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Abstract: Practical gas–liquid interfacing is paramount in microfluidic technology, particularly in
developing microfluidic gas sensors. We have created an easily replicable membrane-based closed
microfluidic platform (MB-MP) to achieve in situ gas–liquid contact for low-resource settings. We
have fabricated the MB-MP using readily available materials like double-sided tape or parafilm
without conventional soft lithographic techniques. The response characteristics of the MB-MP are
studied using CO2 as the model gas and bromothymol blue dye as the sensing material. The dye’s
color change, indicative of pH shifts due to CO2 absorption, is captured with a digital microscope and
analyzed via the ImageJ software package v1.54g. The response shows saturation and regeneration
parts when cycled between CO2 and N2, respectively. Experiments are conducted to investigate
the response characteristics and saturation rate under different conditions, including changes in
volumetric flow rate, gas stream velocity, and dye solution volume. We observe experimentally
that an increase in volumetric flow rate decreases the delay and increases the saturation rate of the
response, surpassing the impact of the gas stream’s increased velocity. Furthermore, increasing the
dye volume results in an exponential decrease in the saturation rate and an increase in the delay.
These insights are essential for optimizing the platform’s response for point-of-use applications.

Keywords: gas–liquid interface; microfluidics; membranes; gas sensor

1. Introduction

Microfluidics has found wide applications in the field of sensors. Microfluidics has
been widely used to develop liquid sensors for detecting biological analytes [1–5], heavy
metal ions [6–10], and other contaminants [11–15]. Recently, the use of microfluidics has
expanded to gas sensing. For example, it plays a crucial role in the development of various
types of gas sensors [16,17], including metal oxide semiconductor sensors [18–20], sensors
based on surface-enhanced Raman spectroscopy [21–23], electrochemical sensors [24–26],
and field-effect transistor-based sensors [27].

The use of liquid electrolytes in microfluidics-based gas sensors has been limited due to
the inherent challenge of achieving gas–liquid contact, even though highly sensitive liquid
materials for use as capture materials in gas sensors exist, such as ionic liquids, which can
be specifically tailored for increased selectivity towards certain gases [26,28–30]. However,
their application in microfluidic-based gas sensors is constrained due to difficulties in
facilitating gas–liquid contact within the microfluidic framework. This obstacle has been
circumvented by designing gas sensors based on an open microfluidic architecture. This
design features microfluidic channels exposed to the ambient atmosphere, wherein the
liquid is retained within these channels under both flow and stationary conditions by the
liquid’s surface tension at the free surface interface [21]. Piorek et al. developed a surface-
enhanced Raman scattering (SERS)-based microfluidic gas sensor that uses a colloidal
solution of silver nanoparticles as the sensing material to detect 4-amino benzene thiol [22].
The target analyte in the air diffuses through the liquid and comes in contact with the
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colloidal particles in the solution, producing a characteristic SERS peak. Hussain et al.
have developed an open microfluidics-based gas sensor containing an array of microfluidic
channels in gold microdisk electrodes for detecting hydrogen gas using ionic liquids [24].
In this case, the ionic liquid, which acts as the sensing material and the electrolyte, is
drop-cast on the microchannel array. The hydrogen gas in the atmosphere (target gas in
this case) diffuses through the ionic liquid. It reacts with the anions in the ionic liquid
to undergo a redox reaction, and the corresponding current can be detected using cyclic
voltammetry (CV) or amperometry. However, there are two main limitations associated
with open microfluidics-based architecture: (1) The target analyte present in the atmosphere
needs to diffuse through the air to come in contact with the liquid sensing material, which
can decrease the sensitivity and response time of the gas sensor. (2) An open microfluidics-
based architecture can be used as an experimental setup to achieve gas–liquid contact, but
it is not a practical design from a commercialization point of view as there are constraints
in installing this design for use in different applications.

