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Formation and characterization of emulsions consisting of dense
carbon dioxide and water: Ultrasound

Michael T. Timko®*, Samuel Marre®, Alex R. Maag?

a Department of Chemical Engineering, Worcester Polytechnic Institute (WPI), 100 Institute Road, Worcester, MA 01609, USA
b Supercritical Fluids Group, CNRS, University Bordeaux, ICMCB, F-33600 Pessac, France

ABSTRACT

In this work, we studied ultrasound formation of surfactant-free emulsions consisting of water and dense
carbon dioxide (CO;). Emulsions with limited kinetic stability were formed after approximately 2 min
of pulsed ultrasound at 20kHz and above a critical power density of at least 0.05W cm~3. Emulsion
stability and formation were studied using a variety of techniques. In situ microscopy using a high-
pressure microfluidic reactor indicated that the water/CO, emulsion consisted of finer droplets of about
5 pm compared to the CO,/water emulsion which consisted of droplets with average diameters of about

g(ey Worc.is.: L 12 pm. A partially miscible tracer technique was used to measure the dispersed phase content of the two

upercritical carbon dioxide . ) .

Ultrasound emulsions to be about 4 vol% and up to 9 vol% for the CO,/water and water/CO, emulsions, respectively.

Emulsion Engineering analysis and complementary experiments indicated that the water/CO, emulsions formed

Cavitation via a two-step mechanism consisting of surface wave break-up to form a coarse emulsion followed by
cavitation to form a fine emulsion. We use Kl oxidation as a probe reaction to examine ultrasound-induced
chemistry in the dense CO,/water system, finding that KI oxidation was suppressed by the presence of a
high pressure CO, phase. Through the combination of formation, stability, and KI oxidation experiments
and analyses, we suggest that the dense CO, cushioned cavitation bubble collapse, damping ultrasound
chemical effects while permitting physical effects such as emulsification. Engineering analysis suggests
energy efficient scale-up might be achieved in a carefully designed flow reactor.

Notation Thindered Calculated time required for emulsion breaking by hin-

dered settling
Teoagulation Calculated time required for emulsion breaking by

(dn) number averaged droplet diameter coagulation )

(ds) surface area averaged droplet diameter @water  volume fraction 0_f water phase

(dy) volume averaged droplet diameter carbon dioxide  Volume fraction of CO; phase ) ) )

(d32) “Sauter diameter”, determined as the volume-area aver- ba volume fraction of dispersed phase, irrespective of it

age being CO, or water N

L settling path length A length .scal.e of t.he critically unstable wave

r droplet radius M dynamic viscosity

g gravitational constant (9.8 ms~2 at sea level) P density

Uynhindered  Unhindered settling velocity, used for dilute emulsions Ap density difference

Uhindered  hindered settling velocity, used for concentrated emul- ¥ surface tension )

sions w driving frequency (radians)
Tobserved ODbserved time required for emulsion breaking
Tunhindered Calculated time required for emulsion breaking by 1. Introduction

unhindered settling
Homogeneous catalysis has potential advantages over the het-
erogeneous variety for many applications yet its potential has
* Corresponding author. Tel.: +1 508 831 4101; fax: +1 508 831 5774. not yet fully been recognized due to challenges in the design
E-mail address: mttimko@wpi.edu (M.T. Timko). of industrial-scale chemical reactors employing homogeneous



catalysts [1-3]. Catalyst retention, recovery, and reuse is the source
of most failed attempts at commercialization [1]. Use of homoge-
neous catalysts under biphasic conditions [4], in which separate,
immiscible phases are used for different reaction, separations, and
catalyst applications, has been shown as an attractive approach
in synthetic chemistry [4], commodity chemicals [5], and fuels [6]
applications.

A chief consideration in biphasic reaction design is selection
of the immiscible solvents; careful selection can benefit product
yields and selectivity [7]. In addition to performance consider-
ations, environmental and process considerations must be factored
into the decision. For this reason, biphasic reaction mixtures
consisting of water and a supercritical fluid (SCF) have substan-
tial promise [8-11]. At conditions typical of process chemistry
(25-350°C and 0.1-20 MPa), many commonly used SCFs, includ-
ing CO, [12], ethane, and propane are immiscible with water-an
obvious requirement for biphasic reactions. Near the critical point,
modest changes in operating conditions can be used to tune physio-
chemical properties [13], including diffusion coefficients [14-16],
viscosity, partition coefficients [17-19], and even aqueous phase pH
within a modest range [20,21]. Additionally, the use of SCFs such
as scCO, provides means for easy catalyst separation and prod-
uct recovery by depressurization without requirement for further
processing steps.

When CO, is selected as the SCF in conjunction with water,
both solvents in the biphasic system are environmentally benign,
non-toxic, inexpensive, and abundant. In fact, scCO,-water mix-
tures as both emulsions [22-31] and microemulsions [32] have
been used for a wide variety of chemical reactions including
Diels-Alder cycloaddition [33], olefin epoxidation [34], hydrolysis
reactions [35-37], polymerization reactions [38], Barbier reaction
[39], oxidation [40], hydrogenation [41,42], hydroformylation [43],
biomass pretreatment [44], hydrogen peroxide synthesis [45,46],
and particle and materials synthesis [47]. Beyond the chemical pro-
cess industries, scCO,/water mixtures - including emulsions - are
likely important in geological systems and potentially of interest
for geological CO, sequestration and CO, enhanced oil recovery
[48].

