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The objective of this article is to report the modeling and optimization of a new
MEMS-based phosphonate sensor that utilizes a porous membrane between a gas and
a liquid stream to allow operation at low-liquid and high-gas flow rates. Previous
work from our laboratory demonstrated that phosphonate molecules can be detected
with such a device, but the sensitivity was insufficient for certain applications (e.g.,
detection of pesticides in foodstuffs). In this article, COMSOL simulations and design
of experiments were used to optimize the device. We find that both the simulation and
the experiment show that (i) the size of the pores in the membranes and (ii) the liquid
channel height make the most difference to the sensor response. Also, by optimizing
the geometry, the sensitivity of the device could be enhanced. The optimized
device can detect 10° molecules with good signal to noise. © 2009 American Institute of
Chemical Engineers AIChE J, 56: 241-247, 2010
Keywords: COMSOL simulation, microreactor, gas-liquid interface, nanoporous
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Introduction

According to recent reviews, there is a critical need for
more sensitive and more selective portable sensors for toxic
phosphonates.'™ Consequently, there is a need for improved
sensor designs. In previous papers,™® we presented a new
sensor design that showed better sensitivity and selectivity
than any previously reported portable sensor detection of
phosphonates in air. Our sensor design is advantageous,
because it uses a selective liquid chemistry to detect trace
amounts of highly toxic chemicals in air. The sensor consists
of a gas channel and a liquid channel separated by a porous
membrane, as shown in Figure 1. Air containing the phos-
phonates flows through the gas channel at high velocity. The
phosphonates diffuse out of the air and dissolve into the lig-
uid, where they react via Scheme 1 to yield a cyanide ion
that can be detected electrochemically.” The reaction is
selective to alkalating phosphonates and few related com-
pounds (e.g., isopropyl sulfonyl chloride, acetic anhydride®).
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We chose the two-chamber design because we wanted to
use a high-vapor flow rate and a low-liquid flow rate. The
high-vapor flow rate gives a fast response, whereas the low-
liquid flow rate allows us to minimize the reagents used in
the process. Most two-phase microfluidic designs show
unstable interfaces under the conditions of interest here.”™'*
The use of the membrane allowed us to stabilize the inter-
face, and thereby achieve lower detector noise and greater
reproducibility.

Our previous papers,”® demonstrated that the detection
system worked and had better sensitivity and selectivity than
any phosphonate detector reported previously. However, the
response time and sensitivity of the sensor are still not at
the desired levels for real-world phosphonate detection
(e.g., detection of pesticide vapors in food). Calculations
show that our initial sensor geometry is limited by the large
resistances due to the mass transport of phosphonate mole-
cules across the gas-liquid interface and into the liquid
microchannel. Therefore, improvements in sensor geometry
were possible.

The objective of the work reported in this article was to
optimize the design by (1) using COMSOL simulations to
optimize the geometry and understand which variables were
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Figure 1. (A) Schematic of the dual microchannel/membrane system. Vapor flows through the top microchannel
(0.25 mm wide by 0.1 mm deep) and is separated from the liquid microchannel (0.25 mm wide by 0.1 mm
deep) by a nanoporous membrane (0.006 mm thick) with 40 nm of sputtered gold on the membrane
surface closest to the liquid microchannel. (B) Double microchannel design.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

important to the response, (2) verify the model experimen-
tally, and (3) use the results to improve the sensitivity of the
device.

Experimental Methods
Fabrication of the microchannel sensor

The assembly of the microchannel sensor involves three
steps: (1) fabrication of microchannels, (2) deposition of the
electrode onto a nanoporous membrane, and (3) assembly of
the gas and liquid microchannels and the nanoporous mem-
brane. The microchannels were machined into a small poly-
carbonate block. To make the membrane coated with an
electrode, track-etch polycarbonate membranes of various
pore sizes (thickness 6 um; SPI) are sputtered with a 40-nm
thick layer of gold on the side of the liquid microchannel.
The track-etch membranes are purchased from SPI without
the PVP coating. The gas microchannel is made to overlap
the liquid microchannel. The membrane is sandwiched
between the two polycarbonate microchannels and the
assembly is bonded using epoxy. A schematic of the final
assembly is found in Figure 1.

Preparation of chemicals

The oxime solution is 10 mM 1-phenyl-1,2,3,-butanetrione
2-oxime (PBO, Aldrich) in a borate buffer (pH = 10).
Because oxime degrades and loses reactivity over several
days, fresh oxime solution is prepared for every experiment.
The chemical vapors, which are passed along the gas micro-
channel, are sampled with a syringe from pure liquid chemi-
cals in a bubbler and diluted with ambient air to the desired
vapor concentration.

