droplets through a contraction flow. In view of this, the pill-
shaped and spherical particles should ideally have the same
weight. We attribute the MB adsorption on the polyimide
surface in gel microparticles to z-7 interactions between the
aromatic rings of the MB molecule and the polyimide chain. A
quantification of these interactions was beyond the scope of
this work and will be a part of our future report.

Bl CONCLUSIONS

The results presented in this paper established that pill-shaped
polyimide aerogel microparticles can be successfully fabricated
using a co-flow microfluidic setup without the use of
surfactants. This was achieved by introducing a downstream
contraction flow region to deform the spherical droplets
generated in an upstream microfluidic droplet generator
operating in the jetting regime. The heating of the pill-shaped
microparticles at 80 °C expedited the sol—gel transition and
fixed the pill-shaped geometry. This work also showed that the
microparticle length can be controlled by varying the ratio of
the flow rates of polyimide sol and silicone oil. The triblock
copolymer surfactant that dissolved in the polyimide sol
increased the length and diameter of pill-shaped particles by
delaying the breakup in the droplet generator.

B ASSOCIATED CONTENT

©® Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.iecr.0c05424.

Gel and aerogel microparticle length distributions at
several dispersed and continuous phase flow rates (PDF)

368

B AUTHOR INFORMATION

Corresponding Author
Sadhan C. Jana — School of Polymer Science and Polymer
Engineering, The University of Akron, Akron, Ohio 44325-
0301, United States; © orcid.org/0000-0001-8962-380X;
Email: janas@uakron.edu

Authors

Chenxi Jin — School of Polymer Science and Polymer
Engineering, The University of Akron, Akron, Ohio 44325-
0301, United States

Akshata Kulkarni — School of Polymer Science and Polymer
Engineering, The University of Akron, Akron, Ohio 44325-
0301, United States

Nicholas Teo — School of Polymer Science and Polymer
Engineering, The University of Akron, Akron, Ohio 44325-
0301, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.iecr.0c05424

Author Contributions

The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was partially funded by the National Science
Foundation under grant no. CMMI 1826030.

B REFERENCES

(1) Kistler, S. S. Coherent Expanded Aerogels and Jellies. Nature
1931, 127, 741.

(2) Kistler, S. S.; Caldwell, A. G. Thermal Conductivity of Silica
Aérogel. Ind. Eng. Chem. 1934, 26, 658—662.

(3) Pekala, R. W. Organic Aerogels from the Polycondensation of
Resorcinol with Formaldehyde. J. Mater. Sci. 1989, 24, 3221-3227.

(4) Worsley, M. A; Pauzauskie, P. J.; Olson, T. Y.; Biener, J;
Satcher, J. H.,, Jr.; Baumann, T. F. Synthesis of Graphene Aerogel with
High Electrical Conductivity. J. Am. Chem. Soc. 2010, 132, 14067—
14069.

(5) Weatherwax, R. C.; Caulfield, D. F. Cellulose Aerogels: An
Improved Method for Preparing a Highly Expanded Form of Dry
Cellulose. Tappi 1971, 54, 985—986.

(6) Tan, C,; Fung, B. M.; Newman, J. K;; Vu, C. Organic Aerogels
with Very High Impact Strength. Adv. Mater. 2001, 13, 644—646.

(7) Daniel, C.; Alfano, D.; Venditto, V.; Cardea, S.; Reverchon, E.;
Larobina, D.; Mensitieri, G.; Guerra, G. Aerogels with a Microporous
Crystalline Host Phase. Adv. Mater. 2005, 17, 1515—1518.

(8) Rizzo, P.; Albunia, A. R; Guerra, G. Negatively Birefringent
Polymer Films. Macromol. Chem. Phys. 2009, 210, 2148—2152.

(9) Wang, X; Jana, S. C. Syndiotactic Polystyrene Aerogels
Containing Multi-Walled Carbon Nanotubes. Polymer 2013, $4,
750-759.

(10) Lee, J. K; Gould, G. L.; Rhine, W. Polyurea Based Aerogel for a
High Performance Thermal Insulation Material. J. Sol-Gel Sci. Technol.
2009, 49, 209-220.

