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ABSTRACT

Microchannel devices were designed and tested for efficient contacting of two
liquids in solvent extraction, and the results are presented. This study is part of an
overal effort to produce and demonstrate efficient compact devices for chemical
separations. Engineering these devices at the microscale offers many technical
advantages. Achieving high contact area per unit system volume, thin-film con-
tacting, and establishing uniform flow distribution result in substantially higher
throughput per total system volume over conventional technologies. Theoretical
calculations are presented that provide insight into the relative importance of vari-
ous resistances to mass transfer, as well as their relationship to overal performance
of the microchannel devices. Experimental results are presented for device
performance using both commercia polymeric membranes and micromachined
contactor plates for stabilizing the liquid-liquid interface. These results indicate
that current-generation micromachined plates perform as well as commercia
membranes, with substantial potential for improvement.

INTRODUCTION

Developments in microfabrication techniques, based on techniques founded in
the electronics industry, are facilitating development of novel hardware for

performing traditional chemical processing at a miniaturized scale (1). Features



are now designed with resolutions approaching 1-10 mm in microtechnology
devices (2). At thisscale, the distances for heat and mass transfer can be uniformly
minimized, giving extremely rapid transport rates that result in very short residence
times and high throughput per unit hardware volume (3,4). In addition, process
conditions can be more tightly controlled. Asall elements of traditional chemical
processes are achieved using microtechnology, including heat exchangers (5),
reactors (6), separators (7), and actuators (8,9), entire chemical processes can be
miniaturized. The compact size enables distributed processing, which is
particularly appealing for production of extremely hazardous or toxic chemicals to
avoid the costs and risks associated with storage and transportation. Although
traditional economies of scale in scaling up chemical processes are not as easily
realized with microtechnology, the potential exists for economies of mass
production (10,11) analogous to the dramatic reductions in manufacturing costs
experienced in the microelectronics industry. The progress in developing micro-
chemical separators for solvent extraction applications is described here.

Solvent extraction requires intimate contact of two immiscible liquids to
facilitate mass transfer of one or more solutes from one fluid to another. Mixer-
settler technol ogies accomplish this by dispersing one liquid into another followed
by separation of the phases and recovery of the solvent. Although relatively
mature as a technology, progress continues in the development of smaller, more
efficient centrifugal contactors (12). An alternate approach isto contact the fluids
asthin films. This can be done with an unconstrained fluid-fluid interface, such as
that in extraction columns (13) or in microchannel devices (14), or with a support

for immobilizing the interface, such as with membrane contactors (15). In al



technologies, equipment size and operating costs are largely dictated by the
capacity of the extractant and by mass transfer efficiency.

A novel approach for solvent extraction is under development based on micro-
channel devices. These devices resemble membrane contactors, but have much
greater versatility for substantially reducing mass transfer resistances, both in the
flow streams and in the contactor plate. Film-contacting technol ogies offer advan-
tages over more traditional mixer-settler technologies. One advantage is the ability
to optimize the ratio of solvent flow to feed flow, which is generally minimized to
reduce solvent recovery costs. The design of mixer-settlers becomes more difficult
and mass transfer efficiency diminishes as the solvent-to-feed ratio becomes much
less than one. Film contactors, on the other hand, can be designed and operated
over awide range of solvent ratios (15), which provides for more optimal use of
solvent, especially when the equilibrium distribution coefficient for the solute is
large. Furthermore, the effectiveness of each stage of a mixer-settler or afilm
contactor with a mobile interface is limited by equilibrium, and multiple stages are
required to achieve a more effective separation. However, if the interfaceis
immobilized, the two liquid films can flow in countercurrent directions, allowing
for amore effective separation in asingle device.

Microchannel devices are engineered at the microscale to achieve much higher
heat and mass transfer rates than are found in macroscal e technologies (1). These
devices, when applied to solvent extraction, allow intimate contacting of two
immiscible fluids as they flow through very thin channels that are smaller than the
normal mass transfer boundary layer. By reducing the mass transfer resistances in
each phase, overal mass transfer rates can be significantly enhanced and the

overall size of the equipment reduced. The approach hereisto use amicro-



engineered support for the interface to allow countercurrent contacting while
minimizing the mass transfer resistance in the support.

