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Abstract— Colorimetry is a powerful sensing principle that
detects a target analyte based on a reaction-induced color change.
The approach can be highly sensitive and selective when a
sensing material that reacts specifically with the analyte is found,
but the specific reaction is usually accompanied by slow recovery
and irreversibility, making continuous monitoring of air quality
difficult. Consequently, colorimetry is often one-time only and
single point measurement. To overcome the difficulty, the present
work reports a combined microfluidic and colorimetric approach
that measures time evolution of a color gradient along a
microfluidic channel via a Complementary Metal Oxide
Semiconductor (CMOS) imager. The change of the color gradient
provides continuous monitoring of the analyte concentration over
many hours, and the principle and capability of the approach is
demonstrated by theoretical simulation, and experimental
validation with real samples.

Index Terms— Environmental sensors,
colorimetry, nitrogen oxides, ozone.

chemical sensors,

I. INTRODUCTION

ONITORING of reactive chemicals, such as nitrogen

oxides (NO,) and ozone, in air is critical for
environmental protection and studies of problems, such as
traffic related pollution[1], acid rain[2], ozone layer
depletion[3] and photochemical smog[4]. These pollutants can
cause serious health problems[5], especially in children and
people with sensitive respiratory diseases[5, 6]. In January,
2010, U.S. Environmental Protection Agency (EPA) raised
the National Ambient Air Quality Standard (NAAQS), and set
a new hourly NO, standard to 100 ppbV while retaining
existing annual average standard of 53ppbV[7]. To date the
most commonly used detection method for NO, is based on
fixed air quality monitoring stations[8] using equipment based
on chemiluminescence detection combined with catalytic
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reduction of NO,[9]. The chemiluminescence equipment is the
gold standard for NO, measurement, but it requires a powerful
vacuum pump and in situ ozone generation, which demands
high power, volume and cost,[10] and further generates an air
pollutant.

In order to assess air pollutants with high spatial and
temporal  resolution at personal level and in
microenvironments, it is necessary to develop a low cost, low
power, large dynamic range, and miniaturized device that can
provide real time and continuous monitoring of air pollutants.

Colorimetric method detects an analyte based on a color
change induced by a specific reaction of the analyte with a
sensing material. The method is widely used for its simplicity,
high sensitivity, and selectivity. Recently, colorimetric
detection has been successfully used in an electronic nose
fashioned to provide a rather universal platform for
identification of complex compounds[11]. The specific
reaction is responsible for the high specificity and selectivity,
but it also leads to slow recovery and irreversibility, making it
difficult for continuous monitoring of toxic chemicals in air
over a long time. For these reasons, colorimetric method is
often for one-time use only.

Here we present a colorimetric detection method that can
sensitively, continuously, and selectively monitor toxic
chemicals. It combines the concept of colorimetric sensor with
microfluidic and CMOS imaging (e.g., webcam) techniques
(Fig. 1). The sample air flows through a microchannel coated
with a sensing material specific for a target analyte, and the
reaction of the analyte with the sensing material leads to a
change in color along the microfluidic channel from the inlet
to the outlet, which is monitored in real time with the CMOS
imager. The color in the region near the inlet changes first
because this region reacts with and consumes most of the
analytes. Consequently, a color gradient, reflecting the
concentration gradient of the reaction products, develops near
the inlet. As the reaction consumes the sensing material near
the inlet, the color gradient moves along the channel towards
the outlet, and a change of the color gradient over time
recorded with the CMOS provides a real time and continuous
monitoring of the analyte. An image processing routine
follows the color gradient along the channel and determines
the analyte concentration. Furthermore, due to the presence of
“downstream” fresh sensing material, the approach facilitates
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continuous detection without losing sensitivity, and maximizes
the dynamic range of the detection. We have carried out
theoretical simulation and analytical experiments to validate
the new detection approach, and tested real environmental
samples to demonstrate its usability.
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Fig. 1. Schematics of the experimental setup and the sensing channel.

Il. EXPERIMENT AND SIMULATION METHODS

A. Microfluidic channel and flow system

The microfluidic channel with a dimension of 150 pm
(depth) <1 mm (width) <7 mm (length) is fabricated on an
acrylic substrate (U.S. Plastic Corp.) using CNC machine. The
acrylic channel is uniformly coated with silica gel solution
(Whatman Ltd., P/N:4410221). The silica gel solution is
prepared in an aqueous solution (silica gel: water =1:7) of a
NO, sensing material (see below). After coating, the silica gel
channel is dried in vacuum for half an hour at room
temperature. The silica gel is chosen because of its porous
structure, which provides high loading capacity of the sensing
element and excellent sensitivity for  monitoring
environmental NO,.