Finite mass transfer rates are a challenge that can limit effi-
ciency in biphasic reaction mixtures, especially for rapid chemical
reactions [35,36]. Increasing the mixing rate and scCO,-water
interfacial area, either as microemulsions or emulsions, is an effec-
tive strategy for overcoming mass transfer limitations [33]. For
process efficiency, the energy costs of surface area generation can
be an important consideration. The use of surfactants may decrease
the energy required to generate surface area, and surfactant addi-
tion can be a viable economic option in some cases.

Unfortunately, use of surfactants incurs additional environ-
mental and economic costs associated with surfactant synthesis,
recovery, and reuse. The costs are especially problematic for
surfactant-stabilized water-scCO, biphasic mixtures as these have
required boutique or highly fluorinated surfactants [49]. The costs
of fluorinated surfactants suggests a search for surfactant-free
emulsions [50] consisting of water and scCO, phases.

Ultrasound has been demonstrated to be an additive-free
method to generate short-lived emulsions consisting of water and
scCO, [33,35,36,51] or to improve the effectiveness of low-cost
hydrocarbon surfactants stabilizing water and scCO, emulsions.
Timko et al. [36] found that short-lived, surfactant-free emulsions
could be generated consisting of scCO, and water and used them
for hydrolysis [35] and Diels-Alder reactions [33]. More recently,
Cencietal.[37,39] used pulsed ultrasound to generate water-scCO,
emulsions, studied their stability, and used them for a hydroly-
sis [37] and Barbier reactions [39]. In addition to surfactant-free
emulsions, Cenci et al. investigated the use of an inexpensive hydro-
carbon surfactant, Tween 80, to increase the volume fraction of

scCO, dispersed in the water phase from approximately 5% to 35%
and to extend the apparent breaking time from 15 min to 60 min.

These two sets of ultrasound studies [18,33,35-37,39,51] indi-
cate the potential for ultrasound to generate emulsions consisting
of water and scCO, phases. Unfortunately, characteristics of emul-
sions consisting of water and dense CO, phases have been
incompletely published, the mechanism of ultrasound formation
of water-scCO, emulsions is not fully understood, and the energy
and scale-up requirements are poorly understood. Here, we present
new data and analysis to examine the emulsification mechanism
of power ultrasound of CO,-water mixtures. The focus is on ultra-
sound emulsification process in a batch reactor and we present new
data on the emulsion volume fractions, droplet distributions, and
stability. We couple this with experiments and analysis of cavita-
tion and surface wave formation. These contributions advance the
state of knowledge of emulsification of dense CO,-water mixtures
and provide an engineering basis for reactor design.

2. Experiment
2.1. Experimental system

The complete experimental system consisted of a high-pressure
ultrasonic reactor, used to generate the emulsions, and a high-
pressure microfluidic reactor, used to image emulsion droplets.
The Supporting Information contains a simple schematic of the
complete system.

2.2. Ultrasonic reactor

The high-pressure ultrasonic reactor used in this work was
described previously in the literature [35,51] and only the most rel-
evant details are provided here. The main body of the reactor was
a 316-stainless steel block. Into this block, were bored two cylin-
ders that intersected (diameter= 1.9 cm) at the center of the block.
A titanium probe (0.d. = 0.80 cm) was sealed into one of the 4 main
reactor openings so that the tip of the probe was approximately
1 cm offset from the intersection point. The other 3 reactor open-
ings were sealed using a-Al, 03 (sapphire) windows and stainless
steel glands. Additional entry ports were machined into the reac-
tor to measure pressure and temperature. With all ports sealed,
the reactor volume was 87.2 4+ 0.4cm? and, except where noted,
the reactor was filled 50/50 vol/vol with water and CO, during all
experiments.

2.3. Emulsion imaging

The stability of ultrasonically formed emulsions was determined
visually by recording the time required for the emulsion to clear
after ultrasound had been terminated. A video camera (Sanyo,
VCB 3524) equipped with telescopic lenses (Tiffen) was used to
record images. The camera was focused on the center of the reac-
tor, which corresponded to a working distance of roughly 7cm. A
fiber optic light source (Fostec, 8375) with a maximum power out-
putof 150 W provided indirect lighting by reflection off a PTFE sheet
placed behind the reactor. A standard video recorder was used to
archive demulsification. The video tape was digitized using com-
mercial software (FinalCut) and still images were extracted from
the digitized movies.

2.4. Volume fraction measurement

A chemical tracer technique was used to measure dispersed
phase volume fractions [35]. A known quantity of tracer was added
to the reactor before filling with CO, and water. To take advan-
tage of near-quantitative partitioning in the desired phase, octane



was used as a tracer for CO, and KNOs as a tracer for water. The
reactor contents were allowed to equilibrate for 30-60 min under
conditions of gentle stirring and then subjected to power ultra-
sound (20 kHz, 25% duty for a 1 s cycle). Emulsion samples of known
volume (0.47 cm3) were extracted and de-pressurized into a small
volume of solvent before their composition was analyzed using ion
chromatography (KNOs3 ) or gas chromatography (octane). The mea-
sured concentrations were then related back to the dispersed phase
volume fractions (either ¢water O @carbon dioxide) PY Simple mass
balance.