The architecture employed in this work consists of two micromachined
channels separated by a contactor plate as shown in Figure 1. Devices can be
operated cocurrently or countercurrently. The channels are separated by a
micromachined contactor plate that has a matrix of uniform holes. A micrograph of
a hole matrix is shown in Figure 2. The ability to stabilize the interface within the
contactor plate is governed by the Laplace equation (16), which dictates the

maximum pressure drop across the contactor plate as

op = 20 C0sh)
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where gisthe liquid-liquid interfacial tension, q is the contact angle, and r isthe
maximum hole size if the holes are round. Therefore, the pressuresinside the
device must be carefully controlled to prevent breakthrough of the fluids through
the holes in the contactor plate.

The mass transfer resistance of the device has contributions from each flow
stream, from the contactor plate, and from the interface. Interfacial mass transfer
resistance can dominate, particularly if the extraction involves an interfacia reac-
tion, such as that observed in the exchange of ionsin the extraction of dissolved
metals (17). If interfacial mass transfer resistance dominates, device performance
islargely governed by the total interfacia surface area, and the thin, uniform flow
channels in microchannel devices are not as great an advantage. The mass transfer
resistance of the contactor plate is a function of several parameters, including the

thickness of the contactor plate, porosity, tortuosity, and the solute diffusion



coefficient in the wetting liquid that fills the pores (16). The objectivesin this
work are to reduce the overall size of the equipment and improve operating
efficiency by (i) improving mass transfer efficiency in the flow channels by

reducing the thicknesses of the films and (ii) improving mass transfer efficiency in
the contactor plate. Here, the relative importance of mass transfer resistance in the
flow channels versus the contactor plate is explored theoretically and
experimentally, using both micromachined contactor plates and commercial

polymeric membranes.

THEORY

The theoretical performance of a microchannel contactor having two
immiscible fluids flowing through rectangular channels separated by a porousrigid
plate can be determined by solving the convective-diffusion equation. Because the
widths of the channels are much larger than the heights of the channels, the side-
wall effects are neglected and the problem is reduced to two dimensions. The
geometry is divided into three sections¥s the feed flow channel, the solvent flow
channel, and the contactor plate¥s with equations written for each section.
Boundary conditions allow the equations to be combined into a single mathemati-
cal model of the overal device. Dispersion in the flow direction is neglected in all
three sections, while convection is neglected in the transverse direction, which is
valid at low concentrations.

The flow fields are smple two-dimensional parabolic flow profiles, which, in

the coordinate system depicted in Figure 1, results in the velocity profile
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for the feed-side flow, where Q; isthe volumetric flow rate of the feed, W isthe

channel width, and h¢ isthe height of the feed flow channel. A similar velocity

profile for the solvent sideis
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Qs isthe solvent volumetric flow rate, h; is the height of the solvent flow channel,
and h, is the thickness of the contactor plate. For countercurrent flow, a negative
sign is added to the left side of the equation.

Based on the assumptions stated above, the mass transfer differential

eguations are
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for the feed side flow, the contactor plate, and the solvent side flow, respectively,
where c is solute concentration and D refers to solute diffusivity in the respective
phases.
Six boundary conditions are required for the three second-order differential
equations, which for the case of the solvent wetting and filling the contactor plate,

are
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where D, represents an effective diffusion coefficient for the contactor plate that
captures effects such as porosity and tortuosity. Equations (7) and (12) provide
for zero flux through the solid channel walls. Equation (8) represents constant flux
across the interface based on an interfacial mass transfer model. The parameter m
is the equilibrium distribution coefficient, which is the ratio of feed concentration
to solvent concentration at equilibrium, assumed to be constant over the
concentration range in the device. The parameter k is amass transfer coefficient
representing the mass transfer resistance across the interface. Equation (9)
assumes continuity of flux on both sides of the liquid-liquid interface, and
Equations (10) and (11) represent continuity and constant flux at the contactor
plate on the solvent side.

Theinitia conditions for cocurrent flow are

C =Cy, at z=0, (13)

c,=c,=0 at z=0. (14)

The differential equation for the contactor plate is solved analytically to give a
linear concentration profile through the contactor plate. Therefore, the partial

derivative of concentration in the contactor plate can be replaced by
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in the boundary conditions above, and the differential equation for the plate,
Equation (5), is eliminated.

