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Abstract: Water-in-CO, (W/CO,) reverse microemulsions stabilized with 1100 Da
poly(ethylene glycol)-poly(propylene glycol)-poly(ethylene glycol) block copolymer
were recovered using an ultrafiltration ceramic membrane in a custom high-pressure
cross-flow separation unit. Viscosity-corrected liquid CO, flux (298 K) through the
membrane was investigated as a function of time and surfactant concentration to
determine the cake layer mass transfer resistance. Rapid CO, flux decline was
observed with increasing surfactant concentration, denoting cake layer buildup on
the membrane surface. For instance, at 0.09 and 0.55 wt% surfactant, the ratio of
cake resistance to membrane resistance was 0.4 and 3.8, respectively. Based on our
previous work, the reverse-micelles retain their aqueous core and are not altered
during filtration. Ultimately, inorganic membrane separations can reduce energy
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consumption associated with compression/expansion cycles typically used in
CO,-based processes.

Keywords: Inorganic membrane, ceramic membrane, supercritical fluid, ultrafiltra-
tion, carbon dioxide

INTRODUCTION

Many conventional industrial solvents are hazardous to the environment,
creating a need for more environmentally responsible processing solvents.
Liquid and supercritical CO, are considered “green” solvents since they are
benign, non-toxic, and naturally occur in the atmosphere, making them
ideal replacements to organic solvents. When condensed, CO, behaves
more like an organic solvent than a gas; however, it offers additional
benefits such as enhanced mass transfer, low surface tension, tunable
solvent strength, and ease of recovery. Given these benefits, CO, has gained
much attention in extractions, microelectronics fabrication, nanoparticle
synthesis, pharmaceutical formulations and polymer synthesis (1-5).

We seek to facilitate continuous CO, processes using inorganic
membranes, which have high compressible strength, thermal stability, and
solvent resistance. At the experimental operating conditions investigated
herein (70 bar, 298 K) CO, is an apolar liquid solvent. We have previously
examined liquid CO, transport through mesoporous (2 to 50nm pore
diameter) ceramic membranes to determine permeability coefficients, the appli-
cation of Darcy’s law, and potential CO,/membrane interactions (6). It has
been shown that solvent/ceramic membrane interactions can result in low per-
meability, relative to water, and deviations from Darcy’s law in submicron
pores (7, 8). In a subsequent study it was shown that trace amounts of water
caused an initial threshold pressure in the permeation of organic solvents
through ceramic membranes (9). We have observed similar results for liquid
CO, as water preferentially adsorbs on pore surfaces, reducing the effective
pore size and CO, flux (6). This work extends our knowledge of hydrated
and dehydrated liquid CO, permeation to CO,-emulsion systems.

Reverse microemulsions are commonly used in liquid and supercritical CO,
processes, providing a water core to accommodate hydrophilic compounds (W/
CO, reverse microemulsion). Hence, reductions in CO, flux are expected when
W /CO, microemulsions are recovered using cross-flow filtration. This flux
reduction is expected as the microemulsions are rejected, forming a cake layer
on the membrane surface. As filtration progresses, the solvent mass transport
resistance in the cake layer increases with time, reaching a maximum resistance.
The formation of this cake layer is a major obstacle for membrane filtration.
Previous investigations have demonstrated the potential for separating reverse
micelles in near-critical and supercritical solvents using membranes. However,
there have been no detailed studies on mass transfer in these systems (10, 11).
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To further understand the impact of cake resistance, cross-flow filtration
of W/CO, microemulsions stabilized with a poly(ethylene glycol)-poly(pro-
pylene glycol)-poly(ethylene glycol) (PEG-PPG-PEG, 1100 Da) was
performed as a function of time and polymer concentration. PEG-PPG-PEG
was selected as a model system with high water solubility. Previous work in
our group has shown that water-to-block copolymer ratios of less than 1,
and 94% or greater of CO, (volume basis) are required to maintain a stable
microemulsion at 70 bar and 298K (12). In the present work, a high
pressure liquid CO, cross-flow permeation system was used to investigate
cake layer resistance on the surface of a mesoporous 1000 Da titania
membrane. Darcy’s law was combined with the resistance-in-series
approach to calculate cake layer resistance.