(11) Leventis, N.; Sotiriou-Leventis, C.; Chandrasekaran, N.; Mulik,
S.; Larimore, Z. J.; Lu, H.; Chury, G,; Mang, J. T. Multifunctional
Polyurea Aerogels from Isocyanates and Water. A Structure—Property
Case Study. Chem. Mater. 2010, 22, 6692—6710.

(12) Shinko, A.; Jana, S. C.; Meador, M. A. Crosslinked Polyurea
Aerogels with Controlled Porosity. RSC Adv. 2015, 5, 105329—
105338.

https://dx.doi.org/10.1021/acs.iecr.0c05424
Ind. Eng. Chem. Res. 2021, 60, 361-370


https://pubs.acs.org/doi/10.1021/acs.iecr.0c05424?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.0c05424/suppl_file/ie0c05424_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sadhan+C.+Jana"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-8962-380X
mailto:janas@uakron.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chenxi+Jin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Akshata+Kulkarni"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nicholas+Teo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c05424?ref=pdf
https://dx.doi.org/10.1038/127741a0
https://dx.doi.org/10.1021/ie50294a016
https://dx.doi.org/10.1021/ie50294a016
https://dx.doi.org/10.1007/BF01139044
https://dx.doi.org/10.1007/BF01139044
https://dx.doi.org/10.1021/ja1072299
https://dx.doi.org/10.1021/ja1072299
https://dx.doi.org/10.1002/1521-4095(200105)13:9<644::AID-ADMA644>3.0.CO;2-#
https://dx.doi.org/10.1002/1521-4095(200105)13:9<644::AID-ADMA644>3.0.CO;2-#
https://dx.doi.org/10.1002/adma.200401762
https://dx.doi.org/10.1002/adma.200401762
https://dx.doi.org/10.1002/macp.200900451
https://dx.doi.org/10.1002/macp.200900451
https://dx.doi.org/10.1016/j.polymer.2012.12.025
https://dx.doi.org/10.1016/j.polymer.2012.12.025
https://dx.doi.org/10.1007/s10971-008-1861-6
https://dx.doi.org/10.1007/s10971-008-1861-6
https://dx.doi.org/10.1021/cm102891d
https://dx.doi.org/10.1021/cm102891d
https://dx.doi.org/10.1021/cm102891d
https://dx.doi.org/10.1039/C5RA20788F
https://dx.doi.org/10.1039/C5RA20788F
https://pubs.acs.org/doi/10.1021/acs.iecr.0c05424?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c05424?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c05424?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c05424?fig=fig6&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://dx.doi.org/10.1021/acs.iecr.0c05424?ref=pdf

Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

(13) Gu, S.; Jana, S. C. Open Cell Aerogel Foams with Hierarchical
Pore Structures. Polymer 2017, 125, 1-9.

(14) Rhine, W.; Wang, J.; Begag, R. Polyimide Aerogels, Carbon
Aerogels, and Metal Carbide Aerogels and Methods of Making Same.
US7074880B2, July 11, 2006.

(15) Leventis, N.; Sotiriou-Leventis, C.; Mohite, D. P.; Larimore, Z.
J; Mang, J. T,; Churu, G,; Lu, H. Polyimide Aerogels by Ring-
Opening Metathesis Polymerization (ROMP). Chem. Mater. 2011,
23, 2250—-2261.

(16) Chidambareswarapattar, C.; Larimore, Z.; Sotiriou-Leventis, C.;
Mang, J. T.; Leventis, N. One-Step Room-Temperature Synthesis of
Fibrous Polyimide Aerogels from Anhydrides and Isocyanates and
Conversion to Isomorphic Carbons. J. Mater. Chem. 2010, 20, 9666—
9678.

(17) Meador, M. A. B.; Malow, E. J.; Silva, R.;; Wright, S.; Quade, D.;
Vivod, S. L; Guo, H,; Guo, J.; Cakmak, M. Mechanically Strong,
Flexible Polyimide Aerogels Cross-Linked with Aromatic Triamine.
ACS Appl. Mater. Interfaces 2012, 4, 536—544.

(18) Rigacci, A.; Marechal, J. C.; Repoux, M.; Moreno, M.; Achard,
P. Preparation of Polyurethane-Based Aerogels and Xerogels for
Thermal Superinsulation. J. Non-Cryst. Solids 2004, 350, 372—378.