The two convective-diffusion equations for the flow channels are solved
numerically using the Crank-Nicholson (18) implicit method of finite differences,
iterating from the feed end to the discharge end in sequential steps. The x-direc-
tion is nondimensionalized by the feed channel height, h;, and concentrations are
nondimensionalized by the feed initial concentration, c,. The z-direction is

analogous to time and is nondimensionalized as

D, W
Qs hy

7= Z. (16)
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A Sherwood number is defined for the interfacial mass transfer using feed-side

diffusivity and feed channel height for consistency,

>- Pr (17)
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The other two diffusivities, D, and Ds, are scaled by the feed diffusivity, Ds. The

interfacial boundary condition, Equation (8), becomes
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For most calculations reported here, the Sherwood number is assumed to be very
small, representing very fast kinetics across the liquid-liquid interface. The other
boundary conditions are smilarly nondimensionalized.
The effluent concentration of a stream is calculated by averaging over the flow
profile at the end of the channel, which for the feed stream becomes
w "

=—c‘yf(z=L) Ve dx.
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This equation is nondimensionalized by the feed influent concentration as well.

From this point, all reported symbols and values are nondimensionalized
unless otherwise noted, and the tilde is dropped.

Figures 3, 4, and 5 illustrate the theoretical dependence of effluent concen-
tration on parameters affecting mass transfer efficiency. Feed and solvent flow
rates are equal in all cases. For cocurrent flow, the curves form an asymptote to
an effluent feed concentration that isin equilibrium with the solvent effluent
concentration, as determined by mass balance of the solute. For example, if the
equilibrium ratio, ms, is 1.0 with equal flow rates, then the asymptote becomes 0.5,
corresponding to equal effluent concentrations. This constraint on extraction
efficiency is relaxed by countercurrent flow.

Figure 3 illustrates the sengitivity of the mass transfer efficiency to the
effective diffusion coefficient for the contactor plate, D.. Because the contactor
plate is only one-twelfth the thickness of the flow channels, the contactor plate
offers minimal mass transfer resistance when the contactor plate effective
diffusivity is comparable to the bulk diffusivity. Increasing the effective diffusivity

further has little impact on device performance. However, when the contactor



diffusivity is an order of magnitude less than the bulk diffusivity, the contactor
plate resistance dominates and the residence times required to reach equilibrium
increase dramatically. Thisillustrates how the mass transfer resistance of the
contactor plate is dependent on both the effective diffusivity and the plate
thickness.

An important factor in evaluating device performance is accurately determin-
ing the equilibrium distribution coefficient, ms, asillustrated by Figure 4. A rela
tively small error of 20% in the equilibrium distribution coefficient can cause the
asymptote of the predicted curves to shift significantly, confounding efforts at
determining the relative success in reaching optimal device performance. The fina
set of theoretical curves addresses the importance of interfacial mass transfer
resistance. As expected, the mass transfer resistance of the interface does not
become important until the Sherwood number approaches one, as shown in
Figure 5. For the smple organic liquid system studied here, the Sherwood number

is expected to be low and the interfacial resistance to be negligible.

EXPERIMENTAL PROCEDURES

Three types of experiments were performed in support of thisinvestigation.
In the first, equilibrium concentration ratios were measured over arange of total
solute concentrations to quantify the equilibrium distribution coefficients for
theoretical comparison. In the second, water and cyclohexane were run co-
currently through the microcontactor device and the water effluent was measured

for cyclohexane concentration. (The mass transfer resistance of the flow channel



was measured by itself in these experiments because the cyclohexane wets the con-
tactor plates.) Thisalowed validation of the theoretical model for the flow chan-
nel mass transfer resistance. In the third set of experiments, cyclohexanol was
added to the water stream and cyclohexane was used as the extractant. Although
thisis not necessarily a useful solvent extraction system, it serves the purpose of a
model test system to evaluate and compare device performance.

Equilibrium distribution coefficient data were collected by mixing a stock
solution of 1000 mg/L cyclohexanol in water with cyclohexane in various volume
ratios. The mixtures were allowed to equilibrate over severa hours. Samples were
then taken from the water phase and analyzed by gas chromatography. The
mixtures were then resampled and analyzed 24 hours later for comparison.

