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1. Introduction

An optical sensor for the sensitive determination
of formaldehyde gas based on chromotropic acid
and 4-aminoazobenzene immobilized in a
hydrophilic membrane+

*2b A Moraga-Cabezas,® Antonio L. Medina-Castillo () *2°

ab

M. D. Fernandez-Ramos,
and L. F. Capitan-Vallvey

Formaldehyde is a common contaminant in occupational and environmental atmospheres, prolonged
exposure leads to health risks, and its determination is necessary to protect health. There is a great
demand for portable, rapid, and sensitive methods that can be used in resource-limited settings. In this
respect, a colorimetric sensor has been developed based on the colour change from pink to purple of
co-immobilized chromotropic acid and 4-aminoazobenzene in hydroxypropyl methylcellulose when it is
exposed to different concentrations of formaldehyde. The concentration of formaldehyde in the gas
phase was quantified by measuring the change of the appropriate colour coordinates in response to the
concentration of formaldehyde. A calibration curve was obtained for formaldehyde, with a useful concen-
tration range from 0.08 to 0.6 ppmv. The detection limit was 0.016 ppmv, which is lower than the
maximum exposure concentrations recommended by both the World Health Organization (WHO) and
the Occupational Safety and Health Administration (OSHA). The optical sensor was found to have good
reproducibility, with a relative standard deviation of 2.3 and 1.7% at 0.08 and 0.25 ppmv, respectively. The
sensor can operate at room temperature and environmental humidity, 25 °C, and 50% RH, respectively. In
addition, a study of interferents (acetaldehyde, toluene, methanol, ethyl acetate, acetone, acetic acid,
carbon dioxide and ammonia) showed high selectivity for formaldehyde, which indicates that this mem-
brane is a simple, fast, and economical alternative for quantifying the concentration of formaldehyde in
different environments.

tation of the mucosa in the eyes and upper respiratory tract,
central nervous system damage, and immune system dis-

Formaldehyde (FA) is a highly flammable, colorless, strong-
smelling, and readily polymerizable gas at room temperature.
This gas is the most widespread aldehyde in the environment.
It is found in the natural structure of organisms and is used to
manufacture synthetic resins and chemical compounds,
including plywood, chipboard, insulation materials, paint and
plastic materials, textiles, carpets, furniture, wall coverings,
and household cleaning products. As a result, it can be easily
released into the indoor environment," making it gain interest
for biomedical analysis, pharmaceuticals, and the food indus-
try.”> FA is very harmful to human health and can cause irri-
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orders. FA is even reported to contribute to the development of
cancer of the nose and upper respiratory tract as well as skin
cancer.>*

Regulatory agencies in many countries have established
guideline values for concentrations of FA in indoor air where
its detection at a very low concentration is critical. The World
Health Organization (WHO)®> has established limits of
exposure to FA at a maximum of 0.08 ppm averaged over
30 min. The US Occupational Safety and Health
Administration (OSHA)® has set a permissible exposure limit
(PEL) of 0.75 ppmv for an 8 h time-weighted average (TWA)
and PEL of 2 ppmv for short-term exposure (15 min: STEL).
European Regulations” have established short- and long-term
occupational exposure limits of 0.6 ppmv and 0.3 ppmv,
respectively. Traditionally, FA gas has been determined by gas
chromatography,® capillary electrophoresis,” and spectropho-
tometry.'® These methods require offline instrumentation with
long operation times and trained operators. However, efforts
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have been made to develop analysis methods that allow online
responses and the in situ determination of FA with high sensi-
tivity, selectivity, low cost, and portability."*

Chemical sensors are a good alternative to obtain these
objectives. Electrochemical and chemoresistive sensors have
been used to determine FA gas with short response times and
low cost, but they lack sensitivity and have low selectivity.
Moreover, chemoresistive sensors have serious limitations due
to the high optimum working temperatures that they
require."’ On the other hand, enzyme-based biosensors limit
the lifetime of the enzymes.**