(19) Kanamori, K; Aizawa, M.; Nakanishi, K.; Hanada, T. New
Transparent Methylsilsesquioxane Aerogels and Xerogels with
Improved Mechanical Properties. Adv. Mater. 2007, 19, 1589—1593.

(20) Wang, X; Jana, S. C. Synergistic Hybrid Organic—Inorganic
Aerogels. ACS Appl. Mater. Interfaces 2013, S, 6423—6429.

(21) Nakanishi, K; Kanamori, K. Organic—Inorganic Hybrid
Poly(Silsesquioxane) Monoliths with Controlled Macro- and
Mesopores. J. Mater. Chem. 2008, 15, 3776—3786.

(22) Teo, N.; Jana, S. C. Solvent Effects on Tuning Pore Structures
in Polyimide Aerogels. Langmuir 2018, 34, 8581—8590.

(23) Teo, N.; Jana, S. C. Open Cell Aerogel Foams via Emulsion
Templating. Langmuir 2017, 33, 12729—12738.

(24) Teo, N.; Gu, Z; Jana, S. C. Polyimide-Based Aerogel Foams,
via Emulsion-Templating. Polymer 2018, 157, 95—102.

(25) Mawhinney, K; Jana, S. C. Design Of Emulsion-Templated
Mesoporous—Macroporous Polyurea Gels and Aerogels. ACS Appl.
Polym. Mater. 2019, 1, 3115—3129.

(26) Kulkarni, A.; Jana, S. C. Surfactant-Free Syndiotactic
Polystyrene Aerogel Foams via Pickering Emulsion. Polymer 2020,
123125.

(27) Gu, S.; Zhai, C.; Jana, S. C. Aerogel Microparticles from Oil-in-
Oil Emulsion Systems. Langmuir 2016, 32, S637—564S.

(28) Teo, N.; Jana, S. C. Surfactant-Free Process for the Fabrication
of Polyimide Aerogel Microparticles. Langmuir 2019, 35, 2303—2312.

(29) Teo, N.; Jin, C; Kulkarni, A; Jana, S. C. Continuous
Fabrication of Core-Shell Aerogel Microparticles Using Microfluidic
Flows. J. Colloid Interface Sci. 2020, 561, 772—781.

(30) Yao, Y. M; Joo, P.; Jana, S. C. A Surfactant-Free Microfluidic
Process for Fabrication of Multi-Hollow Polyimide Aerogel Particles.
Int. Polym. Process. 2020, 35, 481—492.

(31) Teo, N,; Joo, P.; Amis, E. J,; Jana, S. C. Development of
Intricate Aerogel Articles Using Fused Filament Fabrication. ACS
Appl. Polym. Mater. 2019, 1, 1749—1756.

(32) Caps, R.; Fricke, J. Aerogels for Thermal Insulation. In Sol-Gel
Technologies for Glass Producers and Users; Aegerter, M. A., Mennig,
M., Eds.; Springer US: Boston, MA, 2004; pp. 349-353.
DOI: 10.1007/978-0-387-88953-5_46.

(33) Kim, S. J.; Chase, G.; Jana, S. C. Polymer Aerogels for Efficient
Removal of Airborne Nanoparticles. Sep. Purif. Technol. 2018, 156,
803—808.

(34) Kim, S. J.; Chase, G.; Jana, S. C. The Role of Mesopores in
Achieving High Efficiency Airborne Nanoparticle Filtration Using
Aerogel Monoliths. Sep. Purif. Technol. 2016, 166, 48—54.

(35) Zhai, C; Jana, S. C. Tuning Porous Networks in Polyimide
Aerogels for Airborne Nanoparticle Filtration. ACS Appl. Mater.
Interfaces 2017, 9, 30074—30082.

369

(36) Mao, J; Iocozzia, J.; Huang, J; Meng, K; Lai, Y.; Lin, Z.
Graphene Aerogels for Efficient Energy Storage and Conversion.
Energy Environ. Sci. 2018, 11, 772—799.

(37) Meador, M. A. B.; Wright, S.; Sandberg, A.; Nguyen, B. N.; Van
Keuls, F. W.; Mueller, C. H.; Rodriguez-Solis, R.; Miranda, F. A. Low
Dielectric Polyimide Aerogels As Substrates for Lightweight Patch
Antennas. ACS Appl. Mater. Interfaces 2012, 4, 6346—6353.