Two types of contactor plates were used in the microcontactor devices.
Micromachined contactor plates were fabricated by laser drilling a matrix of holes
through Kapton polymeric 1-mil and 2-mil (25-nmm and 50-nmm) film covering an
areal cm wide by 8 cm long. In addition, experiments were performed with
Gelman 3-mm Zefluor PTFE (Teflon) microporous membranes for comparison.
Figure 2 gives an example of the structure of a micromachined contactor plate.
The fabrication technique results in conical-shaped holes, with those shown in
Figure 2 averaging 25 mm in diameter on one side and 35 nm in diameter on the
other side of 25-mm-thick films. Porosity was estimated at 26% using an average
hole diameter. The micromachined contactors were coated with Teflon to make
them more nonwetting to water, giving higher breakthrough pressures.

The Gelman 3-mm Zefluor Teflon membrane has a microporous 15-mm-thick
Teflon layer mounted onto a Teflon macroporous substrate measured at 165 nm

thick, for atotal thickness of 180 mm. The porosity of the 15-mm microporous



layer is calculated to be 44%, based on void volume information obtained from
Gelman. The contactor device was consistently configured with the Teflon layer
located toward the organic liquid side for all experiments.

The microcontactor channels are 10 cm long, 1 cm wide, and can be con-
figured with various channel heights that can be different for the feed and solvent
sides. In all experiments reported here, the same channel heights were used on
both sides and at equal flow rates. Channel heights of 200, 300, 400, and 500 mm
were used. The micromachined contactor plates have 8 cm of active porous area,
while the full 20 cm of channel length is utilized with the microporous Teflon
membrane. A Harvard Apparatus, Model No. 22, syringe infusion pump was used
to transfer the liquids at a constant flow rate through the contactor. The pressure
differential between the two liquid streams was measured in the tubing immediately
downstream of the discharge ports of the microcontactor device using a water
manometer. The discharge pressure of the water stream was kept dlightly higher
than the cyclohexane stream discharge pressure, but the difference in pressures was

generdly lessthan 1 in. of water column.

RESULTS AND DISCUSSION

The equilibrium partitioning data are presented in Table 1. Within the
accuracy of the measurements, the partition coefficient isfairly constant over the
range of total concentrations examined. An equilibrium partition coefficient of 1.3

is used in subsequent theoretical calculations.



TABLE 1. EQUILIBRIUM DISTRIBUTION
COEFFICIENT FOR CYCLOHEXANOL
PARTITIONING BETWEEN WATER AND
CYCLOHEXANE, MEASURED FOR A RANGE OF
TOTAL SOLUTE CONCENTRATIONS

Total CgH;;OH Conc. ratio Conc. ratio
concentration & water/organic | water/organic
(mg/L) day 1 day 2
44 1.69 1.29
86 1.30 0.98
154 1.30 0.70
307 1.09 0.88
464 121 0.78
620 111 213
779 0.82 1.20
843 0.69 2.16
883 0.43 1.62
Average 1.07 1.30

Cyclohexane and water were contacted in the microchannel devicesin the
absence of cyclohexanol, as described above, and the water effluent was analyzed
for cyclohexane concentration. This experiment was performed using both the
micromachined contactor plate and the commercia microporous Teflon membrane
at varying channel heights and flow rates. The dominant mass transfer resistance
in these experimentsis diffusion in the feed-side flow channel. Therefore, the
theoretical model was solved for the feed-side channel only, with the boundary
condition at the contactor plate [Equation (8)] changed to a constant concentration
egual to the saturation concentration of cyclohexane in water; saturation is
58 mg/L (19). Here, concentrations were nondimensionalized by the saturation

concentration. The diffusivity of cyclohexane in water is 0.84 x 10° cm?/s (19).

& Calculated as total mass of cyclohexanol divided by the total volume of both liquid phases.



The results of contacting water and cyclohexane are summarized in Figure 6.
The results for the microporous Teflon membrane show good agreement with
theoretical predictions. A contact length of 8 cm was used in the calculations,
which is appropriate for the micromachined plates. However, the Teflon mem-
brane utilizes the full 10 cm of the channel length, which accounts for actual
performance exceeding predicted performance. The micromachined contactor
plate shows poorer mass transfer efficiency in these particular experiments. This
decreased efficiency can be explained by microstructural differences. The
cyclohexane more fully wets the microporous Teflon membrane providing
thorough contact of the two liquids. In contrast, the micromachined membrane
has holes drilled through a solid substrate, so there isless areafor direct contact
between the liquids. Mathematically, the assumption of uniform saturation along
the contactor plate as a boundary condition is not strictly valid. The increased
scatter in the data at residence times greater than 2 min and the lower effluent
concentrations are attributed to volatility losses of cyclohexane in the longer
experiments.

