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Abstract

The study of sensing materials to the detection of carbon dioxide (COz) was achieved
using p-nitrophenol (pNPh) as a colorimetric indicator. The sensing material was
polymerized (NPLn), functionalized with 3-triethoxysilyl propyl isocyanate (IPTES)
which sensitivity was tested in the form of a membrane as is and encapsulated in
hollow silica nanoparticles. The sensing membranes were tested in a closed gas
system comprising very precise flow controllers to deliver different concentrations
of COz (vs. N2). The combination of the sensing membranes with multimode optical
fibers and a dual-wavelength diode (LED) allows the measurement of the CO;
through the analysis of the induced absorbance changes with a self-referenced
ratiometric scheme. The analysis of the sensing materials have shown significant
changes in their chemical and physical properties and the results attest these
materials with a strong potential for assessing CO> dynamics in environmental,
medical, and industrial applications.
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1. Introduction
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In the last years, materials with different chemical and physical properties have been used to
develop sensors for a large diversity of applications. Currently, polymerized materials have the
domain in the sensors field (Cichosz, Masek, and Zaborski 2018). They can assume a wide
range of forms, such as solutions, gels, self-assembled nanoparticles, or solids. The working
principle of these materials consists in change its own chemical and/or physical properties
when influenced by an external stimulus. This can be transduced in qualitative and/or
guantitative signal by different techniques such as optical or electrochemical, among others.
Sensors using materials responding to pH, temperature, ions presence, light radiation,
magnetic and electric fields, and bioactive molecules have been widely used in diversified
fields (Hu and Liu 2010). Around the world, there are a large number of policies that have
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intensified the need for the development of sensing equipment to monitor air quality, toxic
gases and vapors, and water quality (Adhikari and Majumdar 2004). If the sensors developed
for liquid applications are important, gas sensors also sensing a large variety of pollutants all
over the world. Gas sensors can be developed using materials, such as polymers functionalized
carbon nanotubes (Chiou and Wu 2017), conducting polymers (Crowley et al. 2008), metal
oxide thin layers (Mohammad et al. 2016; Rieu et al. 2016), or graphene on a metal foil, which
can be further transferred for a flexible substrate (Lee et al. 2012; Yang et al. 2013), and metal
coating on a PDMS membrane (Lee et al. 2011). The fabrication technique should be chosen
according to the material features and properties. Furthermore, procedures such as spin-
coating, chemical vapor deposition, physical vapor deposition, printing, self-assembling, in-
situ polymerization, and in-situ growth are usually reported in the literature as the most used
techniques to perform sensing devices for gaseous applications (Alrammouz et al. 2018). Gas
sensors are widely used to detect diverse pollutants in fields such as medicine (Ryabtsev et al.
1999), food industry (Vargas-Sansalvador et al. 2019), and environmental monitoring
(Pathakoti, Manubolu, and Hwang 2018). Asad and Sheikhi (2016) reported a sensing material
composed by CuO-SWCNT (copper oxide-single walled carbon nanotubes) to detect low
concentrations of hazardous hydrogen sulfide (H,S). Chaudhary and Kaur (2016) reported that
polyaniline nanostructures-based sensors can be successfully used for sulfur dioxide
detection, and Chakravarty, Datta, and Sen Sarma (2017) reported a polyvinyl alcohol
formaldehyde-based composite for the detection of the same analyte. Due to its reputation
in the environment and in the food industry, carbon dioxide (CO;) is a gas of interest, so its
detection and evaluation are of special interest (Anwar et al. 2019). During food spoilage, it is
imperative to monitor the amount of this gas, which is a qualitative indicator of the food status
(Puligundla, Jung, and Ko 2012) and also assess the tightness of the package (Neethirajan,
Jayas, and Sadistap 2008). In this paper is present the development of a solid-state membrane
composed by a sensitive material with chemical and physical properties for gaseous CO;
recognition, highlighting different methods to enhance the sensitivity of the p-nitrophenol for
the detection of low concentrations of CO,.