(38) Fang, B.; Binder, L. A Modified Activated Carbon Aerogel for
High-Energy Storage in Electric Double Layer Capacitors. J. Power
Sources 2006, 163, 616—622.

(39) Halasz, I; Gerlach, H.-O. Aerogel Columns in Gas
Chromatography. Anal. Chem. 1966, 38, 281—286.

(40) Gongalves, V. S. S.; Gurikov, P,; Poejo, J.; Matias, A. A;
Heinrich, S.; Duarte, C. M. M.; Smirnova, I. Alginate-Based Hybrid
Aerogel Microparticles for Mucosal Drug Delivery. Eur. J. Pharm.
Biopharm. 2016, 107, 160—170.

(41) Lin, W.-H. Cellulose Aerogel Monoliths and Microparticles and
Their Applications in Drug Delivery System, University of Akron, 2017.

(42) Mathaes, R.; Winter, G.; Besheer, A.; Engert, J. Non-Spherical
Micro- and Nanoparticles: Fabrication, Characterization and Drug
Delivery Applications. Expert Opin. Drug Delivery 2015, 12, 481—492.

(43) Rolland, J. P.; Maynor, B. W.; Euliss, L. E.; Exner, A. E;
Denison, G. M.; DeSimone, J. M. Direct Fabrication and Harvesting
of Monodisperse, Shape-Specific Nanobiomaterials. ]. Am. Chem. Soc.
2005, 127, 10096—10100.

(44) DeSimone, J. M. Co-Opting Moore’s Law: Therapeutics,
Vaccines and Interfacially Active Particles Manufactured via
PRINT®. J. Controlled Release 2016, 240, 541—543.

(45) Xu, S.; Nie, Z.; Seo, M.; Lewis, P.; Kumacheva, E.; Stone, H. A.;
Garstecki, P.; Weibel, D. B.; Gitlin, I.; Whitesides, G. M. Generation
of Monodisperse Particles by Using Microfluidics: Control over Size,
Shape, and Composition. Angew. Chem., Int. Ed. 2008, 44, 724—728.

(46) Hakimi, N.; Tsai, S. S. H.; Cheng, C.-H.; Hwang, D. K. One-
Step Two-Dimensional Microfluidics-Based Synthesis of Three-
Dimensional Particles. Adv. Mater. 2014, 26, 1393—1398.

(47) Dendukuri, D.; Pregibon, D. C.; Collins, J.; Hatton, T. A;
Doyle, P. S. Continuous-Flow Lithography for High-Throughput
Microparticle Synthesis. Nat. Mater. 2006, S, 365—369.

(48) Ho, C. C; Keller, A.; Odell, J. A.; Ottewill, R. H. Preparation of
Monodisperse Ellipsoidal Polystyrene Particles. Colloid Polym. Sci.
1993, 271, 469—479.

(49) Yin, Y,; Xia, Y. Self-Assembly of Monodispersed Spherical
Colloids into Complex Aggregates with Well-Defined Sizes, Shapes,
and Structures. Adv. Mater. 2001, 13, 267—-271.

(50) Champion, J. A.; Mitragotri, S. Role of Target Geometry in
Phagocytosis. Proc. Natl. Acad. Sci. 2006, 103, 4930—4934.

(51) Decuzzi, P.; Ferrari M. The Adhesive Strength of Non-
Spherical Particles Mediated by Specific Interactions. Biomaterials
2006, 27, 5307—5314.

(52) Bonderer, L. J.; Studart, A. R; Gauckler, L. J. Bioinspired
Design and Assembly of Platelet Reinforced Polymer Films. Science
2008, 319, 1069—1073.

(53) Han, H,; Wei, W,; Jiang, Z.; Lu, J.; Zhu, J; Xie, J. Removal of
Cationic Dyes from Aqueous Solution by Adsorption onto Hydro-
phobic/Hydrophilic Silica Aerogel. Colloids Surf, A 2016, 509, 539—
549.

(54) Ghosh, D.; Bhattacharyya, K. G. Adsorption of Methylene Blue
on Kaolinite. Appl. Clay Sci. 2002, 20, 295—300.

(55) Li, T.; Zhao, L.; Liu, W.; Xu, J.; Wang, J. Simple and Reusable
Off-the-Shelf Microfluidic Devices for the Versatile Generation of
Droplets. Lab Chip 2016, 16, 4718—4724.