Figure 6 also illustrates the importance of minimizing channel height to
enhance mass transfer, a key advantage of microchannel devices. Reducing the
channel height from 500 nm to 100 mm causes the residence time required to
approach equilibrium to decrease from minutes to a fraction of a minute, thereby
permitting much higher throughput per unit system hardware volume. The
dramatic advantage occurs because the mass transfer rate is proportional to the
diffusion coefficient and inversely proportiona to the square of the characteristic
distance¥s the channel height in this case. This can be seen by normalizing the

abscissain Figure 6 by multiplying by the diffusion coefficient and dividing by the



square of the channel height, which causes the theoretical curvesto overlay.
Future work will be directed toward decreasing flow channel heightsin
experimental devicesto 100 mm or less.

Solvent extraction data acquired with cyclohexanol as the extractant are sum-
marized in Figure 7, which illustrates the relative importance of channel height to
overall mass transfer efficiency by alowing comparison of data obtained for three
channel heights using the commercial Teflon membrane. In addition, data for one
channel height using the micromachined contactor plate are also shown in Figure
7. Datafor each contactor and channel height were acquired from a single run by
varying the flow rate, with several purge volumes between conditions to allow the
system to equilibrate.

The Teflon membrane tests showed a significant improvement in performance
when the flow channel heights were decreased from 400 mm to 300 nm, indicating
appreciable mass transfer resistance in the flow channels at 400-nm channels.
However, no discernible improvement was seen in decreasing the channel heights
further to 200 nm, indicating that the mass transfer resistance in the membrane
dominates at this smaller channel height. The micromachined contactor plate
performs at least as well as the commercia Teflon membrane.

The data for the 300-nm channel height are compared with theoretical
calculationsin Figure 8. The equilibrium distribution coefficient is set to the
average measured value of 1.3, and the interface mass transfer resistanceis
neglected by setting the Sherwood number to alow value (0.0003). Different
theoretical curves are shown for values of the plate effective diffusion coefficient.
None of these curvesfit the datawell over the full range of residence times. The

relatively poor fit suggests that the equilibrium partition coefficient is too low and



avalue approaching 2 would fit the data better. However, this higher value would
also require the effective diffusion coefficient through the contactor plate to be
near the bulk-phase diffusion coefficient, which is not indicated by the comparisons
between various channel heights as discussed above. Another possible cause for
this discrepancy is the concentration dependence of the equilibrium partition
coefficient, which so far has not been elucidated by the partitioning data. Another
concern involves nonuniformities in the flow distribution due to variations in
channel height caused by flexing of the contactor plates and membranes, which
cannot be captured in the two-dimensional theoretical model. Variationsin
channel heights effectively allow bypass of the device because a disproportionate
fraction of the flow will follow the thicker paths that have more mass transfer
resistance, thereby giving poorer overall mass transfer.

Assuming that the theoretical curves are indicative of mass transfer resistance
through the contactor plate and considering the longer residence time data, the
micromachined contactor plate has an effective diffusion coefficient that is
approximately one-tenth of the bulk-phase diffusion coefficient. A factor of 4 can
be attributed to the 26% porosity. Tortuosity is not expected to be important
because the holes are straight and close to vertical. The additional 2.5 factor may
be attributed to poor flow distribution or to inactive pores if bubbles are trapped in
the pores, as two examples.

The Teflon membrane is approximately seven times thicker than the
micromachined contactor plate, so the effective diffusion coefficient must be scaled
accordingly. Therefore, the effective diffusion coefficient displayed by the long-
residence-time Teflon membrane data would be closer to one-third, which is

considerably larger than the micromachined membrane. Thisillustrates that there



are multiple avenues to improving mass transfer through the contactor plate,
including increasing the porosity and making the plate thinner. Other concepts are

being evaluated as well.