2. Materials and Methods

2.1. Chemical reagents

The sensing membranes were manufactured using the following chemical reagents: p-
nitrophenol (Sigma-Aldrich ReagentPlus®, >99%); tetraoctylammonium hydroxide solution
(TOA-OH, Sigma-Aldrich, 20% in methanol); Hydrogel D4 solution (AdvanceSource
Biochemicals) and poly(2-hydroxyethyl methacrylate) (pHEMA, Sigma Aldrich). For the
functionalization, was used the 3-triethoxysilyl propyl isocyanate (IPTES; Sigma Aldrich, 95%).
For the silica nanoparticle synthesis was used deionized water (Wasserlab, Micromatic — Type
Il Analytical Grade Water), tetraethyl orthosilicate (TEOS; Sigma Aldrich) and ammonia
hydroxide (Supelco, EMSURE® ISQ). As primary solvents were used ethanol (EtOH; AGA, 96%
and Absolut), methanol (MeOH; Sigma Aldrich, > 99.9%), and dimethyl sulfoxide solution
(DMSO; Sigma Aldrich, ReagentPlus®, 299.5%). Dry Nitrogen (N2) was supplied from a 50 L
bottle (Linde, 299.99%) and CO from 30 L bottle (Linde, 299.99%).

2.2. Sensing membranes synthesis and sensing methodology

The chemistry behind the sensitivity of this material to CO; involves an ion-pair formation
between the quaternary ammonium (QA*) and the colorimetric indicator (QA*pNPh") that
results from the interaction of pNPh with the TOA-OH converting the sensitive dye in its
deprotonated anionic form. The interaction with the gas seems to be linked to the association
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of this ion-pair with a few molecules of water (QA*pNPh .xH,0) absorbed from the air humidity
(Equation 1) (Mills 2009). The CO; interaction with the membrane matrix induce internal pH
changes turning it more colorless. When the gas leaves the system, the internal pH increases
and the membrane recovers its original color (deep yellow). Figure 1 shows the process of
sensing layer fabrication.

QA*pNPh~.xH,0 + CO, S QA*HCO;.(x — 1)H,0. HpNPh (1)

Cocktail drop
&
— Spinning

Thin sensing layer

N n J/_
Individual

Sensing \ E
cocktail Mylar foil

Figure 1: Schematic representation of the sensing membrane fabrication process

In the following sub-sections, the procedures for the preparation of the cocktails used to
perform the different sensing layers, linked to the respective sensitive study, will be described.
The cocktails were named as following: pNPh (indicator); NPLn (polymerized indicator; n =
number of chains); NPLn_IPTES (polymerized indicator functionalized) and NPLn_Np
(polymerized colorimetric indicator in silica nanoparticles). All the membranes were attained
by spreading the respective cocktail on a Mylar foil (spin-coating (homemade equipment) at
600 rpm for 60 s) and letting dry at room temperature and high relative humidity for 2h.

7

membranes

2.2.1.Effect of the polymerization

For this study two different cocktails were used: pNPh and NPL11. Obtaining the polymeric
chains from the monomer is a patent-pending process (W02016051217A1) (Figure 2). The
sensing cocktails were prepared dissolving 5.0 mg and 1.5mg of pNPh and NPL11,
respectively, in a 0.05 ml MeOH:H,0 solution (1.5:1) and 0.5 ml of 0.5 M of TOA-OH solution.
After complete dissolution, 0.1 mL of a 10 % hydrogel solution in EtOH (96%) was added to
the previous mixtures.

OH OH OH
0 NaoH ] O O g
+ —_—
CH, 160 °C; 24h
NO, NO, NO, NO,
p-nitrophenol (pNPh) — poly p-nitrophenol (NPLn) —n

Figure 2: Chemical equation for poly p-nitrophenol production from the p-
nitrophenol monomer

2.2.2.Effect of material functionalization

For this study two different cocktails were used and compared, the same NPL11 cocktail
described in the sub-section 2.2.1., and the NPL11 cocktail functionalized with IPTES
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(NPL11_IPTES). The NPL11_IPTES was attained by dissolving of 1.5 mg of NPL11 in 0.05 ml
DMSO. After total dissolution (~ 24h) 0.5 ml of TOA-OH solution and 0.1 ml of pHEMA solution
(20% in DMSO) were added to the NPL11_IPTES cocktail. The mixture was stirred during 24h.