An alternative approach to developing gas–liquid contact in microfluidics-based gas
sensors is bubble/droplet-based microfluidics technology [31,32]. In bubble-based mi-
crofluidics technology, liquid and gas streams intersect at a T-junction to produce bubbles
in a continuous liquid phase. Leveraging this phenomenon, Bulbul et al. developed a
bubble-based microfluidic gas sensor for discriminating between different gases based
on the size of the bubbles in the liquid stream [31,33]. However, a principal constraint
of this design and its detection methodology is the prerequisite for the target gas to be
isolated from the gaseous mixture before its detection. Similarly, in droplet-based microflu-
idic systems, as in bubble-based microfluidics, droplet formation is facilitated through
the controlled flow of liquids (mixed with reactants) and gases via a T-Junction [32,34].
However, a gas or another immiscible fluid assumes the role of the continuous phase,
while liquids constitute the dispersed phase. The liquid droplets thus generated act as
microreactors for capturing gas vapors. Tirandazi et al. developed a droplets-based mi-
crofluidics platform for detecting ammonia using Nessler’s reagent [32]. However, the
development of such sensors is complicated as it requires the development of intricate
devices featuring precision-engineered junctions, coupled with the need for precise control
over fluid dynamics and surface chemistry [35]. Further, such sensors can only be used
for colorimetric or non-traditional detection methods, which tend to be less selective and
sensitive. Thus, there is a tremendous need to develop gas–liquid contact in microfluidic
devices for gas-sensing applications.

Researchers have used a hydrophobic membrane to achieve gas–liquid contact in
microfluidic platforms by separating liquid and gas microchannels. Several studies have
been performed to enhance the mass transfer across the gas–liquid interface [36–39]. Fem-
mer et al. have developed a microfluidic platform with a staggered herringbone mixer
(SHM) [36]. Compared to a straight microchannel, using a liquid microchannel with SHM
increased the mass transfer of oxygen. Jani et al. used a micro-grooved hydrophobic
membrane, which provided a shear-free gas–liquid interface, thereby reducing the mass
transfer limitations [38]. Malankowska et al. developed a microfluidic platform with
a meander-shaped double-sided membrane contactor for blood oxygenation [39]. The
oxygen transfer efficiency is increased by increasing the oxygen concentration in the feed
gas stream, decreasing the membrane thickness, and reducing the liquid microchannel
width. In all of these studies, both the liquid and gas streams are in a dynamic state.
These works focus on applications such as blood oxygenation and gas capture/removal,
where the liquid feed needs to be continuously replenished. However, if regeneration is
possible, liquid replenishment may not be necessary for gas-sensing applications. Hence,
the liquid will be stationary in such systems, with continuous gas flow through the gas
microchannel. A thorough exploration of the dynamics of such a system is imperative. This
can fundamentally change the gas–liquid dynamics across the membrane, which is studied
in detail here.
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To this end, a membrane-based microfluidic platform (MB-MP) is developed in this
manuscript to achieve gas–liquid contact where the liquid is in a stationary phase. This
platform markedly differs from the traditional open microfluidic and bubble/droplet-based
systems, as it incorporates a hydrophobic membrane between gas and liquid microchannels
to achieve in situ gas–liquid contact. Such an architecture allows the construction of a
closed-microfluidic platform using readily available materials like double-sided tape or
parafilm, as shown in this manuscript, eliminating the necessity for conventional soft
lithography techniques. Previous sensors built out of these materials have been used
to sense emerging contaminants in water and biomolecules in biofluids [1,6,11]. The
response characteristic of MB-MP is studied in detail to understand and optimize for any
transport limitations present in the platform due to the introduction of the membrane.
A mass flow controller setup is developed to precisely control the gas concentration and
flow rate to achieve an active flow through the microfluidic platform and facilitate this
investigation. CO2 is used as the model target gas for this study, and an aqueous solution of
bromothymol is used as the sensing liquid. A digital microscope recorded the color change
in the bromothymol blue solution due to the CO2 absorption; subsequent image analysis
is used to quantify the sensor’s response. Interestingly, two response characteristics are
observed when cycling between CO2 and N2, namely the saturation and regeneration
phases, which can be attributed to the absorption and stripping of CO2 from the liquid.
Further, understanding the effect of gas volumetric flow rate, gas stream velocity, and dye
volume on the sensor’s response elucidated the transport limitations and provided insights
into their optimization. The fundamental insights obtained here will be used to optimize
the response of MB-MP to detect toxic gases and volatile organic compounds (VOCs) while
having a small footprint. This will allow us to interface this gas–liquid microfluidic sensor
with other spectroscopic methods like electrochemical/optical strategies. Further, this
paves the way for using highly sensitive liquids like room temperature ionic liquids with
micro-electrodes for electrochemical detection.