2.5. Droplet imaging

The CO,-water mixtures contained within the high-pressure
reactor were too dense for optical characterization and the path
length was deemed too long to avoid multiple scattering events
that would introduce error into light scattering analysis. To over-
come these challenges for direct imaging of emulsion droplets, we
used a silicon/Pyrex microfluidic reactor [52-55] allowing for easy
optical access while providing the ability to sustain high pressures.
The body of the microreactor was a silicon chip that was etched
with a 0.2 m long, 625 wm wide and 250 wm deep channel. An alu-
minum mount provided mechanical stability. A photograph of the
microfluidic reactor assembly is included in the Supporting Infor-
mation.

Emulsions were formed using power ultrasound (0.6 W cm™3,
20kHz, 2 min sonication, 25% duty of a 1s cycle). After ultrasound
was terminated, a high-pressure pump (Milton Roy) was used to
withdraw samples from the reactor into the microfluidic reactor.
Emulsion was allowed to flow for approximately 10s to ensure
that a representative sample had been captured. Then, flow was
terminated and the emulsion droplets inside the microfluidic reac-
tor were sized using an inverted microscope (Zeiss Axiovert 200).
Polystyrene latex microspheres, ranging in diameter from 4 to
20 wm, were used to verify the microscope size calibration.

2.6. Kl oxidation experiments

KI oxidation experiments were performed in the ultrasound
reactor under nitrogen and carbon dioxide atmospheres. The reac-
tor was filled with 60cm3 of an aqueous solution containing
0.5 mol L1 (8 wt%) of potassium iodide. The head space of the reac-
tor was purged of atmospheric gas by either nitrogen or carbon
dioxide. The reactor was pressurized (if desired); heated to the
set temperature; and sonicated at a power density of 1.0Wcm~3
and 20 kHz. Samples were extracted at regular time intervals using
a HPLC valve (Valco Instrument Company, Inc.) and analyzed for
I3 with visible absorption spectroscopy (Varian, Cary 50) using its
354 nm peak. Standard solutions of aqueous iodine corresponded to
amolar extinction coefficient (at A =354 nm) of 6000 Lmol~! cm~1.

(@) (b)

3. Results

The aims of this study were: to characterize ultrasound
emulsions consisting of dense carbon dioxide; to investigate
the formation mechanisms of the ultrasound emulsions; and to
examine the engineering implications. The results are divided
accordingly: Sections 3.1-3.3 focus on emulsion characteriza-
tion and emulsion stability analysis; Sections 3.4-3.6 describe
experiments and analysis to investigate ultrasound formation
mechanisms; Section 4 concludes with a discussion of engineering
implications pertaining to scale-up and energy efficiency.

Sonication of CO,-H,0 mixtures leads to simultaneous for-
mation of CO,-continuous and water-continuous emulsions. For
nomenclature, we adopt the “dispersed/continuous” convention
to list the dispersed phase first and the continuous phase sec-
ond. Hence, a CO,/water emulsion consists of CO, droplets in an
water continuous phase—and vice versa. In cases where we do not
imply an emulsion, we use the generic convention “carbon dioxide-
water” to denote a mixture consisting of these two components
with no indication of the state of dispersion.

3.1. Bulk emulsion characterization

Experiments were performed to measure emulsion stability and
dispersed phase volume fractions. After preliminary experiments
with continuous sonication, all experiments were performed with
pulsed ultrasound, except where noted otherwise. After 10s son-
ication, the emulsions became visually turbid and ultrasound was
continued for 2 min to ensure that the system had reached steady
state. Fig. 1 provides still images of the carbon dioxide-water emul-
sions as a function of time after ultrasound termination. In all cases
and at all times, the emulsions were turbid and gray in color. The
experiment was performed over a range of ultrasound power den-
sities and the times required to break the upper (carbon dioxide
continuous) and lower (water continuous) emulsion were recorded
(Tobserved)- Table 1 provides a summary of the resulting values for
Tobserved, With uncertainties of +£2 min or +20%, whichever was less.
Here, Topserved Was defined as the time required for the emulsion
turbidity to decrease to <10% of its value after termination of ultra-
sound [36].

Experiments were performed at two conditions: (1) 65bar at
25°C and (2) 80bar at 30°C. We selected these conditions to
maintain a similar difference between reactor pressure and CO,
saturation pressure, while maintaining a liquid-like CO, density
of 0.70gcm~3 [56]. A threshold ultrasound power density was
required to generate both types of emulsions. Increases in power
density beyond the threshold led to modest increases in Tgpgerved-
Interestingly, Topserved fOr the CO,/water emulsions increased
from about 5min when the emulsion was formed at 65bar to
15 min when the pressure was increased to 80 bar. Emulsions per-
sisted for several hours (the duration of the experiment), when

2.5cm
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Fig. 1. Still images of the reactor contents during demulsification. (a) 30s after termination of ultrasound; (b) 3 min after termination of ultrasound; (c) 10 min after
termination of ultrasound; (d) schematic. The two emulsions are clearly vis ble in (b) and (c), though not so in image (a). In all cases the water/carbon dioxide emulsion is
the upper phase. Emulsification conditions: 30°C, 80 bar, 0.6 W cm~3, 20 kHz, 2 min sonic irradiation, 25% duty of a 1 cycle. Error bars are based on the known accuracy of

the trace analysis techniques.
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Fig. 2. Dispersed phase volume fractions (¢) for carbon dioxide in a water continuous emulsion (a) and for water in a carbon dioxide continuous emulsion (b). The lines are
provided to guide the eye. Emulsification conditions: 30°C, 80 bar, 20 kHz, 2 min sonic irradiation, 25% duty of a 1s cycle. Error bars based on the known accuracy of the trace

analysis techniques.