B. Sensing material for NO,

The sensing material is 0-phenylenediamine (PDA) (Sigma-
Aldrich, Inc.), a sensitive and selective material for NO,
detection[12]. PDA is colorless and turns into yellow upon
reaction with NO,. The reaction is irreversible and has an
intrinsic fast kinetics with a colored phenazine derivative as
product, which allows NO, detection and quantification (see
below)[12]. In addition, since PDA has a relatively high
oxidation potential, it offers excellent selectivity against other
common interferences present in ambient air. Previous studies
by us showed that the sensing material is highly selective
against common interfering chemicals, including SO,, CO,
CO,, NHs, H,S, acetone, and ethanol[12]. However, ozone, a
strong oxidant, appears to interfere with the detection. To
minimize this interference, an ozone scrubber filter based on
molybdenum oxide derivative (2B Technologies, Boulder,
Co.) is used to remove ozone. This material can also adsorb
NO, but with much lower effiency. The mass and packing of
the ozone scrubber is optimized to remove 100% ozone while
preserving 90% of NO, Humidity, also an interference, is
removed by a nafion tubing(Perma Pure, LLC). In order to
measure total NO, (NO + NO,), an additional homemade filter

with sodium permanganate particles (Purafil™) packed in a

glass tube is used to oxidize NO to NO, and enable the NO
detection concurrently with NO,.

C. Optical detection

A device based on the microfluidic and colorimetric
concept is fabricated (Fig. 1.). A white LED (LEDtrnics. Inc.)
connected to a constant current source is used as light source
to illuminate the microfluidic channel. A CMOS detector
(Logitech, Inc.) is used to record videos of the channel area
with a frame rate of 5 frames per second (fps). Nineteen
regions along the channel are chosen for detailed analysis of
reaction kinetics. A reference region outside the channel is
selected for calculating the absorbance using a Matlab
program. The Matlab program deconvolutes the color
information, and calculates the average intensity values (1) of
red (R), green (G), and blue (B) components for each of the 20
regions (19 sampling regions inside the channel and 1
reference region outside the channel), and then determines the
absorbance change for each sampling region inside the
channel using the following equation:

AA = -lOg( I sampling(t)/ I referenc&t)) - constant (1)

where lsampling aNd lreference @re R or G or B intensity values, and
“constant” is the initial absorbance value before the analyte is
brought into the channel. The absorbance change is used to
determine the analyte concentration using procedures
described in later sections. We note that the reference region
allows us not only to calculate the absorbance changes, but
also to correct drifts from the light source. UV-visible
spectrum previously showed that the reaction product between
PDA and NO, produces the largest change in the blue
component due to a maximum absorbance at 380-390 nm[12].
For this reason, the absorbance changes are calculated from
the blue component of the CMOS imager.

D. Sample collection and measurement

For lab-based testing, air samples with different NO,
concentrations are prepared in Tedlar bags. To obtain samples
with different NO, concentrations, varying amounts of 50
ppmV standard NO, gas purchased from Praxair, Inc. are
injected into and diluted in 4L clean Tedlar bags. For testing
real samples, the gas samples are first collected into Tedlar
bags using a pump with a homemade particle filter (polyester
fibers) at the inlet, and then taken back to the lab for
measurement. A miniature pump (Schwarzer Precision, Co)
with a fixed flow rate of 40ml-min™ is used to introduce the air
sample into the microchannel. All the gas samples are handled
with caution.

E. Simulation method

To numerically simulate the chemical reaction kinetics and
mass transport of the analytes along the fluidic channel[13],
we divide the channel into two domains, shown by the cross
sectional view of the channel in Fig. 1. The upper domain
(domain 1) is the space between the top of silica gel layer and
the ceiling of the channel, in which sampled air containing the
analyte flows, and the lower domain (domain 2) is the silica
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gel layer containing the sensing material, PDA. We first
calculate the velocity field (linear velocity distribution) of the
gas sample along the channel by solving momentum transport
equations for each domain with appropriate boundary
conditions[14]. In the calculation of the velocity field, we
neglect the reaction of the analyte in domain 2. This
approximation is reasonable as long as the analyte
concentration is low compared to the concentration of other air
components (typically ~ 20% oxygen and 80% nitrogen), so
that the reaction in domain 2 does not change the distribution
of the velocity field.