2. Materials and Methods
2.1. Reagents and Instruments

Standard glass slides (product no: 1301, Globe Scientific, Mahwah, NJ, USA) for as-
sembling the device are obtained from Fisher Scientific. Hydrophobic Polytetrafluoroethylene
(PTFE) membranes (product no: RS40413) with a pore size of 0.45 µm and thickness of
200 µm were obtained from Tisch Scientific, Cleves, OH, USA. Double-sided pressure-
sensitive tape with thicknesses of 25 µm (ARclear 44110), 51 µm (ARclear 42020), 81 µm
(ARcare 90445Q), and 140 µm (ARcare 90106NB) was obtained from Adhesives Research,
Glen Rock, PA, USA and used to fabricate the microchannel. Parafilm M with a thickness
of 130 µm was obtained from Sigma-Aldrich, St. Louis, MA, USA and also used to fab-
ricate microchannels. The 0.04% Bromothymol blue solution was obtained from Aldon
Corporation, Avon, NY, USA via amazon.com. Loctite epoxy resin and hardener used to
make epoxy glue was purchased from amazon.com. Nitrogen (N2, ultra-high purity) and
carbon dioxide (CO2, bone dry) were obtained from Airgas, Levittown, PA, USA. MKS
G-series mass flow controllers control the flow and concentration of gases. Polypropylene
plastic tubing with 1/8-inch inner diameter (ID) and 1/4-inch outer diameter (OD) pur-
chased from McMaster-Carr, Robbinsville, NJ, USA were used for connecting the MFCs.
Push-to-connect valves (product no: 4717N12) used in the MFC setup were purchased
from McMaster-Carr. The syringe pump, NE-1000, used to inject the bromothymol blue
solution into the microfluidic channel was obtained from New Era Pump Systems INC, East
Farmingdale, NY, USA. The 3 mL BD Luer-lock syringe used to contain the bromothymol
blue solution was obtained from Fisher Scientific, Waltham, MA, USA. Luer lock compatible
with 1/16-inch ID tubing was obtained from Amazon. The 1/16-inch ID, 3/16-inch OD
Tygon tubing (product no: 6516T62) made of PVC plastic was obtained from McMaster-Carr
and used to connect the syringe to the microfluidic platform. Plastic barbed tube fittings
compatible with 1/16-inch ID tubing (product no: 5117K41) obtained from McMaster-Carr
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were modified to be used as inlet and outlet ports for liquid and gas microchannels. Elikliv
Digital Microscope purchased from amazon.com was used to record color changes in the
dye solution due to gas permeation.

2.2. Structure and Fabrication of Membrane-Based Microfluidic Platform

The structure of the membrane-based microfluidic platform is shown in Figure 1a.
The bottom glass substrate has an inlet and outlet port for injecting the electrolyte/liquid
sensing material. The second layer is a microfluidic channel in a double-sided tape or
parafilm substrate for confining the liquid sensing material. The third layer is a hydrophobic
PTFE membrane, which will prevent the outflow of the liquid from the bottom microchannel
while allowing the gas to come into contact with the sensing material. The fourth layer is
again a microfluidic channel that enables the flow of gases. The top layer is a glass substrate
with an inlet and outlet port for injecting the gases into the top microfluidic channel.
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Figure 1. (a) Schematic of the membrane-based microfluidic gas sensor. (b) Real image of the
membrane-based microfluidic gas sensor with liquid microchannel filled with bromothymol blue
solution. (c) Magnified image of liquid microchannel showing no leaks. (d) Color of bromothymol
blue dye in liquid microchannel after passing CO2. The color changed to yellow, showing the
permeation of CO2 through the membrane.