Testing of the microchannel sensor

The testing set-up of the oxime sensor is the same as that
of our previous work by Oh et al.” A dual microchannel
design is used with a reference and active liquid microchan-
nel (Figure 1B). The oxime solution is passed along the lig-
uid microchannels using a manually operated syringe. Dur-
ing electrochemical measurements, the liquid in the micro-
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channels remains static. After each measurement, fresh
oxime solution is passed through the liquid microchannels to
remove reaction products present in the sensor. The vapor
sample is introduced into the active gas microchannel using
a syringe pump containing the diluted chemical sample at
the flow rate of 1 mL/min. The open-circuit potential
between the active membrane electrode and the reference
membrane electrode is measured as the output signal from
the microchannel sensor. By measuring the electrode poten-
tial of a gold electrode in diluted standard cyanide solution,
the equation for the CN™ concentration determined to be the
following:

E = 1255[CN"]***
where E is the open-circuit potential in millivolts. Open circuit

potential was measured at various channel geometry, mem-
brane pore size, and pore hydrophilicity.

ok
/OH |N/
_ —HyO
S =]
y (M o
Oxime
O| 2)
R2 F|= x| _y
R1
i
‘ HO. R 8
CN + Rz*r‘" R+ T <—OH Re T o\
N
OH 0 ©) Ri |
%R

Scheme 1. The reaction between an oxime and orga-
nophosphorous compound to yield a cyanide that can
be detected electrochemically.
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Table 1. Physical Constants for COMSOL Simulation of Multiphase Microreactor

Name Expression Description Reference
Ky 0.55 Henry’s Law Constant (atm cm® mol ") 16
k 579 x 10° Approximate reaction constant (cm® mole ' min~") 15
Dgas 0.01 Diffusivity of vapor-phase molecules (cm?/s) 8
Diiquid 1 x107° Diffusivity of liquid-phase molecules (cm?/s) 8
Cinitial oxime 1 x107° Initial concentration of oxime in solution (mol/cm®) 5
Cphosphonate 45 x 10712 Concentration of phosphonate vapor (mol/crn3) 5

Numerical Simulation Using COMSOL
Multiphysics

A numerical simulation of cyanide concentration in the
liquid microchannel and phosphonate concentration in the
vapor microchannel was performed over a range of channel
geometry and membrane pore size using COMSOL Multi-
physics 3.3 and the Chemical Engineering Module. The
model assumed that liquid was static and the air flowed par-
allel to the microchannels. We then solved the equations of
motion in three different regimes: the liquid channel, the gas
channel, and the porous membrane.

The constants used in the simulation can be found in
Table 1. Air and liquid diffusion coefficients of Dy, = 0.01
cm?/s and Diiquia = 1 x 107> cm?/s were used.® The diffu-
sivity of phosphonate vapor through a hydrophobic mem-
brane, D,,, was estimated using a model for gas diffusion in
porous media'”:

Dm = Dgussg (1)

where ¢ is the porosity of the nanoporous membrane. The
value of ¢ varies with respect to pore size by the following:

w-l @
where 7 is the number of pores, d is pore diameter, w is
channel width, and / is channel length.'” When simulating
transport through PVP-coated, hydrophilic pores, it is assumed
that the pores are wicked with liquid.

Concentration of phosphonate vapor (4.5 x 107> mol/
cm®) and initial concentration of oxime solution (I x 107>
mol/cm’) were taken from the experimental procedure. The
reaction rate follows a second-order rate law with respect to
oxime and phosphonate concentration and has a rate constant
(k) of 5.79 x 10’ cm’ mole™" min~'.®

Results and Discussion
Results from COMSOL simulation

Figure 2 shows simulation results of how the phosphonate
concentration varies perpendicularly to the membrane at a
point 0.125 cm from the leading edge of a 0.0075 cm deep,
0.25 cm long microchannel. The simulation assumed that the
membrane was a 0.0006-cm thick with 50-nm hydrophobic
pores, the liquid microchannel contains 10 mM oxime solu-
tion and 1 cm’/min of gas containing 100 ppb of analyte
flows in the vapor microchannel. Note that the analyte con-
centration is almost constant in the gas phase then decays
exponentially into the liquid. These results suggest that most
of the mass transfer resistance is in the liquid side of the
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membrane, since diffusivities are so much lower in the lig-
uid phase than in the gas phase.