(56) Zhu, P.; Wang, L. Passive and Active Droplet Generation with
Microfluidics: A Review. Lab Chip 2017, 17, 34—75.

(87) Taylor, G. 1. The Formation of Emulsions in Definable Fields of
Flow. Proc. R. Soc. Lond. Ser. Contain. Pap. Math. Phys. Character
1934, 146, 501—523.

(58) Christafakis, A. N.; Tsangaris, S. Two-Phase Flows of Droplets
in Contractions and Double Bends. Eng. Appl. Comput. Fluid Mech.
2008, 2, 299—308.

https://dx.doi.org/10.1021/acs.iecr.0c05424
Ind. Eng. Chem. Res. 2021, 60, 361-370


https://dx.doi.org/10.1016/j.polymer.2017.07.085
https://dx.doi.org/10.1016/j.polymer.2017.07.085
https://dx.doi.org/10.1021/cm200323e
https://dx.doi.org/10.1021/cm200323e
https://dx.doi.org/10.1039/C0JM01844A
https://dx.doi.org/10.1039/C0JM01844A
https://dx.doi.org/10.1039/C0JM01844A
https://dx.doi.org/10.1021/am2014635
https://dx.doi.org/10.1021/am2014635
https://dx.doi.org/10.1016/j.jnoncrysol.2004.06.049
https://dx.doi.org/10.1016/j.jnoncrysol.2004.06.049
https://dx.doi.org/10.1002/adma.200602457
https://dx.doi.org/10.1002/adma.200602457
https://dx.doi.org/10.1002/adma.200602457
https://dx.doi.org/10.1021/am401717s
https://dx.doi.org/10.1021/am401717s
https://dx.doi.org/10.1039/B508415F
https://dx.doi.org/10.1039/B508415F
https://dx.doi.org/10.1039/B508415F
https://dx.doi.org/10.1021/acs.langmuir.8b01513
https://dx.doi.org/10.1021/acs.langmuir.8b01513
https://dx.doi.org/10.1021/acs.langmuir.7b03139
https://dx.doi.org/10.1021/acs.langmuir.7b03139
https://dx.doi.org/10.1016/j.polymer.2018.10.030
https://dx.doi.org/10.1016/j.polymer.2018.10.030
https://dx.doi.org/10.1021/acsapm.9b00762
https://dx.doi.org/10.1021/acsapm.9b00762
https://dx.doi.org/10.1016/j.polymer.2020.123125
https://dx.doi.org/10.1016/j.polymer.2020.123125
https://dx.doi.org/10.1021/acs.langmuir.6b01043
https://dx.doi.org/10.1021/acs.langmuir.6b01043
https://dx.doi.org/10.1021/acs.langmuir.8b03841
https://dx.doi.org/10.1021/acs.langmuir.8b03841
https://dx.doi.org/10.1016/j.jcis.2019.11.053
https://dx.doi.org/10.1016/j.jcis.2019.11.053
https://dx.doi.org/10.1016/j.jcis.2019.11.053
https://dx.doi.org/10.3139/217.3989
https://dx.doi.org/10.3139/217.3989
https://dx.doi.org/10.1021/acsapm.9b00301
https://dx.doi.org/10.1021/acsapm.9b00301
https://dx.doi.org/10.1007/978-0-387-88953-5_46
https://dx.doi.org/10.1007/978-0-387-88953-5_46?ref=pdf
https://dx.doi.org/10.1016/j.seppur.2015.11.005
https://dx.doi.org/10.1016/j.seppur.2015.11.005
https://dx.doi.org/10.1016/j.seppur.2016.04.017
https://dx.doi.org/10.1016/j.seppur.2016.04.017
https://dx.doi.org/10.1016/j.seppur.2016.04.017
https://dx.doi.org/10.1021/acsami.7b09345
https://dx.doi.org/10.1021/acsami.7b09345
https://dx.doi.org/10.1039/C7EE03031B
https://dx.doi.org/10.1021/am301985s
https://dx.doi.org/10.1021/am301985s
https://dx.doi.org/10.1021/am301985s
https://dx.doi.org/10.1016/j.jpowsour.2006.09.014
https://dx.doi.org/10.1016/j.jpowsour.2006.09.014
https://dx.doi.org/10.1021/ac60234a031