(b)

30 pm

Fig. 3. Microscope images of carbon dioxide droplets in a CO,/H,0 emulsion (a) and water droplets in a H,0/CO, emulsion (b). Emulsification conditions: 30°C, 80bar,

0.6 Wcm™3, 20 kHz, 2 min sonic irradiation, 25% duty of a 1s cycle.

ultrasound was pulsed (0.5s ON/2.0s OFF) at power densities
greater than 0.15Wcm—3.

Next, the volumes of the continuous phases (¢) were measured
using an inert chemical tracer technique. Fig. 2 provides plots of
the measured volume fractions as functions of ultrasound power
density. Consistent with visual observation, the CO,/water emul-
sion is not formed for power densities less than about 0.1 W cm—3,
Interestingly, dilute (1-2 vol%) water/CO, emulsions can be pro-
duced at power densities as low as about 0.05Wcm—3. For the
CO,/water emulsions, the measured dispersed phase volume frac-
tion was nearly constant with increasing ultrasonic power density

Table 1
Visual observations of demulsification times, Topeerved , for ultrasound emulsions con-
taining dense carbon dioxide and water.

Emulsion type P(bar) T(°C) Power density Tobserved (Min)
(Wem™3)
H,0/CO, 65 20 0.05 <1
0.20 7
0.30 9
80 30 0.05 <1
020 7
0.30 9
0.60 10
CO2/H,0 65 20 0.05 NA?
0.20 4
0.30 6
80 30 0.05 NA?
020 15
0.30 15
0.60 15

NAdenotes “notapplicable” and applies for demulsification times when no emulsion
was formed. Emulsification conditions: 20 kHz, 2 min sonic irradiation, 25% duty of

alscycle.

" Estimated uncertainty of +2 min or £20%, whichever is less.

beyond the 0.2 W cm~3 threshold. For the water/CO, emulsion, the
volume fraction of water dispersed in the carbon dioxide phase
increased slightly from about 5 + 1.5% t0 9.0 + 2.0% when the power
was increased from 0.3 to 1.3 W cm—3, At optimal power density
conditions, power ultrasound dispersed approximately 4vol% of
carbon dioxide into water and up to 9vol% of water into carbon
dioxide (at 30°C and 80 bar).

3.2. Droplet size measurements

The next set of experiments aimed to measure the droplet diam-
eters of the CO,/water and water/CO, emulsions using a high
pressure microreactor. Fig. 3 provides representative micrographs
of CO, droplets in a water continuous phase (Fig. 3a) and of water
droplets in a CO, continuous phase (Fig. 3b). At all times, the
emulsion droplets were spherical in appearance and fully distinct,
showing no signs of flocculation. Multiple images similar to Fig. 3
were analyzed and plotted as a histogram. As shown in Fig. 4, the
resulting droplet size distributions were roughly log—normal, con-
sistent witha randomized shearing process. The imagesinFig. 3 and
size distributions in Fig. 4 were analyzed carefully for systematic
errors. The full details of the analysis are provided in the Supporting
Information.

Typical examples of emulsion characteristics are summarized
in Table 2, showing that the number averaged diameters were
5.2 um for the water/CO, emulsion and 12.3 pm for the CO,/water
emulsion. These values compare well with diameters reported in
the literature for surfactant-stabilized emulsions containing water
and carbon dioxide phases [27,29,30]. Lee et al. [29] used per-
fluoropolyether ammonium carboxylate surfactants to stabilize
water/scCO, emulsions, finding water droplets ranging in size
from 3 to 10 wm. da Rocha et al. [27] used poly(ethylene oxide)-
b-poly(butylene oxide) as a surface active block co-polymer to
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Fig.4. Log normal size distributions of CO, droplets in CO,/H,0 emulsions (®) and
H,0 droplets in H,0/CO; emulsions (). Emulsification conditions: 30°C, 80 bar,
0.6 Wcm™3, 20 kHz, 2 min sonic irradiation, 25% duty of a 1s cycle.

generate scCO,/water emulsions with droplets ranging from 2 to
4 um. Our results show that ultrasound without use of surfactants
forms droplets on the larger end of this range. Since we have used
much greater power densities than has been reported for gen-
erating the surfactant-stabilized emulsions, we surmise that the
observation of larger droplets in the surfactant-free emulsion is
consistent the importance of coagulation as a destabilization mech-
anism for droplets smaller than 5 p.m.

3.3. Emulsion stability analysis

We next used the measured droplet sizes and volume fractions
to estimate CO,/water and water/CO, breaking times for the two
common mechanisms of settling and coagulation. A principle aim
was to reconcile measured emulsion characteristics with the mea-
sured breaking times provided in Table 1. Additionally, comparison
between theory and experiment provides insight in the dominant
breaking mechanism. For this first order analysis, volume-surface
areaaverage droplet diameters (d;, ) were used for calculating time
constants, neglecting the effects of the full size distribution. We
consider 2 mechanisms for emulsion breaking: (1) settling and
(2) coagulation followed by settling. Settling refers to droplet ris-
ing (falling) through the surrounding continuous phase to re-join
its original phase due to the effects of gravity. Coagulation is the
process of droplet re-combination to form droplets with larger
diameters, while conserving total mass. Settling rates increase
monotonically with increasing droplet diameter whereas coagu-
lation rates increase with decreasing droplet diameter. Therefore,
a critical diameter exists at which coagulation is more rapid than
settling. Here, we use simple methods to estimate time constants
for these 2 processes to determine whether settling can explain
emulsion breaking and/or whether time constants for coagulation
are rapid enough that the effects of the coagulation process factor
into observations of emulsion stability.