The simulation was then used to vary multiple geometric
reactor parameters, to determine their effect on sensor
response. Simulation results show that varying the width and
length of the microchannels has no effect on the sensor
response. Width is changed in our two-dimensional simula-
tion by varying the superficial velocity. Changing parame-
ters, such as channel depth and pore size, however, had a
large effect on sensor response. It should be noted that
changing the pore size and channel depth should have the
largest effect on response.

Figure 3A shows simulations results for the effect of pore
size in the nanoporous membrane on sensor response for a
microchannel 0.25 mm wide, 0.1 mm deep, and 5 mm long
with hydrophobic pores. In this simulation, the liquid micro-
channel contains 10 mM oxime solution and 1 cm?/min of
gas containing 100 ppb of analyte flows in the vapor micro-
channel and response is measured after 30 s. Note that as
pore size increases from 10 to 100 nm, the sensor response
increases in the form of cyanide ion concentration. Figure
3C shows that mass transport across the membrane increases
proportionally with larger pores due to an increase in open
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Figure 2. Simulation results for the phosphonate con-
centration profile along the depth of the
microreactor.

The microchannels are 0.0075 cm deep and are separated by
a 0.0006 cm thick membrane and the concentration profile is
taken at a position halfway down the length of the microreac-
tor (0.25 cm) after 90 s. The nanoporous membrane contains
pores that are 50 nm in diameter and are considered hydro-
phobic. Phosphonate enters the microreactor at 4.5 x 10~ '?
mol/cm® and the gas—liquid interface is saturated with phos-
phonate vapor. Phosphonate enters the liquid microchannel
and begins to react with oxime solution.
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Figure 3. (A) Simulation results for the effect of pore size in the nanoporous membrane on sensor response.

Cyanide ion concentration reported is for a microchannel that is 0.25 mm wide x 0.1 mm deep x 5 mm long after a time of 30 s; the lig-
uid microchannel contains 10 mM oxime solution with 100 ppb analyte gas at a flow rate of 1 cm”/min in the vapor microchannel and the
cyanide concentration is measure after 30 s. (B) Experimental results for the effect of pore size of the nanoporous membrane on sensor
response; the liquid microchannel (0.25 mm wide x 0.10 mm deep x 5 mm long) contains 10 mM oxime solution in borate buffer (pH = 10)
with 100 ppb analyte gas at a flow rate of 1 cm®/min in the vapor microchannel; the potential is reported after 30 s. (C) Effect of open surface
area on cyanide ion concentration. Calculated (black diamonds) and experimental results (black squares) are reported as cyanide ion concentra-
tion. Dimensions and experimental procedure are the same as those listed above.

surface area and therefore porosity of the nanoporous mem-
brane. The larger open surface area increases the gas—liquid
interface and allows more phosphonate molecules to cross
into the liquid microchannel.

Figure 4 shows the effect of channel depth on sensor
response from the COMSOL simulation for a microchannel
0.25 mm wide and 1 cm long with 50 nm hydrophobic
pores. In this simulation, the liquid microchannel contains
10 mM oxime solution and 1 cm®/min of gas containing 100
ppb of analyte flows in the vapor microchannel and response
is measured after 30 s. Note that as the channel depth
decreases from 0.2 mm to 0.05 mm, the sensor response
increases in the form of increased cyanide concentration.
The increase in response may be due to a build up of cya-
nide ions or phosphonate molecules near the gas-liquid
interface caused by a smaller amount of liquid in reduced
channel depths.

Experimental results with oxime microreactor

After study of the statistical analysis of the COMSOL
simulation, a design of experiments was completed based on
the simulated data. From the simulation results, it was noted
that varying channel length and channel width did not have
a large effect on sensor response while varying channel
depth and pore size. Therefore, testing of the oxime micro-
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reactor focused on changing channel geometry and pore size
to determine the effect of each on sensor response.

Figure 5 shows experimental results for the response of an
oxime microreactor to phosphonate vapor for a microchannel
0.05 mm deep, 0.25 mm wide, and 5 mm long. In this
experiment, the liquid microchannel contains 10 mM oxime
solution and 1 cm®/min of gas containing 100 ppb of analyte
flows in the vapor microchannel after 15 s. Note that the
sensor response occurs within seconds and the mass transport
of phosphonate molecules across the nanoporous membrane
and into the liquid microchannel is fast enough for the
oxime microreactor to be a viable, rapid-response phospho-
nate sensor.