https://dx.doi.org/10.1021/ac60234a031
https://dx.doi.org/10.1016/j.ejpb.2016.07.003
https://dx.doi.org/10.1016/j.ejpb.2016.07.003
https://dx.doi.org/10.1517/17425247.2015.963055
https://dx.doi.org/10.1517/17425247.2015.963055
https://dx.doi.org/10.1517/17425247.2015.963055
https://dx.doi.org/10.1021/ja051977c
https://dx.doi.org/10.1021/ja051977c
https://dx.doi.org/10.1016/j.jconrel.2016.07.019
https://dx.doi.org/10.1016/j.jconrel.2016.07.019
https://dx.doi.org/10.1016/j.jconrel.2016.07.019
https://dx.doi.org/10.1002/anie.200462226
https://dx.doi.org/10.1002/anie.200462226
https://dx.doi.org/10.1002/anie.200462226
https://dx.doi.org/10.1002/adma.201304378
https://dx.doi.org/10.1002/adma.201304378
https://dx.doi.org/10.1002/adma.201304378
https://dx.doi.org/10.1038/nmat1617
https://dx.doi.org/10.1038/nmat1617
https://dx.doi.org/10.1007/BF00657391
https://dx.doi.org/10.1007/BF00657391
https://dx.doi.org/10.1002/1521-4095(200102)13:4<267::AID-ADMA267>3.0.CO;2-9
https://dx.doi.org/10.1002/1521-4095(200102)13:4<267::AID-ADMA267>3.0.CO;2-9
https://dx.doi.org/10.1002/1521-4095(200102)13:4<267::AID-ADMA267>3.0.CO;2-9
https://dx.doi.org/10.1073/pnas.0600997103
https://dx.doi.org/10.1073/pnas.0600997103
https://dx.doi.org/10.1016/j.biomaterials.2006.05.024
https://dx.doi.org/10.1016/j.biomaterials.2006.05.024
https://dx.doi.org/10.1126/science.1148726
https://dx.doi.org/10.1126/science.1148726
https://dx.doi.org/10.1016/j.colsurfa.2016.09.056
https://dx.doi.org/10.1016/j.colsurfa.2016.09.056
https://dx.doi.org/10.1016/j.colsurfa.2016.09.056
https://dx.doi.org/10.1016/S0169-1317(01)00081-3
https://dx.doi.org/10.1016/S0169-1317(01)00081-3
https://dx.doi.org/10.1039/C6LC00967K
https://dx.doi.org/10.1039/C6LC00967K
https://dx.doi.org/10.1039/C6LC00967K
https://dx.doi.org/10.1039/C6LC01018K
https://dx.doi.org/10.1039/C6LC01018K
https://dx.doi.org/10.1098/rspa.1934.0169
https://dx.doi.org/10.1098/rspa.1934.0169
https://dx.doi.org/10.1080/19942060.2008.11015230
https://dx.doi.org/10.1080/19942060.2008.11015230
pubs.acs.org/IECR?ref=pdf
https://dx.doi.org/10.1021/acs.iecr.0c05424?ref=pdf

Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

(59) Klapper, M.; Nenov, S.; Haschick, R.; Miiller, K.; Miillen, K.
Oil-in-Oil Emulsions: A Unique Tool for the Formation of Polymer
Nanoparticles. Acc. Chem. Res. 2008, 41, 1190—1201.

(60) Batrakova, E.; Lee, S.; Li, S.; Venne, A.; Alakhov, V.; Kabanov,
A. Fundamental Relationships between the Composition of Pluronic
Block Copolymers and Their Hypersensitization Effect in MDR
Cancer Cells. Pharm. Res. 1999, 16, 1373—1379.

370

https://dx.doi.org/10.1021/acs.iecr.0c05424
Ind. Eng. Chem. Res. 2021, 60, 361-370


https://dx.doi.org/10.1021/ar8001206
https://dx.doi.org/10.1021/ar8001206
https://dx.doi.org/10.1023/a:1018942823676
https://dx.doi.org/10.1023/a:1018942823676
https://dx.doi.org/10.1023/a:1018942823676
pubs.acs.org/IECR?ref=pdf
https://dx.doi.org/10.1021/acs.iecr.0c05424?ref=pdf