2.2.1. Fabrication Using Double-Sided Tape

The fabrication steps involved in creating the MB-MP using double-sided tape are
shown in Figure S1. Initially, inlet and outlet holes are drilled into the top and bottom
glass slide using a 1 mm drill bit. Then, a microchannel with a width of 500 µm, thickness
of 140 µm, and length of 2.54 cm is cut into a strip of double-sided tape using the Cricut
machine. This is then affixed to the bottom glass substrates so that the inlet and outlet
holes fall within the microfluidic channel. Then, the top layer of the double-sided tape is
peeled off, and a hydrophobic PTFE membrane is placed on top of the microchannel. It is
important to note that the hydrophobic PTFE membrane used has a polypropylene (PP)
support layer, creating sides with different textures. The side with the soft texture is PTFE
and has better hydrophobicity than the rough texture/PP side. The PTFE side should face
the liquid side to ensure that the liquid remains confined in the fluid channel. Next, the
double-sided tape with gas microchannel is placed on the top of the membrane to align the
top and bottom microchannel perfectly. To assist the alignment, a light illuminates from the
bottom so that the edges of the bottom microchannel can be seen through the membrane.
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Finally, the top glass slides with the holes for inlet and outlet ports are affixed on top of the
gas microchannel so the holes align within the microchannel. During this step, pressure is
exerted by hand throughout the glass slide to ensure the tightness of the chip. After this
step, the flow ports (with 1 mm opening) for the inlet and outlet are fixed on the top and
bottom glass slide using double-sided tape. Finally, the entire device is sealed using epoxy
glue (epoxy resin and hardener mixed in a 1:1 ratio) to enhance the tightness of the chip.

Double-sided tape with 4 different thicknesses is available: these are 25 µm, 51 µm,
81 µm, and 140 µm. MB-MP with different gas or liquid microchannel thicknesses is
prepared either by using double-sided tape with these different inherent thicknesses or
by stacking multiple strips of double-sided tape together. For example, MB-MP with a
25 µm thick liquid microchannel is obtained by using a double-sided tape with an inherent
thickness of 25 µm. On the other hand, MB-MP with a 280 µm thick gas microchannel is
obtained by stacking two strips of 140 µm thick double-sided tape. All the MB-MPs in this
manuscript are developed by utilizing double-sided tape of varying thicknesses, which
facilitates precise control over the thickness of gas/liquid microchannels.

2.2.2. Fabrication Using Parafilm

Li et al. previously showed that parafilm can create microfluidic channels and de-
vices [40,41]. For the first time, this manuscript shows how to make a membrane-based
microfluidic platform using parafilm. The steps in assembling different layers in the
parafilm-based membrane device are like those discussed in the previous section. Once
the other layers are aligned, the device is put on top of a hot plate at 70 ◦C for 6 min, and
throughout the process, constant pressure is applied using a 500 g weight. This ensures
that the wax in the parafilm melts and binds the different layers, thereby holding the device
together. It is important to note that to achieve a proper seal between the gas microchannel
layer and the liquid microchannel layer, the width of the membrane should be as small
as possible. Using parafilm to fabricate MB-MP will simplify the alignment of the liq-
uid and gas microchannels in contrast to double-sided tape. Double-sided tape adheres
immediately upon contact with a surface, prohibiting any alignment adjustments. Con-
versely, parafilm does not adhere entirely upon contact with a surface, thereby permitting
corrections in alignment. Nonetheless, the downside of using parafilm is the additional
heating step required in the fabrication process, which may lead to slight deformations in
the microchannel.

2.3. Leak Test and Gas Permeation Study

Bromothymol blue dye is introduced into the liquid microchannel and observed for
micro leaks using a digital microscope to conduct the leak test. This dye also serves as a
pH indicator, exhibiting a transition pH range from 6 to 7.6, and is utilized in conducting
gas permeation studies. Initially, a 0.04% bromothymol blue solution with a pH of 7 is
injected into the liquid microchannel, introducing CO2 through the gas microchannel. The
diffusion of CO2 across the membrane and its dissolution in the solution results in a color
transition of the indicator from greenish blue to yellow. This color change is attributed to
the formation of carbonic acid, a product of CO2 interaction with water molecules, leading
to a reduction in the pH of the solution [42,43]. The chemical equation for this process is
presented below [44,45].