Figure 3B shows experimental results for the effect of the
pore size in the nanoporous membrane on sensor response
for a liquid microchannel 0.25 mm wide, 0.10 mm deep. In
this experiment, the liquid microchannel contains 10 mM
oxime solution and 1 cm’/min of gas containing 100 ppb of
analyte flows in the vapor microchannel and potential is
recorded after 30 s. Note that as the pore size increases from
10 to 50 nm the response of the sensor also increases from
11 to 60 mV (Pore sizes above 50 nm could not be tested
due to flooding of the oxime solution into the vapor micro-
channel). Figure 3C shows that mass transport across the
membrane increases proportionally with larger pores due to
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Figure 4. (A) Simulation results for the effect of chan-
nel depth on cyanide ion concentration.

The microchannels are 0.25 mm wide and 10 mm long with
50 nm pores in the nanoporous membrane. The liquid
microchannel contains 10 mM oxime solution with 100 ppb
analyte gas at a flow rate of 1 cm’/min in the vapor micro-
channel and the cyanide concentration is measured after 30
s. (B) Experimental results for the effect of channel depth
on sensor response.

The liquid microchannel is 5 mm long by 0.25 mm wide
and the depth of the channel is varied (pore size = 50 nm).
The liquid microchannel contains 10 mM oxime solution in
borate buffer (pH = 10) with 100 ppb analyte gas at a flow
rate of 1 cm”/min in the vapor microchannel. The potential
is reported after 30 s.

an increase in open surface area and therefore porosity of
the nanoporous membrane. The larger open surface area
increases the gas—liquid interface and allows more phospho-
nate molecules to cross into the liquid microchannel.

Figure 4B shows the experimental effect of channel depth
on sensor response for a 5 mm long liquid microchannel
with varying channel depth with 50 nm PVP-free mem-
branes. In this experiment, the liquid microchannel contains
10 mM oxime solution and 1 cm®/min of gas containing 100
ppb of analyte flows in the vapor microchannel and potential
is recorded after 30 s. Note that as the channel depth
decreases from 0.2 mm to 0.05 mm the sensor response
increases. These results may be due to an increased build-up
of cyanide ions or phosphonate molecules at the electrode sur-
face for smaller channel depths.
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Figure 5. Experimental sensor response vs. time for the
oxime microreactor after exposure to phos-
phonate vapor.

The liquid microchannel (0.05 mm x 0.25 mm X 5 mm)
contains 10 mM oxime solution in borate buffer (pH = 10).
The phosphonate anal;lte (100 ppb) is introduced after 15 s
at a flow rate of 1 cm”/min and the sensor shows a response
almost instantly proving the oxime microreactor can be a
viable rapid-response phosphonate sensor.

Figure 6 shows the experimental results for the effect of
vapor residence time on sensor response for a liquid micro-
channel 0.25 mm wide, 0.10 mm deep, and 5 mm long. In
this experiment, the liquid microchannel contains 10 mM
oxime solution and 1 cm’/min of gas containing 100 ppb of
analyte flows in the vapor microchannel, and potential is
recorded after 30 s. Note that the vapor residence time has
very little effect on the sensor response with an average
potential response of 73 mV.

Comparison of Experimental Data and
Numerical Simulation

A comparison of the numerical simulation and experimen-
tal data is shown in Table 2. Note that in both experimental
results and numerical simulations, varying the channel
length, and channel width had little to no statistical affect
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Figure 6. Experimental results for the effect of vapor
residence time on sensor response.

The liquid microchannel contains 10 mM oxime solution in
borate buffer (pH = 10) with 100 ppb phosphonate analyte
gas at a flow rate of 1 cm’/min in the vapor microchannel.
The potential is reported after 30 s with an average potential
response of 73 mV and a standard deviation of 8.5 mV.
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Table 2. Comparison of Experimental Data to Simulation Results for Varying Geometric Reactor Parameters

Geometric Parameter Range Studied

Slope Calculated from Simulation

Slope Determined from Experimental Measurement

Residence time 0.05 to 0.5 ms 0 0.004 + 0.26 mV/ms
Channel length 1 to 8 mm 5 + 4.6 mV/mm 0.5 £ 2.0 mV/mm
Channel width 0.25 to 1 mm 45 £+ 46 mV/mm 18 £+ 52 mV/mm

Channel depth
Pore size

0.05 to 0.25 mm
10 to 100 nm

—106 £ 25 mV/mm
1047 £ 155 mV/um

—296 + 90 mV/mm
1225 4+ 400 mV/um

Statistical analysis shows that channel length, channel width, and residence time have little or no effect on sensor response for both experiments and simulations.
However, an increase in both pore size and a decrease in channel depth have the largest affect on response.