CONCLUSIONS

Microchannel devices offer anovel approach to chemical processing where
very rapid heat and mass transfer are achieved, thereby realizing high throughput
per unit system volume, more effective process control, and better efficiencies.
Furthermore, fabrication techniques adapted from the microel ectronics industry
can provide economies of mass production to support process scaleup, instead of
relying on traditional economies of scale.

The performance of a microchannel device has been demonstrated using both
micromachined contactor plates and commercial microporous membranes over a
range of flow rates and channel heights. Results indicate that first-generation
micromachined contactor plates perform at least as well as the commercial mem-
branes tested, with significant potential for improving performance. Future efforts
in developing micromachined plates will be directed toward reducing mass transfer
resistance by reducing plate thickness, increasing porosity, and using morerigid
materias to give uniform flow distribution.

Overall mass transfer in microchannel devices can be limited by diffusion in
the flow channels, by diffusion through the contactor plate, or by the interface.
Theoretica predictions and comparison of data for varying channel heights indicate
that contactor-plate mass transfer becomes limiting as the channel height decreases

below 300 mm for current contactor plates. However, as the contactor plates



become more efficient, the need is anticipated for operating with substantially
smaller channel heights. Therefore, continued advancements in this technology
will require efforts in reducing the mass transfer resistance of both the contactor

plates and the flow channels.
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FIGURE CAPTIONS

FIGURE 1. Microchannel contactor device geometry.

FIGURE 2. Micrograph of micromachined contactor plate fabricated from
1-mil (25-mm) Kapton substrate; holes are approximately 25 nm in diameter.

FIGURE 3. Effect of effective diffusion coefficient for the contactor
plate on theoretical prediction of effluent solute concentration
(normalized by feed concentration) when solvent and feed flow rates
areequal for Dg/Ds = 1.0 (3%4%), DJ/Ds = 0.1 (34 %), DJ/Ds = 0.05
(---),and DJD; = 0.025 (34 - %), using hy/hy = /12, mg = 1.3,

Df = Ds, and neglecting mass transfer resistance at the interface.

FIGURE 4. Effect of equilibrium distribution coefficient on theoretical prediction
of effluent solute concentration (normalized by feed concentration) when solvent
and feed flow rates are equal for ms=0.8 (%2), ms=1.0(3%4 %), and ms=1.3

(- --), using hy/hy = 1/12, D= Dy = Ds, and neglecting mass transfer resistance at
the interface.

FIGURE 5. Effect of mass transfer resistance of the interface on theoretical
prediction of effluent solute concentration (normalized by feed concentration)
when solvent and feed flow rates are equal for Sh = 0.0003 (34), Sh=0.3

(% %),Sh=3(---),andSh=30 (% - %), using hy/hs = /12, D= Ds = Ds,
and ms=1.3.



FIGURE 6. Effluent concentration of cyclohexane in water after contacting liquid
cyclohexane in microchannel devices for various channel heights and flow rates
using both micromachined contactor (MMC) plates and microporous Teflon
membranes (Tef), including 300-mm channel heights with Tef (), 500-mm channel
heights with Tef (O), and 300-mm channel heights with MMC plate (H).
Experimental data are compared with theoretical prediction for 8-cm by 1-cm
flow channels and 100-nm channel heights (3% %4), 300-nm channel heights (34),
and 500-nm channel heights (- - -).

FIGURE 7. Summary of solvent extraction data presented as effluent cyclo-
hexanol concentration normalized by feed concentration for both micromachined
contactor (MMC) plates and microporous Teflon membranes (Tef), including 200-
nmm channel heights with Tef (), 300-nm channedl heights with Tef ((3), 400-nm
channel heights with Tef (O), and 300-nm channel heights with MMC plate (H).

FIGURE 8. Comparison of solvent extraction datafor 300-nm channels with
theoretical prediction, presented as effluent cyclohexanol concentration normalized
by feed concentration; 300-mm channel heights with Teflon membrane (3) and
300-mm channel heights with micromachined plate (ll) compared with predictions
for DJ/Ds= 1.0 (%), DJ/Ds=0.1 (%2 %), Do/Ds = 0.05 (- - -), and Do/Ds = 0.025
(% - %), usng 1-cm by 8-cm channel dimensions, ms= 1.3, he = 25 mm, Dy
= Ds = 0.84 x 10”° cm?/s, and neglecting mass transfer resistance at the interface.
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