When simulating the velocity field of the analyte it is
decoupled from the diffusion, convection and reaction of the
system in the simulation. In domain 1, we assume that the air
samples are incompressible Newtonian fluids. This is a valid
assumption because the flow velocity is much smaller than the
velocity of sound in air[15]. The incompressible Navier-
Stokes equation used in this domain is written as

pula)+pu-V)u=V-[-pl+7(Vu+(Vu)")]

)
where u is the flow velocity, p is the pressure, p is the density
(1 kg'm®) and 7 is the dynamic viscosity (1.78 x 107 Pa-s)[16]
at 300 K.

We model domain 2, where the silica gel is present, as a
porous medium, in which Brinkman equation applies[17].
Note that the equation is an extension from Darcy's law, and
given by

(nlx)u=V-[-pl+1/ & {n(Vu+(Vu)' -
2n13(V-u))}]

where ¢, is the porosity of silica gel (0.76) and « is the
permeability (1 x 107 m?). The porosity is calculated from the
channel preparation process and permeability is an estimate
from the experiment.

The boundary conditions are defined as follows:

Inlet: U = 1.5 m-s™, which is normal inflow velocity.

Outlet: po= 0 kPa, which means no viscous stress at the end
of the channel.

Interface between domains 1 and 2: continuity conditions.

All the other boundaries: velocity u equals to 0.

Upon solving the equations (2) and (3), the velocity of the
gas sample is simulated using Comsol 4.0.

After determining the velocity field, we use the information
to solve the reaction of the analyte in domain 2. The reaction
can be denoted as: ¢(g)+n(s) — p(S), where c is the

analyte concentration, n is the density of binding sites
available for the reaction and p is the product concentration
generated by the reaction.

In domain 1, only the analyte is present, and no reaction
takes place. The concentration distribution of the analyte in
domain 1 is described by the following convection-diffusion
equation:

oclot=V -Ve+ DV 4)
where V is the velocity of the air sample in domain 1, which is
pre-determined in the first step, D is the diffusion coefficient

©)

of the analyte in domain 1[18], which is equal to 1.3x10°m*s’
'119]

In domain 2, the reaction takes place, which changes the
concentrations of the analyte (c), binding sites (n), and
reaction product (p), and an additional term representing the
reaction is included in the convection-diffusion equation. In
addition, a rate equation relating the change of the binding
sites and the analyte concentration is also considered. The
equations describing these processes are as follows:

oclét =V -Ve+ DV2e—ken (5)

on/ ot =—ken (6)
where k is the reaction rate coefficient equal to 2 m*mol™s?,
and D is the diffusion coefficient in domain 2 (equal to D in
domain 1). Since diffusion is relatively small compared to
convection, it has small effect on sensing. The k is obtained by
comparison of simulation and experimental results obtained
with a sensing surface with no mass transport limitations.

The boundary conditions are defined as follows:

Inlet: c(t) = f(t), which is determined by the analyte
concentration of the air sample, a quantity to be measured.

Outlet: c=0, which means the convective flux is the
dominant component at the outlet.

Interface between domains 1 and 2: continuity boundary
condition is assumed.

All the other boundaries: —DVc+cV , the inward flux, is
set to zero, which is valid as long as the system is closed
(sealed) at these boundaries.

Solving equations (4)-(6), together with the boundary
conditions defined above, allows us to determine c(x,t) and
n(x,t) along the channel using Comsol 4.0. The color change is
proportional to p(x,t), the reaction product distribution, which
is directly related to n(x,t) by p(x,t) = ng - n(x,t), where nq is
the initial reaction sites concentration. In other words, the
depletion of the reaction sites equals the generation of the
reaction product.

I11. RESULTS AND DISCUSSION

A. Simulation

We described the basic principle of the combined
microfluidic and colorimetric detection in the introduction. To
fully evaluate the principle, we carried out theoretical
simulation by solving the transport and reaction rate equations
with proper initial and boundary conditions using the method
described above. From the simulation, direct observation of
the color progression can be obtained. Fig. 2. shows the
simulation results of the sensor when exposed to clean air for
5 minutes, followed by exposure to 1 ppmV NO, for 0.5, 1.0
and 1.5 hours, respectively, and to clean air again for 5
minutes. The concentration profile of unreacted binding sites
along the channel and its evolution with time is shown in Fig.
2A. We note that due to symmetry with respect to the x-axis,
only a half of the width was simulated. At t=0.5 hr, a small
portion of the channel near the inlet begins to react, but the
region near the outlet remains unreacted (same color). At t=1.0

Copyright (c) 2011 |EEE. Personal use is permitted. For any other purposes, permission must be obtained from the |EEE by emailing pubs-permissions@ieee.org.