Settling time scales are determined by calculation of droplets
terminal velocities (which we will assume they attain rapidly) in

Table 2
Averages of droplet distributions given in microns.

Droplet type {dn) (ds) (dv) (d32)=dy?[ds?
Water/carbon dioxide 52 6.0 6.8 9.1
Carbon dioxide/water 123 13.2 13.8 15.1

Emulsification conditions: 30°C, 80 bar, 0.6 W cm~3, 20 kHz, 2 min sonic irradiation,
25% duty of a 1s cycle. Error bars based on the known accuracy of the trace analysis
techniques. Notation: d, is the number-average droplet diameter; d is the surface
area average droplet diameter; d, is the volume averaged droplet diameter, and d3;
is the volume-area average diameter, termed the “Sauter” diameter.

relation to the length scale over which droplets need to rise (fall)
before joining their parent continuous phases. In our analysis of
settling, we consider two cases: (1) unhindered settling in which
droplet velocities are not affected by the presence of other droplets
and (2) hindered settling which attempts to account for the reduc-
tions in droplet velocity caused by the presence of other droplets
mutually rising (falling) in the same continuous phase. The sim-
ple relationship for the terminal velocity of a droplet undergoing
settling unhindered by the presence of other droplets (Uynhindered )
is:

(2gr2)(pa — p)
eyt e

where r is the droplet radius (r=dsz/2), pu is the contin-
uous phase dynamic viscosity, g is the gravitational constant
(9.81ms~2), pq is the density of the dispersed phase, and p is the
density of the continuous phase. Table 3 provides the densities
and viscosities used in this study. Pure fluid properties were used
throughout; the effects of mutual solubility of the two fluids on
these values of density and viscosity were assumed to be negligi-
ble. Using simple linear velocity arguments, Eq. (1) can be used to
calculate a time constant for unhindered settling (T ypnindered ) €iven
a settling path (L):

L _ L
Uunhindered (((2gr2) X (lpd — p|) /9/1,))

Batchelor [57] developed a rigorous expression for droplet ter-
minal velocity (Upindered) in a dilute emulsion (<10 vol%):

Uunhindered =

(2)

Tunhindered =

Uhindered

=1-6.55 3
Uunhindered ¢d (3)

which we use here as an estimate as the emulsion densities are in
the range of applicability (dby,o ~ 0.065 for the considered exper-
imental conditions: 30°C, 80bar, 0.6 W cm—3, 20kHz, 2 min sonic
irradiation, 25% duty of a 1s cycle, see Fig. 2b).

For coagulation, we applied Smoluchowski's theory [58] of
“fast coagulation” which assumes that all droplet collisions are
completely effective for re-combination. This limiting behavior
is justified for surfactant-free emulsions since the energy bar-
rier for droplet re-combination, the factor which prevents droplet
collisions from being effective, should be negligible compared to
thermal energy. The time scale for coagulation, Tcoagulation. is given

by:

3
Tcoagulation = (%) % (4)
where kg is the Boltzmann constant, ¢, is the dispersed phase
volume fraction (either CO, or water), and T is the tem-
perature. Smoluchowski theory models droplet diffusion using
Stokes-Einstein theory, which should be appropriate as a first
approximation for the relatively dilute emulsions (<10vol% dis-
persed phase) considered here.

Table 3
Physical properties used for calculation of emulsion breaking times.
Property? Value®
Carbon dioxide
Density (kg m~3) 702
Viscosity (kgm™'s~1) 56x10-°
Water
Density (kg m=3) 997
Viscosity (kg m='s-1) 8.0x 104

2 All properties estimated at 30°C and 80 bar.
b NIST Thermophysical database [56] was used for estimation of pure fluid phys-
ical properties.



Table 4
Calculated time constants, 7, for the breaking of acoustically generated emulsions?.

Emulsion (d32)=d,?[ds? (pum) Observed life time (min) Tunhindered”"¢ (Min) Thinderea™ " (Min) Tcoagulation® (MiN)
Water/carbon dioxide 9.1 10 7 12 1
Carbon dioxide/water 15.1 15 36 49 107

2 Conditions: 30°C, 80 bar, 0.6 W cm~3, 20 kHz, 2 min sonic irradiation, 25% duty of a 1 cycle.

Settling times were calculated assuming a settling distance of 10 cm.
Calculated using Eq. (2).

Calculated using Eqs. (2) and (3).