CO2 + H2O ⇌ H2CO3 ⇌ HCO−
3 + H+

2.4. Response Characteristics

The sensor’s response characteristics are studied using a mass flow controller setup, a
digital microscope, and an image analysis algorithm. The following section explains these
three components.
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2.4.1. Mass Flow Controller and Digital Microscope Setup

The experimental setup used for the experiments is shown in Figure 2. In this setup,
there are three mass flow controllers (MFCs). MFC 1 is connected to the N2 cylinder, and
MFC 2 is connected to the CO2 cylinder. The concentration of CO2 can be controlled by
adjusting the flow rates of MFC 1 and MFC 2. MFC 3 controls the flow rate of the gas
stream entering the microfluidic platform. The full-scale flow rate of MFC 3 is from 1 to
10 sccm, and the lowest flow rate achievable is 2% of the full-scale flow rate. All three
mass flow controllers are connected to a computer via ethernet and controlled using a
LabView interface. A three-way valve is placed just before the microfluidic platform. In the
experiments performed in the manuscript, the gas stream flows through the microfluidic
system when the valve is opened. This reduces the time it takes for the gas to reach the
microfluidic platform, thereby reducing the system delay. Before passing any gas through
the microfluidic platform, the liquid microchannel is filled with bromothymol blue solution
(with pH 7) with the help of the syringe pump. Once the microchannel is filled, the pumping
is stopped. The bromothymol blue solution’s color change (as CO2 passes through the gas
microchannel) is recorded using a digital microscope. The entire microfluidic platform is
placed inside a black box to avoid interference from other light sources.
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2.4.2. Video and Image Analysis

The video and image analysis uses Adobe Media Encoder v24.5 and ImageJ software
v1.54g. This analysis is schematically shown in Figure S2. Initially, the digital microscope-
captured video is processed through Adobe Media Encoder to decompose it into discrete
frames at 25 frames per second. Subsequently, every 25th frame of this sequence is imported
into the ImageJ software package as an image sequence. This sequence then undergoes a
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cropping procedure, ensuring the focus remains solely on the region of interest, specifically
the microchannel containing the bromothymol blue solution. Following this, the cropped
sequence, comprising RGB images, is split into its constituent channels—red, green, and
blue. The subsequent step involves calculating the mean pixel value for the frames at-
tributed to the red channel. This value serves as an indicator of the average pixel intensity
within a designated region. The sensor’s response is visualized as a plot depicting the
mean pixel value against frame number or time.

3. Results and Discussion

The results of the leak test are shown in Figure 1b,c. Figure 1b shows the liquid
microchannel filled with bromothymol blue solution, and Figure 1c shows the magnified
image of the liquid microchannel. From the magnified image, it is clear that there are no
micro leaks in the liquid microchannel. Next, CO2 is passed through the gas microchannel
to perform the gas permeation test. The color of the dye changes from green to yellow, as
shown in Figure 1c,d, suggesting the effective gas permeation through the membrane.

3.1. Gas Mixing Problem

It is interesting to note that gas mixing emerged as a significant problem. This potential
problem can occur when the target gas is mixed with inert gas to develop calibration curves.
Also, most research papers do not discuss this problem when describing MFC setups.
Initially, an experiment is performed using the MFC setup shown in Figure 3a, where 20%
CO2 is passed through the microfluidic platform (containing bromothymol blue solution)
for 3 min, followed by pure N2. The result obtained after the image analysis is shown
in Figure 3b. Passing 20% CO2 through the microfluidic device is expected to change
the color of bromophenol blue to yellow for the first 3 min and then change to green as
the N2 replaces the CO2 dissolved in the bromophenol blue. However, though the color
initially changed to yellow, it changed to green even while 20% CO2 passed through the
microfluidic platform. This signifies that the gas is not mixed correctly when it enters the
microfluidic platform. Knowing how the MFCs are operated is imperative to understand
this mixing problem. First, the MFC 2 corresponding to CO2 is opened as it has the lowest
flow rate. Then, MFC 1 corresponding to N2 is opened immediately. Then, MFC 3 is
opened, and the gas flows through the microfluidic platform. Since MFC 2 is opened first,
the CO2 in the tube passes through the microfluidic platform to produce the initial change
in color. However, since there is no proper gas mixing between CO2 and N2 and as the
volumetric flow rate of N2 is significantly higher than CO2, only N2 passes through the gas
microchannel, causing gas stripping (explained in Section 3.2). In gas stripping, the color of
the dye changes to green. The issue of gas mixing arises from the notably low Reynolds
number (~2), which can be attributed to the small diameter of the tube (~3 mm). This can
be resolved by employing a tube with a larger diameter that promotes gas mixing. In this
case, a tube with a 14.7 mm diameter and 120 mm length having a Reynolds number of 10
is sufficient to promote efficient mixing. The setup with this mixing chamber (empty tube)
and the response of the microfluidic platform are shown in Figure 3d. It is worth noting in
Figure 3d that after using the mixing chamber, there is no change in the dye color once it
reaches saturation unless pure nitrogen is passed through the system.
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3.2. Response Characteristics of the Sensor