THEORY

Ultrafiltration processes are controlled by a sieving mechanism. Therefore,
transmembrane pressure, APr,p, and solvent flux, J, are expected to exhibit
a linear relationship that can be seen by Darcy’s law (13):

APryp

= R+ R0

(1
where 7 is the intrinsic solvent viscosity, R,, is the membrane resistance and
R, is the cake layer resistance. Carbon dioxide transport is expressed as a
viscosity-corrected volumetric flux (nJ.,, bar- m’>-m 2 to account for
changes in viscosity and density as a function of pressure (Fig. 1):

APryp

Jeo, = 2
We = ¢ 2)

where R, = R, + R.(t) is the total mass transfer resistance. The membrane
resistance R,, can be determined from the flux of a pure solvent. By plotting
the viscosity corrected flux versus the transmembrane pressure of pure CO,,
the permeability coefficient of the membrane can be calculated from the
membrane resistance as K,,, = 1/R,,,. The cake resistance can be determined
by the difference between the total resistance and the membrane resistance,
which are both determined experimentally.

EXPERIMENTAL

Experiments were carried out using a 1000 Da ceramic membrane with a titania
selective layer (Membralox™, Pall Co.). The selective layer has a thickness, ¢,
of 3.6 + 0.9 um (measured by SEM (6)), a pore radius, , of 1.3 nm and 50%
porosity, €. The pore size was estimated from previous correlations based on
PEG rejection (14). Industrial-grade liquid CO, (Air Products) was used to
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Figure 1. Carbon dioxide density (p) and viscosity (n) as a function of pressure at
298 K (data from NIST).

carry out the filtration. The membrane housing was placed in a crossflow con-
figuration using a custom designed high pressure permeation setup (previously
described by Photinon et al. (11), Fig. 2). Major components includes 1 L feed
tank with a viewing window, reciprocating pump (Thar Designs, Pittsburgh,
PA), two automatic back pressure regulators (Thar Designs), one on
permeate and other on the retentate side, a permeate flowmeter (Rheonik),
and a custom-fabricated stainless steel membrane housing.

Predetermined amounts of PEG-PPG-PEG (Slovanik M-640), water and
liquid CO, were mixed to form the emulsion system used in these experiments
(12). PEG-PPG-PEG and distilled water were mixed in the correct ratio and
injected into the feed tank. The feed tank was then charged with liquid CO,
at approximately 60 bar and mixed until the solution was optically clear, sym-
bolizing the presence of a W/CO, reverse microemulsion. Filtration was
initiated by setting the transmembrane pressure (4 bar) and feed flowrate
using the reciprocating pump and back pressure regulators, respectively.
CO, permeate flux was recorded as a function of time.

RESULTS AND DISCUSSION

To study the performance of UF membranes in liquid CO, filtration in
presence of model W/CO, reverse microemulsions, CO, flux was examined
as a function of time and surfactant concentrations. In Fig. 3, typical flux
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UV-VIS Spectrophometer

1 - Liquid CO, Tank Metering Valves (MV)

2 - Feed Tank Three Way Valves (TV)

3 - View Cell Back Pressure Regulators (BPR)
4 - High Pressure Pump  Corriollis Flow Meters (CFM)

5 - Membrane Module Pressure Regulator (PR)

6 - Permeate Tank

Figure 2. Schematic of high pressure crossflow ultrafiltration system.

data as function of time is shown for 0.09 to 0.55 wt% PEG-PPG-PEG surfac-
tant concentrations at a transmembrane pressure, AP7,p = 4 bar. From Fig. 3,
we find that CO, flux declines rapidly within the first 20 minutes of operation
denoting cake layer formation at the inner membrane surface, which results in
increased total mass-transfer resistance to CO, transport. We computed these
resistances from the flux data presented in Fig. 3. Knowing the membrane
resistance from pure CO, flux data (6) (R, =4.0 x 10m™Y), we can
determine the cake layer resistance as a function of time from equation (1).
The cake layer resistance was found to be strongly dependent on surfac-
tant concentration in liquid CO,. A higher surfactant concentration results in a
higher number density of reverse-micelles and greater rejection, resulting in
added mass transfer resistance. The cake layer resistance as a function of
time for 0.09 to 0.55 wt% PEG-PPG-PEG surfactant is shown in Fig. 4. At
low concentration (<0.38 wt%), a quasi-steady state cake resistance was
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Figure 3. Viscosity corrected liquid CO, permeate flux at various PEG-PPG-
PEG concentrations as a function of time at APpyp =4 bar, T= 298K, and

0.28 wt% H,O.
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Figure 4. Cake layer resistance as a function of time for various PEG-PPG-PEG
concentrations (APpyp = 4 bar, T = 298 K, and 0.28 wt% H,0).
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observed within the first ten minutes. At higher concentrations a much greater
resistance was observed, which indicated that more time was needed to
approach quasi-steady state (Fig. 4).