Calculated using Eq. (4).

b

d

e
Egs. (1)-(4) were used to estimate time constants for emulsion
breaking. Table 4 summarizes the results obtained considering the
following operating parameters: 30 °C, 80 bar, 0.6 W cm~3, 20 kHz,
2 min sonicirradiation, 25% duty of a 1 s cycle. As a general observa-
tion, estimates for emulsion breaking time constants are uniformly
larger for the CO,/water emulsion compared to the water/CO,
emulsion. Since other factors are nearly equal, we attribute the
superior stability of the CO,/water emulsions primarily to the 10-
fold larger viscosity of the water continuous phase compared to
the CO, continuous phase. For water/CO, emulsions, the estimated
Tcoagulation 1S much shorter than the observed stability time (1 min
compared to 10 min), suggesting that water droplet coagulation
is an important demulsification mechanism. In addition, Tpjndered
for the water/CO, emulsions is similar to the observed stability
time (12 min compared to 10 min), which support the assumption
of a hindered settling mechanism for the demulsification. For the
CO, /water emulsions, T¢oagulation 1S Much larger than the observed
stability time (103 min compared to 15 min), suggesting that coag-
ulation plays only a minor role in CO, /water emulsion breaking. In
€OMParison, Thipdered i Much smaller than tcgagyiation, CONSistent
with hindered settling dominating CO, /water emulsions breaking.

3.4. Analysis of surface wave mechanisms

We next sought to examine the ultrasound emulsification
mechanism. Following the literature on ultrasound formation of
oil/water emulsions, we considered two primary mechanisms
[59-61]: (1) surface waves and (2) ultrasonic cavitation. These
two mechanisms have been suggested [59-61] to be important for
ultrasonic formation of oil/water emulsions and here we modify the
physical theories for mixtures consisting of CO, and water. This sec-
tion discusses surface wave phenomena and Section 3.5 provides
an analysis of ultrasonic cavitation.

Waves formed at a fluid-fluid interface under the influence of
a sufficiently strong driving force can shed droplets to form mists
and emulsions. Mechanistically, surface waves formed during son-
ication can become unstable, resulting in droplet formation when
waves with a critical wavelength break off into the adjoining con-
tinuous phase. The critical wavelength therefore provides a useful
scale for correlating droplet diameters. Rayleigh-Taylor capillary
wave theory [62], which accounts for the effects of surface tension
that governs the formation of new droplets, provides a good starting
point. Peskin and Raco [63] performed a linear stability analysis of a
fluid-fluid interfacial wave undergoing forced oscillatoins to deter-
mine that, to first order, the Rayleigh-Taylor capillary-wave theory
could be used to determine the critically unstable wavelength, A:

1_1(ap2)" (5)
AT w\ 4y

where Ap is the density difference between the continuous and
dispersed phases (here CO, and water), y is the interfacial ten-
sion, and w is the driving frequency (always 20,000 x 27 in these

experiments). For the CO,-water system at 30°C, 80bar, Ap is
295kgm=3,yis32.10-3 Nm~! [56,64]. Droplets formed by breakup

of the interfacial waves have diameters which are on the order
of 1/2, leading to an estimated diameter of ~50 wm for droplets
formed by waves at the carbon dioxide/water interface.

Although 50 pm is larger than the droplet diameters observed in
the dense CO,/water emulsions by about an order of magnitude, the
estimated size suggests that, in principle, surface waves can form
a coarse pre-emulsion. In fact, interfacial waves were clearly visi-
ble during emulsification at power densities less than 0.05W cm—3
(image provided in Supporting Information). The surface waves
were likely present at higher power densities as well, but obscured
by the dense emulsions. Moreover, the 50 wm droplets predicted
by Eq. (5) are consistent with the observation that sonication at
0.05 W cm~3 produced water/CO, emulsions which broke in <1 min
after termination of sonic irradiation (see Table 1).

Table 1 also indicates that sonication at 0.05W cm~3 formed
coarse water/CO, emulsions but not CO,/water emulsions, an
observation predicted by a more sophisticated stability analysis
[65] than captured in Eq. (5). Specifically, Gopal [65] performed
a stability analysis of surface wave formation to show that the
denser phase (water, in this case) should form a narrow spike as
it penetrates the less dense phase (i.e., CO,). The peak of the nar-
row spike is more likely to break off to form droplets due to its low
stability. The waves of the less dense CO, phase become blunted as
they penetrate the water phase and they are therefore less likely to
form droplets. Therefore, formation of coarse water/CO, emulsions
- but not CO,/water emulsions - is consistent with Gopal'’s stability
theory [65].

3.5. Analysis of cavitation mechanism

Based on the quantitative and qualitative arguments outlined
in Section 3.4, we deemed it likely that the surface wave mecha-
nism is responsible for initial formation of coarse water droplets
but unlikely responsible for formation of droplets <10 pm. For
formation of finer droplets, we considered ultrasonic cavitation.
Sonication of reaction mixtures promotes both chemical and phys-
ical effects [66]; differentiating them can be a challenge, especially
in multiphase reactors in which mass transfer effects can play a
determining role [66]. Observations of ultrasound emulsions of
CO,-water mixtures is consistent with the conclusion that the
physical effects of ultrasonic cavitation persist at high pressures.
We therefore sought to determine the potential importance of
cavitation-induced sonochemistry for sonication of CO,-water
mixtures.

Physically, cavitation can occur when [67]: (1) the tension
placed on a liquid during the ultrasonic rarefaction cycle is suffi-
cient to create a cavity in the liquid and (2) the ultrasonic and mass
transfer conditions are appropriate for growth of the cavity to a
critical size which (3) collapses adiabatically during an ultrasonic
compression cycle, achieving temperatures >1000K and extreme
local pressures [68]. If the collapse occurs near a liquid-liquid or
liquid-solid interface, high velocity microjets are formed; these jets
are responsible for cavitation damage, ultrasonic cleaning, particle
dispersion, and emulsion formation [69]. The extreme tempera-
tures of the collapsing bubbles can be sufficient to drive chemical
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Fig. 5. Measured I, production rates measured under 1bar of N, pressure; 1bar of
CO; pressure, and 80bar CO; pressure.

reactions, a phenomenon termed sonochemistry. For example,
radical reactions associated with pyrolysis conditions have been
observed in a solution with a bulk temperature close to ambient
[70].