This article has been accepted for publication in afuture issue of this journal, but has not been fully edited. Content may change prior to final publication.
Wang et al.: A Microfluidic- Colorimetric Sensor for Continuous Monitoring of Reactive Environmental Chemicals 4

hr, more color changes can be seen along the channel even in
the region close to outlet. At t=1.5 hr, the binding sites near
the inlet are closer to full depletion (saturation), but the
remaining portion, especially regions near the outlet remain
unsaturated.
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Fig. 2. A) Concentration profile of unreacted binding sites along the channel
when exposed to clean air for 5 minutes, followed by exposure of 1ppmV
NO2 for 0.5, 1 and 1.5 hours, respectively, and clean air for 5 additional
minutes. The concentration profile also represents the color progression or
optical absorbance along the channel. B) The absorbance changes over time
for different regions of the channel (represented in different colors). C) After
applying equation (9), each region provides the concentration profile at
different amplitudes. Different colors represent different regions.

The color changes shown in fig. 2A reflect the
concentration changes of the binding sites along the channel,
which is proportional to the absorbance change. So we can
obtain the relative absorbance change, which can be
experimentally measured using the following equation:

A'A‘/AAmax = (no - n(t))/no (7)
where the denominator ny is proportional to the maximum
absorbance change (Ny = Pmax, No @ AAna) and taken into
account for normalization of optical path length and extinction
coefficient of p. Fig. 2B plots the relative absorbance change
vs. time at different locations along the channel (represented
by solid lines with different colors). The plot shows a linear
response to NO, with time. It also shows that the relative
absorbance changes the most at the inlet (largest slope), and
least at the outlet (smallest slope).

A more direct way to relate the color pattern to the analyte
concentration in air is to re-express equation (6) as

1 dn 1 d
c(xt)=——-t= = P
kn dt k(n,—p) dt
where p = ng - n, is used to express n in terms of p. Since the
absorbance change, AA, is proportional to p, and equation (8)
becomes

(8)

oo LGN 1 dMA
’ K(AA,,, —AA) dt

. 9
kn dt ®

where AAna IS the maximum absorbance. At the inlet, Cliyet =
f(t), the analyte concentration in air sample, so that

1 dAA
K(AA,, —AA) dt

concentration. Numerical simulation also shows that the time
1

d
K(AA, ., —AA) dt
channel is proportional to the analyte concentration (Fig. 2C).
The simulation confirms that one can determine the analyte
concentration by employing a microfluidic channel and a
CMOS imager. The imager monitors the color change along
the entire channel so that one can focus on the regions with
unreacted sites, thus avoiding saturation problem in the
conventional  colorimetric  sensors  without  sacrificing
sensitivity. This approach maximizes dynamic range and
lifetime, and allows for continuous monitoring of reactive
analytes.

lintet measures the analyte

profile of at any location along the

B. Experimental validation

In addition to theoretical simulation, we have carried out
systematic experiments to further validate the microfluidic-
colorimetric detection principle. As described in the
experimental section, the sensor chip consists of a microfluidic
channel with its bottom surface coated with a layer of PDA-
modified silica gel. We connect the inlet of the microfluidic
channel to an air sample containing different concentrations of
NO, via a tubing. The microfluidic channel is exposed to NO,
with concentrations varying between 0 to 1 ppmV to cover the
need of environmental monitoring.
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Fig. 3. Calibration of the sensor response to NO2. The linear fitting of the data
gives a sensitivity of (3.27 +0.08 ) x 10° (2.44%). The inset is the
calibration curve in log scale.

Fig. 3 plots the absorbance change determined with
equation (1) vs. analyte concentration, showing a linear
response to NO, over a wide dynamic range. These data are
taken on the same microfluidic channel by applying equation
(9) over the entire channel. The noise level of the absorbance
is 10” over a period of ~30 mins, which determines a
sensitivity of 50 ppbV'min, and allows detection of 10 ppb
NO, in 5 minutes of sampling. This detection limit meets the
needs of most environmental monitoring and industry safety
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Fig. 4. Measured A) and simulated B) absorbance changes vs. time at different regions along the channel. Different colors represent different regions.
The inset in A) is the injected NO2 concentration profile. For each concentration, the injecting time is 5 minutes. Measured C) and simulated D)
absorbance changes along the channel at different times. Different colors represent different times. Measured E) and simulated F) concentration profiles

applications. The lifetime of the sensor is determined by the
reaction capacity, which was calculated to be 1.8 ppmV-hr by
integrating the analyte concentration over time until color
saturation. This indicates the sensor can last for 18 hours for a
continuous exposure to 100 ppbV of NO,. This lifetime is long
enough to monitor a person's exposure continually for a
working day.