2.2.3.Effect of silica nanoparticles

The layers containing silica nanoparticles were produced in the same way of the NPL11_IPTES
layers. After the cocktail is ready, it is mixed in a ratio 1:1 (v/v) with the silica nanoparticles
solution and stirred for, at least, 24h. During this process, the silica nanoparticles cavities are
filled with the sensing cocktail. The nanobeads were prepared as described in the literature
(Rao et al. 2005).

2.3. Measurement setup

A set of experiments were executed in order to evaluate the sensitivity of the different sensing
layers. For the purpose, a plastic structure was designed and 3D printed (Zortax M2000;
material: Z-Ultra T) assembled with an RGB LED (additive color model in which Red, Green and
Blue light are added together; Kingbrigth Europe) and powered through an electric wire
(Figure 3). The system works in two specific wavelengths (460 nm using the blue light as a
detection band and 645 nm using the red light as a reference signal) and was attached to a
CCD spectrometer (ScanSpec UV-Vis; 250-800 nm) using a multimode optical fiber cable. The
structure was also endowed with two plastic lenses (Roithner LaserTechnik GmBH) to
collimate the light (optical collimator) increasing the active area of detection while improves
the light signal.

Fiber optic sma Sensing membrane
connector
Optical support
/ collimator l Optical

window

LEDs box

collimator

Figure 3: Sensing structure used to evaluate the sensitivity of the different sensing
layers

The sensitivity of the sensing membranes was attested using the gas system outlined in Figure
4, comprising a humidified gas mixture composed by CO; and N; sourced from gas bottles.
The amount of each gas was varied and controlled by high-resolution mass-flow controllers
(Brooks, SLA5800 Series). All the membranes were tested for 35 min inside of the gas chamber,
varying the CO; concentration at every 5 min.
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Figure 4: Schematic assemblage of humidified CO2-N2 gas system
(adapted with permission from Mendes et al. (2019) - Open Access CC BY license)

3. Results and Discussion

As was explained before, the working principle of this system comprises a direct interaction
of the gas with the sensing surface of the membranes, which enables a chemical reaction that
acidifies the sensing layer reducing its color intensity. When the system releases the CO;
(naturally or forced by other gases such as N, or O;), the membrane becomes less acidic and
the color is restored. Figure 5 shows an example of how the membrane responds to the
increasing amounts of CO,. Fluctuations in the chemical properties of the sensing membrane
affects its own color causing variations in the range of absorbance. The blue color
(A =460 nm), from the blue LED, is absorbed by the yellow color of the sensing membrane
when it is intense, but more blue light will pass through the membrane when the yellow color
loses its intensity due to the action of the CO,. The red light (A = 645 nm) remains stable and
is used to correct small interferences (such as pressure variations) in the gas chamber. In the
next subsections, the showed data is already the corrected value (reference signal — detection
signal) for each concentration (in %) of CO3 (vs. N3).

I 2 I v 1 ¥ I 5 I 4 I

N B 100% — % CO, -

50%

Amplitude (a.u)

400 500 600 700 800 900

Wavelength (nm)
Figure 5: Sensing membrane optical transmission to gaseous CO; variations
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3.1. Effect of the polymerization

The effect of the polymerization in the material sensitivity was studied, increasing the CO;
concentration from 0 to 0.7 % (vs. N2) (Figure 6). The response of each material is quite
different. While the pNPh responds linearly, the NPL11 responds logarithmically. That
difference can be explained by the higher sensitivity of the NPL11 material in the lowest range
of gas concentration (steeper slope from 0 to 0.3 %). This abrupt change in sensitivity results
from the modification of the chemical properties given by the polymerization process (Jasso-
Gastinel, Soltero-Martinez, and Mendizabal 2017). As this system is based on internal pH
changes, the acid-base equilibrium between the membrane and the external media is very
important (Xie et al. 2016). Recently, Heffernan and O’Reilly (2019) reported a new type of
polymeric synthesis and realized that the pka seems to be linked to the sensory capabilities of
the material. Polymerization induced new chemical properties in the sensing material related
to the acid-base equilibrium. The introduction of polymeric chains induces strongest hydrogen
bonds enhancing the sensory features and the stability between pH changes caused by the
membrane-gas interaction.