Given the frequent convolution of physical and chemical effects
of ultrasound, we turned to oxidation of KI as a mean to probe
cavitation-induced sonochemistry in the dense CO,-water mix-
ture. KI oxidation has become a standard way to calibrate the
effectiveness of a sonochemical reactor at harnessing ultrasound
for chemical reactivity [71,72]. When an aqueous KI solution is sub-
jected to ultrasound, I~ is oxidized by OH® liberated by sonolytic
decomposition of water [73] to yield I,. In the presence of excess
I=, I forms a rapid equilibrium with I, which can be monitored
by absorbance at 354 nm [71]. Although sonochemical reactions in
dense and scCO, have been the subject of recent studies[74,75] and
inwater in contact with low-pressure CO, [76],KI oxidation has not
yet been evaluated in the presence of a dense or scCO; phase. Given
that ultrasound cavitation is a known emulsification mechanism
in oil/water systems and that KI oxidation can be used to quan-
tify some aspects of ultrasound cavitation, we investigated the KI
oxidation reaction in the ultrasound water-CO, environment.

In total, we performed KI oxidation experiments under 3 sets of
conditions: (1) Ny gas pressure of 1 bar,(2)CO, gas pressure of 1 bar,
and (3) dense CO, pressure of 80 bar. Fig. 5 contains plots of the I,
formation rate as a function of reaction time for these 3 conditions.
Acleartrend is evident; I formation is highest under N, conditions;
is reduced by a factor of about 5 under low-pressure CO, condi-
tions; and is nearly completely suppressed to an estimated rate of
1 x 10-7 mol h-1 W-1 under CO, conditions. Our results are broadly
consistent with the sparse literature on high-pressure sonochem-
istry [75]. At modest pressures (<10bar), experimental work has
shown that increasing the over-pressure of a water-insoluble gas
(e.g., N3) results in increased sonochemical yields [77] whereas the
effects of over-pressurization with a water-soluble gas (e.g., CO;)
have been to decrease yields [76]. Our work extends these data
to the supercritical regime. From literature comparison, Kuijpers
etal.[78] report that ultrasound can be used to initiate radical poly-
merization reactions in a solvent expanded by high-pressure CO,.
On the other hand, van lersel et al. [79] concluded on the basis of
numerical simulations that sonochemical reactions were unlikely
to occur in pure dense carbon dioxide, which is consistent with our
work.

Based on the available literature and our own measurements,
we conclude that sonication of the water-CO, mixture leads to

cavitation with collapse damped by CO, that vaporizes into the
bubble. Bubble collapse must be sufficiently violent to promote
physical effects such as droplet formation, but sonochemical reac-
tions are damped by the presence of the dense CO, phase or the
associated high concentration of dissolved carbonate species. Our
own observations of the cavitation field during sonication sup-
port the hypothesis that the physical nature of cavitation changes
in the high-pressure environment. During sonication and at any
pressure, the camera field of view was turbid and did not yield
useful images. Immediately following ultrasound termination, the
turbidity decreased to the point that images could be obtained.
At low pressures, a residual cloud of sub-millimeter-scale bub-
bles remained for several seconds after ultrasound was terminated.
These bubbles were too small for our video equipment to resolve.
At high pressures, a residual cloud of much larger (~5 mm) bubbles
would persist for a few seconds after ultrasound termination (see
Supporting Information). We take the qualitative differences in the
cavitation field at low and high pressure as further support of the
shift of the nature of cavitation in the water-CO, environment.

In the literature and specific to dense and scCO,-water systems,
Goldfarb et al.[80] performed electrochemical reactions which sup-
ported the theory that sonication of carbon dioxide/water mixtures
results in a phenomena termed “soft cavitation”. Goldfarb et al.
[80] found that the soft cavitation phenomenon in water/dense
CO, was capable of accelerating mass transfer in a diffusion con-
trolled electrochemical reaction. Similarly, Cenci et al. [37] found
that an aluminum foil placed in the vicinity of a sonochemical horn
placed in a water-scCO;, solvent system became perforated-the
aluminum foil test is a common way to examine physical effects of
ultrasound [81]. Cushioned collapse is consistent with the observa-
tion that sonication of the scCO,-water mixture generates droplets
on the order of 5-10 um, whereas sonication of oil/water mixtures
has been observed to generate much finer emulsions [61]. In fact,
the dense CO,-water system has lower viscosity and (in the mutual
absence of surfactants) lower surface tension than the oil/water
mixtures [56], both factors which should promote formation of
finer emulsions in the dense CO,-water mixture than oil-water
mixtures [61]. The hypothesis of CO,-cushioned bubble collapse is
therefore consistent with the observation of large dense CO, and
waterdroplet diameters than might be obtained under similar con-
ditions for an oil-water system, despite the fact that the CO, system
has physical properties that would be expected to favor formation
of finer emulsions.