(slope close to zero) on sensor response. Conversely, channel
depth has a large affect on sensor response in both simula-
tion and experimental results. For example, both experimen-
tal and simulation results show a significant effect for
decreasing channel depths. These results show that one
important resistance is the mass transport of phosphonate
diffusion perpendicular to the nanoporous membrane, and
therefore depth of the microchannel is an important factor in
sensor design.

Table 2 also shows that residence time has no affect on
the response of the sensor. This trend is due to the saturation
of the gas-liquid interface with phosphonate molecules.
Most importantly, this trend shows that another rate deter-
mining step in phosphonate molecule transport occurs at the
gas—liquid interface and the pore size of the nanoporous
membrane is therefore extremely important. Accordingly,
Table 2 shows that increasing pore size increases sensor
response. This result shows that increasing the surface area
of the gas—liquid interface has a large impact on sensor
response.

From the simulation and experimental results, it was
determined that the important resistances of the system are
mass transport of phosphonate diffusion perpendicular to the
nanoporous membrane and phosphonate molecule transport
across the gas—liquid interface. Therefore, a microreactor
with a shallow channel depth and large (at least 50 nm) po-
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Figure 7. Sensitivity of oxime sensor before and after
geometric optimization.

The circular points show that our previous sensor had a
detection limit of more than 10'" molecules. After geomet-
ric optimization the detection limit of sensor was lowered
two orders of magnitude to the order of 10° phosphonate
molecules. Note that the response of our optimized sensor is
larger than the response from our previous design.
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rous membranes provided the best sensor response. From
Eq. 4, we calculate a Thiele number of 0.09 after geometric
optimization. A Thiele number much less than 1 means that
our system is under kinetic limitations and this result shows
that our microreactor geometry is now optimized.

¢ =hy)~ 3)

The optimized geometry provides a microsensor that has
the extremely low sensitivity of 10° phosphonate molecules
and has a rapid response.

Figure 7 shows the sensitivity of the oxime sensor before
and after geometric optimization for a liquid microchannel
0.25 mm wide, 0.050 mm deep, and 5 mm long. In this
experiment, the liquid microchannel contains 10 mM oxime
solution and 1 cm’/min of gas containing analyte flows in
the vapor microchannel and potential is recorded after 30 s.
In our geometric optimization, the channel depth was
decreased from 0.1 mm to 0.05 mm and the pore size was
increased from 10 to 50 nm. The limit of detection is found
where the signal to noise ratio is equal to 3. The shape of
the optimized curve is due to the exponential relationship
between cyanide ion concentration and potential.

Note that the geometric optimization of our microsensor
design decreased our detection limit by two orders of magni-
tude from 10'' to 10° phosphonate molecules. It is also
important to note that the response of the optimized sensor
at all concentrations is larger than the response from our pre-
vious design. The decrease in the detection limit and
increase in sensor response makes our optimized sensor ap-
plicable for use in real-world phosphonate detection (e.g.,
pesticide detection in foodstuffs).

Conclusions

In this study, a numerical simulation of our previously
designed multiphase microreactor for use as a phosphonate
sensor was created. The first generation phosphonate sensor
showed promise initially; however, the sensitivity was insuf-
ficient for certain real-world applications. The COMSOL
simulation was used to design a set of experimental condi-
tions, to further optimize the microreactor. The experimental
results were then compared with the numerical simulation to
further understand the underlying transport phenomenon and
optimize the senor geometry. Both experimental results and
numerical simulation show that a decrease in channel depth
and an increase in pore size allow for faster mass transport,
faster sensor response, and lower detection limit.
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The geometric optimization of the microsensor decreased
our detection limit from 10'' to 10° phosphonate molecules
and also increased sensor response at all concentrations. The
decrease in the detection limit and increase in sensor
response makes our optimized sensor applicable for use in
real-world phosphonate detection.

The results from this study show that future work should
be done to optimize the reaction parameters, such as solvent,
oxime concentration, and temperature. Also, the sensor
should be tested with a range of interferents to access its se-
lectivity. Using a mixture of buffer and aprotic solvents like
ethanol will allow work with a higher oxime concentration
while the solvent will act as a catalyst for the oxime reaction.
The results from this study also show that fabrication of the
microsensor should be done in silicon. For polycarbonate
machining, 0.05 mm is the lower limit of channel depth.
However, by moving the sensor into a silicon wafer, we can
create smaller channels and may be able to further improve
sensor response. Also, by creating a porous membrane with a
silicon wafer, we can create a more hydrophobic membrane
with a higher porosity. Optimizing the reaction parameters
and fabricating the device in silicon will allow us to further
improve sensor response and lower detection time.
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