The characteristic response of the sensor obtained using image analysis is shown
in Figure 3d. This type of response is expected in gas sensors and is reported in many
works [20,24,46,47]. The sensor response has two stages when cycling between CO2 and N2,
namely saturation and regeneration, as shown in Figure 3d. In the saturation stage, the CO2
from the gas microchannel diffuses through the membrane and dissolves in the aqueous
solution with pH 7. The reaction of CO2 with H2O produces carbonic acid, decreasing the
pH of the aqueous solution and changing the indicator’s color from green to yellow. The
transition in color captured using the digital microscope and quantified by image analysis
produces the saturation stage shown in Figure 3d (yellow region).

However, when N2 is introduced into the microfluidic system, the dye slowly reverts
to its original color, as shown in Figure 3d (green region). It is hypothesized that this is
due to the process called gas stripping. Gas stripping occurs when inert gases like N2 are
passed through a gas–liquid interface; it removes the dissolved gas from the liquid [48].
It is important to note that there is an inevitable time delay in both the saturation and
stripping stages. The delay and rate of change can be quantified for both the saturation
and the stripping stages by fitting the response of each stage separately using a sigmoid
function. The rationale for employing the sigmoid function stems from its resemblance
to the observed response characteristics. The specific sigmoid function used is given by
Equation (1).
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y =
a

1 + e−k(t−tc)
(1)

Here, k is the slope of rise/fall seen in the response in Figure 3d and represents the
rate at which saturation/regeneration occurs. a is the final value the function achieves after
the rise or fall, t is the time, and tc is the offset or delay in the response.

It is imperative to note that multiple processes, including transport and reaction rate-
limiting steps, can cause a delay and lead to a finite rate (as opposed to instantaneous
saturation). The transport limitations include the following: (i) The finite time the gas
stream takes to reach the microfluidic platform. This should chiefly affect the offset tc
and significantly contribute to the delay. (ii) The gas stream’s volumetric flow rate will
affect the k and tc. (iii) The residence time of the gas stream in the gas microchannel. The
greater the residence time, the more the gas molecules can diffuse through the membrane
and react with the solution. The residence time is inversely proportional to the velocity
of the gas stream. (iv) The fourth parameter is the volume of dye solution present in
the liquid microchannel. (v) Finally, the time it takes for the gas to diffuse through the
membrane. This can be calculated using the equation t = l2/D, where D is the diffusion
coefficient of the CO2 through the membrane and l is the thickness of the membrane.
The value of the diffusion coefficient of CO2 through the membrane is generally between
10−5 and 10−6 m2/s, depending on the type and properties of the membrane [49,50]. This
gives a t value of 10−3 to 10−2 s. Hence, the delay from the membrane side is expected
to be negligible. The reaction rate can also affect the saturation rate and delay in the
response. However, experimental observations indicate that the color change in the aqueous
bromothymol blue solution after CO2 exposure is nearly instantaneous. Hence, the reaction
rate limitations can be neglected.

First, the impact of the volumetric flow rate on k and tc is investigated by recording
the response of the MB-MP at various volumetric flow rates. This experiment uses a device
with a gas and a liquid microchannel thickness of 140 µm. The results of this experiment
are shown in Figure 4a. First, the saturation part of the response is fitted using a sigmoid
function (shown in Figure S3), and the values of k (rate of saturation) and tc (delay in
response) are obtained. The results of this are shown in Figure 4b,c. As the flow rate
increases, the k increases following a quadratic trend, as shown in Equation (2).

k1 = 0.02 − 0.012x + 0.008x2 (2)

Here, k1 is the saturation rate as a function of the flow rate, x. Based on this trend,
increasing the flow rate further could increase the saturation rate significantly. However,
it is noted experimentally that gas flow rates above 10 sccm would push the liquid out of
the liquid microchannel. Hence, in this case, even though the optimum flow rate could
be above 10 sccm, technical constraints hinder its attainment. As for the delay parameter
tc, it shows an exponential decay as the flow rate increases, eventually converging to an
asymptotic value at 10 sccm. This trend is described using Equation (3).