In contrast, colorimetric and fluorometric methods are very
popular for the determination of FA with good results.
Colorimetric methods are desirable because they can be quan-
titatively estimated with the naked eye without the need for
instrumentation to detect FA in indoor and outdoor environ-
ments.”® There are many colorimetric methods for the deter-
mination of formaldehyde based on different reagents, such as
chromotropic acid,"* Schiff reagents such as pararosaniline®
or sulfanilic acid,’® 4-aminoazobenzene,"® 4-amino-5-hydra-
zino-3-mercapto-1,2,4-triazole (AHMT)"” or something similar
based on a derivative reaction with fluoral-P (4-amino-3-
penten-2-one)'® and the Hantzsch reaction.’® Of all these
reagents, very few have been used to develop optical sensors.*°
Examples include FA determination based on the nucleophilic
addition of an amine through a reaction with an aldehyde by a
dehydration reaction that induces a change in the chromo-
phores of the dyes® or using Leuco Fuchsin immobilized in a
Nafion® polymer in a fibre optic, which has good selectivity
and reproducibility, although it is very sensitive to variations
in humidity.>” The reason for the low number of colorimetric
sensors could lie in the interactions that occur between the
colorimetric indicator and the polymeric matrix that involves
recognition chemistry, which considerably reduces the inter-
action with FA.*?

This study is based on a hydrophilic membrane that allows
the solubility of the reagents used to prepare the sensor: chro-
motropic acid and 4-aminoazobenzene. It is shown that both
must be present in the membrane for a pink to purple colour
change to take place when in contact with FA. The sensor has
been characterized and the influence of temperature, humidity
and possible interferents has been established.

2. Experimental section

2.1. Reagents and materials

Hydroxypropyl methylcellulose (HPMC, Methocel E-5, LV USP/
EP premium grade) (Dow Chemical Iberica S.L., Tarragona,
Spain) was used as the membrane polymer. The reagents used
were chromotropic acid (CA), 4-aminoazobenzene (AAB),
Tween 20, absolute ethanol, sulfuric acid, formaldehyde
(36.5-38%), acetaldehyde, toluene, methanol, ethyl acetate,
acetone, and acetic acid, all obtained from Sigma-Aldrich

(Madrid, Spain). Sheets of Mylar-type polyester from
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Goodfellow (Cambridge, UK) were used as a support for the
membranes.

2.2. Instrumentation

To perform the measurements, a homemade climate chamber
made of an opaque glass, 4.4 cm high, 1.2 cm wide, and
3.0 cm long with an upper inlet was used to put the sensor in
contact with the gas and a small hole in the bottom to prevent
overpressure. The atmospheres of different concentrations of
formaldehyde were produced using a Controlled Evaporator
Mixer (CEM) system. It consists of a mass flow controller for
measurement and control of the carrier gas flow (synthetic air)
and a mass flow meter for liquids (Mini CORI-FLOW). A 3-way
CEM mixing valve and an evaporator controlled the liquid flow
and the liquid mixing with the carrier gas flow. The different
liquids tested were deposited in the glass container for sol-
vents located in the CEM. To study the FA, 5.2 mmol L™*
aqueous FA solution was prepared by dilution of a standard FA
solution (36-38%) in purified water. In addition, a tempera-
ture-controlled heat exchanger heated the mixture and comple-
tely evaporated the different liquids studied (96 °C for formal-
dehyde; 20.2 °C for acetaldehyde; 101.3 °C for toluene; 77.1 °C
for ethyl acetate; 56 °C for acetone; 118 °C for acetic acid;
64.7 °C for methanol and 100 °C for water in order to prepare
gas mixtures with different humidity levels).

Standard mixtures of CO, (up to 5000 ppmv) and NH; (up
to 100 ppmv) were prepared by taking variable amounts of the
corresponding gas bullets and diluting them in synthetic air,
controlling the gas flows that entered the mixing chamber
using a computer-controlled mass flow controller (Air Liquid
Espafia S.A., Madrid, Spain) operating at a total pressure of
760 Torr and a flow rate between 100 and 500 cm® min™.
Fig. 1S, ESL, T shows the measurement system.

All the measurements were carried out at room tempera-
ture, 25 °C, and 55 RH% and in triplicate, except when stated
otherwise, to check for experimental errors.