Based on the emulsion characteristics and stability and the
experiments and analysis of emulsification mechanism, we con-
clude that ultrasound emulsions consisting of dense CO, and water
proceeds via two steps: (1) formation of a coarse pre-emulsion con-
sisting of ~50 pum droplets via surface wave break-up followed by
(2) soft cavitation to form finer emulsions consisting of <10 p.m
droplets. As mentioned previously, this conclusion is consistent
with the observation that water/CO, emulsions are formed at low
power densities, whereas CO,/water emulsions are not. More-
over, the two-step mechanism is consistent with the fact that the
water/CO, emulsions are finer (~9 j.m diameters) and more dense
(up to 9vol%) than CO,/water emulsions (~15 pm diameters and
about 4vol%). The formation of water/CO, pre-emulsions via sur-
face waves provides more opportunities to produce finer emulsions
via cavitation. Given that cavitation is likely related to formation
of CO,-filled pockets, it is far more likely to occur in the water
phase during periods in which the instantaneous local pressure
falls below the CO, saturation pressure. CO, cavitation in the water
phase will lead to formation of water micro-jets that form a spray
of water droplets directed into the CO, bulk phase. By contrast,
CO, droplets likely form due to entrainment into local turbulent
structures [82]. Hence, the water droplets should be finer than the
dense CO, droplets and the water/CO, emulsion should be more



concentrated than the CO,/water emulsion-both of which are, in
fact, consistent with observations.

4. Engineering considerations

The emulsion formation and emulsion characteristics studies
provide sufficient information for an approximate energy efficiency
calculation and to guide reactor optimization and scale-up. Table 5
summarizes the data inputs for the calculation. Energy efficiency is
a crucial technological consideration for any process [83]. Despite
some reports to the contrary [84], Walstra and Smulders [85] com-
piled emulsification data showing that ultrasound achieves higher
energy dissipation rates than mechanical emulsification meth-
ods (including colloid mills, high-pressure homogenizers, and the
“Ultra Torrex”) and that ultrasound is more energy efficient at a
given energy density. An energy analysis was performed for the
ultrasound CO,/water and water/CO, emulsions. Specifically, the
minimum surface work required to form the emulsions was com-
pared to the estimated required energy and found to correspond
to an energy efficiency of 0.03%, as described in the Supporting
Information. The calculated emulsification efficiency is less than
the 0.1% efficiency quoted by Walstra and Smulders [85] as a typ-
ical emulsification efficiency for oil-water systems. The difference
in efficiency may be due to the much lower viscosity of the dense
CO, phase compared to oil phases; an energy inefficient reactor
design; or the absence of surfactants in the ultrasound CO,/water
emulsions. In any event, the current reactor geometry has not yet
been optimized and further work can realistically be expected to
yield improved energy efficiency.

Scale-up of the ultrasound emulsification system would most
likely be achieved in a flow-through system [86]. If a single con-
tinuous emulsion containing dense CO, and water were desired,
emulsification might be achieved using a flow-through CO,-water
mixing tee with a nominal volumetric flow ratio of 20:1 (consistent
with the densest emulsions observed here). The size of the mix-
ing tee would be constrained by the requirement that the optimal
horn-interface standoff distance should be approximately 2 cm, as
reported by Timko et al. [33] To achieve average residence times on
the order of 100 s (the time required for ultrasound generation), the
ultrasound tee could be associated with a larger reactor and used
as a pump-around.

The emulsion stability analysis summarized in Table 4 indi-
cates that the resulting dense CO,-water emulsion breaks by the
combined action of coagulation and settling. A stable emulsion
(t>100min) could be achieved if the dense CO, droplet diame-
ter could be reduced by another factor of 2-3 and stabilized to
coagulation. Alternatively, kinetically stable and surfactant-free
CO,/water emulsions might be formed using a continuous pro-
cess in which a series of droplets flow inside a tubing at a constant
separation distance that prevents droplet coagulation. For an envi-
ronmental application, scCO, droplet stabilization could also be

Table 5

Data inputs for energy efficiency calculations.
Property Value
‘Pcarbon dioxide 0.04
Pwater 0.09
d32,carbon dioxide (P«m) 15.1
d32,water (Mlﬂ) 9.1
Reactor volume (cm?) 87
Total surface area (m?) 34
Minimum work (J) 0.11
Power density (W cm~—3) 1.5
Formation time (s) 10
Duty cycle (%) 25
Energy input (]) 340

achieved using particles (Pickering emulsion) with balanced CO,-
philic/hydrophilic properties (e.g., Janus particles) [87].

5. Conclusions

Ultrasound has potential as a surfactant-free technology for pro-
ducing emulsions consisting of a dense CO, phase and water for
a variety of chemicals and materials applications. In this work,
we performed emulsion stability, characterization, and formation
experiments and analysis. We found that CO, /water emulsions had
adispersed phase content of approximately 4 vol% dispersed phase
content and an average droplet diameter of about 15 wm whereas
the water/CO, emulsion had up to 9vol% dispersed phase con-
tent and average droplet diameters of 9 um range. The water/CO,
emulsions broke in approximately 15 min and likely followed a
coagulation/settling mechanism; the CO,/water emulsions broke
in about 10 min, likely by a settling mechanism. Water/CO, emul-
sions likely formed via a two-step mechanism featuring surface
wave break-up to form a coarse emulsion followed by CO;-
cushioned cavitation to form finer emulsions. Engineering analysis
suggests energy efficient (0.03%) scale-up might be achieved in a
carefully designed flow reactor.
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