The relative contributions of membrane resistance and cake layer resist-
ance at the lowest and highest concentrations are shown in Figs. 5, and 6,
respectively. In Fig. 5, we observe that at 0.09 wt% PEG-PPG-PEG concen-
tration, the cake layer resistance approaches 29% of the total resistance and
the ratio of R./R,, is approximately 0.4. In contrast, at 0.55 wt% PEG-PPG-
PEG concentration, the cake layer resistance becomes the controlling
transport resistance. In this case, we find that the cake layer resistance
approaches 79% of the total resistance, which gives R./R,, = 3.8. Thus we
find the contribution of cake layer resistance increases by an order of
magnitude when the concentration changes by about six-fold. The contri-
butions of cake layer resistances at quasi-steady state operation for different
solute concentrations are given in Table 1.

We can compare these results for PEG-PPG-PEG filtration with our
previous results on dehydrated and hydrated liquid CO, transport to
evaluate the potential for:

(i) water stripping from the aqueous core of the reverse micelles followed by
(ii) adsorption onto the pore surface.
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Figure 5. Major resistive contributions resulting from crossflow filtration of 0.09%
PEG-PPG-PEG/CO,/H,0O emulsion as a function of time at APpyp =4 bar,
T =298K, and 0.28 wt% H,O.
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Figure 6. Major resistive contributions resulting from crossflow filtration of 0.55%
PEG-PPG-PEG/CO,/H,0 emulsion as a function of time at APpyp =4 bar,
T = 298K, and 0.28 wt% H,O.

Water adsorption on membrane pore surfaces reduces the effective pore size,
which leads to a decrease in CO, permeability. For instance, a 60% decrease in
liquid CO, flux was observed for partially hydrated CO, (0.02 wt%), relative
to dehydrated CO, at APyyp = 4 bar (6). Comparatively, the water content in
the reverse micelle systems is constant at 0.28 wt%. A significant flux decline
of at least 60% would be expected if water did strip from the aqueous core and

Table 1. Quasi steady-state mass transfer resistances as a function of
PEG-PPG-PEG concentration in W/CO, reverse microemulsion systems
(AP7yp = 4 bar, T = 298K, and 0.28 wt% H,0)

[PEG-PPG-PEG] RA RY

1 C
(Wt%) 102 m™h 102 m™! R. /R, R. /R,¢
0.09 5.7 1.7 0.3 0.4
0.22 5.7 1.7 03 0.4
0.38 75 35 0.5 0.9
0.44 10.7 6.6 0.6 1.7
0.55 19.1 15.1 0.8 3.8

“Total mass transfer resistance.
bCake layer mass transfer resistance.
“Ratio of cake resistance to membrane resistance.
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adsorb on the pore surface. This was not observed as evident from Fig. 3 at low
surfactant concentrations. Therefore, mass transfer resistance in this W/CO,
microemulsion system is due to a cake layer buildup of intact micelles and
not due to a pore restriction via water adsorption.

CONCLUSIONS

Inorganic membrane separations may eliminate the need for system depressur-
ization and reduce the energy consumption associated with compression/
expansion cycles typically associated with CO,-based processes. Therefore,
the aim of this work was to examine the separation characteristics of a
model reverse microemulsion system in liquid CO,. Ultrafiltration of a
W/CO, reverse microelumsion stabilized with PEG-PPG-PEG was
performed using a 1000 Da ceramic membrane to determine the liquid CO,
flux behavior and cake layer resistance as a function of time and surfactant
concentration. An increase in surfactant concentration increased the cake
layer resistance and the time needed to reach quasi steady-state. At high con-
centrations of PEG-PPG-PEG the total resistance was dominated by the cake
layer resistance. In contrast, CO, flux at low concentrations was controlled by
the membrane mass transfer resistance. By relating the results for reverse
micelle recovery to that of dehydrated and partially hydrated liquid CO, (no
surfactant present), it is apparent that the micelles retain their shape and are
not subject to water stripping from the aqueous core.

NOMENCLATURE

J Volumetric solvent flux (m*-m~2-s™ 1)
K,, Membrane permeability coefficient (m)
APpyp Trans-membrane pressure (bar)

, Membrane pore radius (nm)

R, Total resistance (m ')

R, Membrane resistance (m~ ')

R, Cake layer resistance (m™ Y

t Membrane thickness (jm)

t Membrane porosity (%)

n Viscosity (Pa’s)
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