tc1 = 50.97 + 135.76e−x/2.51 (3)

Here, tc1 is the delay as a function of flow rate, x. It is important to note that the
volumetric flow rate and velocity are related by the equation Q = A × v, where Q is the
volumetric flow rate, A is the cross-sectional area of the gas microchannel, and v is the
velocity of the gas stream. This equation is valid in this situation due to the established
understanding that compressibility effects are negligible in fluid flow scenarios charac-
terized by a Mach number less than 0.3 [51–53]. In the present case, the highest Mach
number computes to 0.6/342 = 0.001 (at 10 sccm volumetric flow rate or 0.6 m/s velocity),
thus validating the use of equation Q = A × v. According to the equation, increasing
the volumetric flow rate increases the velocity of the gas stream. An increase in velocity
decreases the residence time of the gas stream in a gas microchannel, which should increase
the delay and decrease the saturation rate. However, as this is not observed, it indicates
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that the influence of an increased volumetric flow rate supersedes the effects attributable to
an increased velocity.
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value obtained by fitting the sigmoid function to the response of different flow rates. tc represents the
offset or the delay in the system. (d) tc or delay in the regeneration of the sensor when nitrogen is
passed through the microfluidic platform.

The regeneration stage of the response can also be expressed as a sigmoid function.
Even though the offset shows an exponential decay with an increase in flow rate (Figure 4d),
the rate does not follow any trend. However, from Figure 4a, it is clear that the regeneration
process occurs more rapidly as the flow rate increases. During the experiments, it is
observed that the regeneration stage does not show enough reproducibility to accurately
quantify the rate and delay in regeneration. This could be due to the poor response of the
dye to the regeneration process (due to high sensitivity to CO2) or due to the variations
in pore distribution between different membrane samples, which need to be analyzed
in detail.

Next, the impact of gas stream velocity on the k and tc is investigated by varying the
gas microchannel thickness while maintaining a constant volumetric flow rate of 10 sccm
and a liquid microchannel thickness of 140 µm. The velocity of the gas stream changes
as v = Q/A, where v, Q, and A are the velocities, volumetric flow rate, and area of the
microchannel cross-section, respectively. The increase in the gas microchannel thickness
increases the cross-sectional area, which results in a concomitant decrease in the velocity
of the gas stream, as shown in Figure 5b. The response of the microfluidic platform with
different gas microchannel thicknesses is shown in Figure 5a. Each response is fitted using
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the sigmoid function (shown in Figure S4) to extract the values of k and tc. As shown in
Figure 5c, increased gas velocity decreases the rate at which the MB-MP reaches saturation.
It is found that the saturation rate shows an exponential decrease as the velocity of the gas
stream increases, eventually reaching an asymptotic value at 102 µm gas microchannel
thickness. This trend is demonstrated by Equation (4).

k2 = 0.37 + 2.11e−v/0.46 (4)
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Figure 5. (a) Response of the MB-MP for different gas microchannel thicknesses with a flow rate
of 10 sccm. (b) Relation between gas microchannel thickness and velocity of gas stream when the
volumetric flow rate is kept constant at 10 sccm. (c) Slope k of the saturation region as a function
of velocity obtained from fitting the response (in the saturation region) with sigmoid function.
(d) Offset/delay tc of the saturation region as a function of velocity obtained from fitting the response
with sigmoid function.

Here, k2 is the saturation rate as a function of velocity, v. Further, the offset/delay
increases linearly with an increase in velocity, as shown in Equation (5).

tC2 = 48.97 + 7.18v (5)
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Here, tc2 is the delay as a function of velocity, v. An increase in velocity is expected to
lead to a concomitant decrease in the residence time of the gas stream in the gas microchan-
nel. This leads to increasing resistance to the diffusion of CO2, increasing the delay, and
decreasing the saturation rate of the response.