To further validate the microfluidic-colorimetric detection,
we measure the color pattern along the channel, and its time
evolution upon exposure to a range of concentrations of NO,.

As shown in the inset of fig. 4A, the concentration steps up
from zero to 100 ppbV, 500 ppbV, and 1000 ppbV
sequentially, and then steps down to 500 ppbV, 100 ppbV, and
zero. At each step, the concentration is held constant for 5
mins. This process is repeated three times. Fig. 4A shows the
absorbance change vs. time at multiple locations along the
channel (solid lines with different colors), where the three
large steps correspond to the three sample injection cycles. It
also shows that although the inlet shows the largest
absorbance change, other regions along the channel also
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Fig. 5. A) Absorbance change of the sensor when exposed to different gas samples. B) NOXx level of different sources.

displays a similar absorbance change pattern. Fig. 4C plots the
absorbance variation along the channel at different times,
showing more clearly different reaction rates along the entire
channel. Note the curves in fig. 4C are obtained with equal
time interval, but they are not equally spaced. In fact, they can
be divided into three groups based on the spacing (see arrows
in fig. 4C). The large spacing corresponds to the fastest
change in the absorbance, which is due to a sample injection
cycle.

Although both figures 4A and C contain analyte
concentration information, the best way to extract the analyte

1 dAA
K(AA,..—AA) dt

over the channel. Fig. 4E shows such plot, which reproduces
the analyte concentration variations. We have carried out
theoretical simulations of the processes using the same inlet
concentration profile as the experiments and estimated binding
sites concentration (no = 250 mol'm™). Figures 4B, D and F
show the corresponding simulation results. The absorbance
change and the concentration profile are obtained using
equations (7) and (9). The amplitudes of the simulation data
are adjusted by multiplying a constant. The simulated results
are in excellent agreement with the experimental data.

concentration of the sample is to plot

C. Field tests

We performed field tests by sampling air at several
locations, including apartment, car exhaust, a busy road, and
laboratory, where NO, concentrations vary over orders of
magnitude (Fig. 5). Clean air was first introduced to establish
baseline and the gas sample is then connected to the system
(Fig. 5A). The NO, concentration is calculated from equation
(9). The NOy level of the apartment was found to be lower
than 10 ppbV, suggesting the indoor air had no significant
NO,. In contrast, the NO, level in the laboratory was found to
be ~100 ppbV. The traffic air sampled at a busy road in

Tempe, AZ, during rush hour showed a high level of NO,,
~200 ppbV. The air sampled directly from the car exhaust had
an extremely high NO, level of 1 ppmV. These field tests
were preliminary and not meant for a thorough study of air
quality, but it demonstrates that the microfluidic-colorimentric
detection can provide continuous monitoring of air quality of
microenvironments. The miniaturized size, and the
unprecedented temporal and spatial resolution are expected to
provide epidemiologists and environmental scientists a new
tool to monitor personal air pollution exposures levels and to
study sources and transport mechanism of air pollutants.

IV. CONCLUSION

A microfluidic-colorimetric approach was developed to
overcome the longstanding  difficulties, including
irreversibility, slow recovery, and limited lifetime that are
inherent to the conventional colorimetric sensors. These
difficulties prevent the use of the colorimetric sensor for fast
and continuous monitoring of air pollution. To establish the
microfluidic-colorimetric approach, theoretical simulations
and analytical experiments are carried out and compared with
each other. The results show that the approach can prolong the
sensor's lifetime without sacrificing its sensitivity. In the case
of NO, detection, the sensor can continuously monitor air
quality over 18 hours with a detection limit of 50 ppbV-min.
The detection principle can be extended to the detection of
other analytes. Preliminary field tests have also been carried
out to demonstrate the sensor’s capability of monitoring NOy
level in a variety of real environments. The small dimension of
the sensor and low power consumption promise a miniaturized
sensor for monitoring personal exposure to microenvironment,
and for mapping local air pollution for environmental
protection and studies.
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