1 L I J I L | . 1 . I . I . I L I
e NPL11 A .
~ = pNPh o 7]
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- ® —
EQl . l
8
[0}
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=
gL e i
<
B = = ] | | u | ] B
1 " | ' 1 " | N 1 : 1 : 1 " | " 1

0.0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8
[CO:] (%)
Figure 6: Comparison of pNPh and NPL11 based sensors response to different
amounts of CO2
3.2. Effect of material functionalization
In this study, was compared the sensitivity of the polymerized material with the functionalized
polymer (Figure 7). The sensitivity of both materials was tested in the same range (0 to 0.7 %),
and the resultant data show that the materials respond differently to the same
concentrations. The functionalized membrane with IPTES is more sensitive, and that fact is
more notorious at higher concentrations of gas. This increase in sensitivity can be explained
by the covalent modification of the sensing material (Lian and Yan 2015). IPTES
functionalization allows strong interactions between its alkoxyl functional groups and the
hydroxyl groups of the poly p-nitrophenol chains (Yan 2017). This type of functionalization was
also used by Haghdadeh et al. (2019) to improve the mechanical properties of graphene oxide
nanosheets with good results. Moreover, Wang and Yan (2006) used IPTES to functionalize
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hybrid materials, improving their luminescent capabilities. The presence of the IPTES allows a
more efficient hydrogen transfer and reinforces the hydrogen bonds' existents in the system.

T e 1 L T U T e 1 U I U 1 U I U I
| e NPL11 . * |
L A NPL11_IPTES A i
A
- . -
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— I ®
=R B 4
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[CO.] (%)

Figure 7: Comparison of NPL11 and NPL11_IPTES based sensors response to
different amounts of CO2

3.3. Effect of silica nanoparticles

In order to study the effect in the sensitivity of the membrane, the nanoparticles were filled
with NPL11_IPTES cocktail and dropped on a Mylar foil, resulting in the NPL11_Np membrane.
The obtained results (Figure 8) showed a decrease in the sensitivity of the material
encapsulated in silica nanoparticles, even when compared with the non-functionalized
material (NPL11). This fact can be explained by the “difficulty” of the gas particles to penetrate
the silica cavities. So, perhaps, to achieve the same amplitude for the same gas concentration,
the system containing the nanobeads needs more time to meet the equilibrium due to the gas
diffusion into the nanobeads and more studies are need to understand this phenomena.
However, the presence of silica nanoparticles can increase the time-life of the sensing layer,
as was reported by Chiu et al. (2010) that used silica nanoparticles together with gold
nanoparticles to enhance the characteristics of a polymer light-emitting devices. In other
researches, Gao et al. (2011) showed a pH-responsive core-shell fluorescent silica
nanoparticles based sensor; Abnous et al. (2018) reported the development of a fluorescent
aptasensor for cocaine detection in human serum, based on silica nanoparticles coated with
streptavidin; and Gao et al. (2020) demonstrated polymer-encapsulated hollow mesoporous
silica nanoparticles to be applied in agriculture as insecticide deliverers.
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Figure 8: Comparison of NPL11, NPL11_IPTES and NPL11_Np based sensors
response, response to different amounts of CO>

4. Conclusions

The COz-induced absorbance variation on a material with colorimetric properties was studied.
The sensitive dye was mixed with different materials to produce solid-state membranes,
offering a range of possibilities to enhance its sensitivity. The presented data show that
polymerization is a significant step to achieve the proposed objective. The functionalization
process enables stronger chemical interactions between the compounds that make up the
membrane. Consequently, the strengthening of the interactions significantly improves the
sensitivity. However, due to the use of organic reagents and the time spent to produce the
membranes, its usage is unjustified since the standard polymerized material has a similar
response. The same conclusion is valid for the encapsulation in silica nanoparticles. The
sensitive capabilities of these materials, together with adequate transduction and
interrogation methods, are promising not just for gas sensing, but also for be applied in the
monitoring of dissolved CO; in water systems.
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