Finally, the impact of the volume of the dye on the saturation rate, k, and delay, tc, is
studied by varying the thickness of the liquid microchannel. The result of this experiment
is shown in Figure 6a. It should be noted that altering the width of the liquid microchannel
is not feasible, as this would necessitate a corresponding change in the width of the gas
microchannel, impacting the gas stream velocity. The values of k and tc are obtained by
fitting the response of the saturation region with a sigmoid function (Figure S5), as shown
in Figure 6b. The saturation rate shows an exponential decrease as the volume of the
microchannel increases, reaching an asymptotic value. This trend is given by Equation (6).

k3 = 0.17 + 2.58e−V/0.51 (6)
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Here, k3 is the saturation rate as a function of the volume of liquid, V. Further, in-
creasing the volume of liquid microchannel increases the delay in response, as shown in
Figure 6b. With increasing volume, more CO2 is needed to saturate the liquid. Since the gas
flow rate is constant (for different liquid microchannel volumes), it takes more time to start
and complete the saturation process. It can be clearly understood from the regeneration
part of the response that the higher the volume, the greater the time it takes for the liquid
to regenerate. This is expected since the amount of dissolved CO2 that needs to be stripped
from a saturated solution increases as the volume of the liquid increases.

4. Conclusions

This work presents the development of a closed microfluidic platform to achieve
in situ gas–liquid contact, followed by studying response characteristics to understand
and optimize transport limitations. The platform uses readily available materials like
parafilm/double-sided tape without conventional soft lithographic techniques. In situ
gas–liquid contact is achieved by separating the gas and the liquid microchannel by a hy-
drophobic gas-permeable PTFE membrane. CO2 is used as the model gas, and an aqueous
solution of bromothymol blue is used as the colorimetric sensing liquid for analyzing the
response characteristics of the sensor. The sensor’s response showed a saturation and a
regeneration stage when cycled between CO2 and N2. The saturation stage is attributed
to the diffusion of CO2 through the membrane, followed by its dissolution in the liquid.
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Meanwhile, it is postulated that the regeneration phase results from gas stripping phenom-
ena due to the flow of N2. An analysis of the saturation stage reveals several vital findings:
(i) Increasing the volumetric flow rate from 2 to 10 sccm leads to a quadratic increase in the
saturation rate and an exponential decrease in the delay of the sensor. Further, the effect
of increased volumetric flow rate supersedes the impact attributable to an increase in the
velocity or decrease in the residence time of the gas stream. (ii) Increasing the velocity
of the gas stream by keeping the volumetric flow rate constant decreases the saturation
rate exponentially and shows a linear increase in the delay. This is because of the decrease
in residence time of the gas stream, which decreases the diffusion rate. (iii) Similarly,
increasing the dye volume decreases the saturation rate exponentially and increases the
delay in the sensor. (iv) The diffusion limitation associated with the membrane can be
neglected as the diffusion time of CO2 through the membrane is calculated to be in the
range of 10−3 to 10−2 s, which is much less compared to the delay in response of the
sensor. The regeneration stage followed a similar trend except for some outliers. Thus, the
transport limitations can be minimized, and an optimum sensor response can be obtained
by increasing the volumetric flow rate and decreasing the gas stream’s velocity and the dye
solution’s volume.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/chemosensors12070127/s1, Figure S1: Image sequence describing
the assembly of the membrane-based microfluidic platform. (a) Cutting the Microchannels in double-
sided tape using a Cricut machine. (b) Cleaned glass slides (with holes for inlet and outlet), double-
sided tape, and hydrophobic PTFE membrane. (c) Double-sided tape stuck to the glass slides. One
acts as a microchannel for gas flow. The other microchannel is used to contain the liquid. (d) PTFE
membrane (with the smooth side facing the liquid microchannel) is stuck to the double-sided tape
with the liquid microchannel. (e) Glass slide containing the gas microchannel is aligned with the
liquid microchannel and stuck together. (f) Flow ports are placed in the inlets and completely sealed
using epoxy; Figure S2: Schematic of image analysis; Figure S3: Results from fitting (with sigmoid
function) the saturation part of the response produced by flow rate (a) 2 sccm, (b) 4 sccm, (c) 6 sccm,
(d) 8 sccm, and (e) 10 sccm; Figure S4: Results from fitting (with sigmoid function) the saturation part
of the response produced by a device with gas microchannel thickness (a) 102 µm, (b) 140 µm, (c) 280
µm, and (d) 420 µm; Figure S5: Results from fitting (with sigmoid function) the saturation part of the
response produced by a device with liquid microchannel thickness (a) 25 µm, (b) 81 µm, (c) 140 µm,
and (d) 280 µm.
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