2.3. Preparation of the formaldehyde sensing membrane

The FA sensing membranes were prepared from a cocktail con-
taining 2.6 wt% chromotropic acid (1,8-dihydroxynaphthalene-
3,6-disulfonic acid disodium salt) in 1 ml of hydroxypropyl
methyl cellulose (HPMC) 4 wt% in an aqueous solution,
0.01 wt% AAB in ethanol, 12 wt% Tween 20 and 60 wt% con-
centrated sulfuric acid. The mixture was stirred for a few
minutes to homogenize the solution. Then, 10 pL of this cock-
tail was dropped on sheets of Mylar polyester on a spin-on
device at 100 rpm. The sensor membranes were stored in an
airtight box in the absence of light and at room temperature
until the solvent evaporated completely to obtain homo-
geneous and pink membranes.

2.4. Image capture and processing

The sensing membrane was imaged using a Canon Powershot
G12 digital camera (Japan) placed inside a homemade wooden
enclosure®® illuminated with two LED lamps (4.6 W, 6000 K,
illumination inside the box, 9680 Lx) placed at 45° with

This journal is © The Royal Society of Chemistry 2023
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respect to the digital camera to minimize any interference
from external light. The optimized settings used to photograph
the sensing membrane were ISO 80, F: 5.6, shutter speed: 1/
1600 s, aperture value: /8, focal distance: 11 mm; white
balance, automatic; resolution, 3648 x 2432; and mode, macro.
To evaluate the colour change of the sensor, a photograph was
taken in JPEG format. RGB and HSV colour coordinates were
obtained from the region of interest (ROI) of the digitized
membrane using Image] software (National Institutes of
Health). To evaluate the colour change of the sensor, a photo-
graph was taken and stored in JPEG format. The analysis of
the region of interest (ROI) of the images was performed using
Image] software. The analytical parameter used was the differ-
ence between the colour coordinates after (CCg) and before
(CCy) the reaction with the analyte (CCy — CCy).

3. Results and discussion

3.1. Composition and optimization of the formaldehyde
sensor

Based on the classical methods of FA determination in solu-
tion, the reaction with chromotropic acid*® was selected as a
starting point to prepare the colorimetric detection phase of
FA. No color change was observed when the sensor containing
that reagent was put in contact with the FA atmosphere, even
though the amount of sulfuric acid was very high.

This may be due to the fact that twice as many reagent
molecules are needed compared to gas molecules to form the
adduct between formaldehyde and chromotropic acid.
However, this amount of reagent cannot be included in the
sensing film while maintaining good physical properties
(transparency, homogeneity, and good adhesion to the Mylar
support).

Therefore, another reagent was tested to prepare the FA
sensor phase, and the colorimetric reaction was based on the
reaction of formaldehyde with 4-aminoazobenzene (AAB) in a
slightly acidic solution.™ In this case, the formaldehyde detec-
tion was based on the colour change produced by the nucleo-
philic addition of an amine to the aldehyde in a solution (pH
= 4.5), forming the corresponding imine via a carbinolamine
intermediate. However, when AAB was immobilized in a
polymer matrix (HMPC), together with sulfuric acid, no colour
change was observed when the membrane was exposed to FA
vapours. The different experimental behaviour observed in
aqueous solution and in the gas phase may be due to the
absence of acidic medium in the membrane. Surprisingly,
when AAB was co-immobilized in the presence of both sulfuric
acid and chromotropic acid a colour change from pink to
purple occurred when the membrane was exposed to FA
atmospheres. The reaction between the FA and AAB occurred
only in slightly acidic media because it is an acid-catalysed
reaction. Thus, the gas-phase FA has to diffuse and dissolve in
the HMPC hydrogel membrane, which contains a high percen-
tage of water, and then react with AAB in the presence of
protons. However, considering that AAB is very poorly soluble

This journal is © The Royal Society of Chemistry 2023
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in water (%30 mg 17"), there is a possibility that it is also poorly
soluble in the high-water content hydrogel membrane of
HMPC. Thus, after evaporating the ethanol during the mem-
brane formation, the aggregation of AAB occurs, and it
becomes isolated and inaccessible to protons and FA.
However, when AAB was co-immobilized with chromotropic
acid, the formation of an adduct by electrostatic interactions
between the amine groups of AAB and the sulfonic groups of
chromotropic acid improved the solubility of AAB in the
HMPC hydrogel membrane, preventing aggregation, and thus
improving its accessibility to protons and FA.

To verify our hypothesis, it was decided to replace the chro-
motropic acid (CT) which contains two sulfonate groups and
two hydroxyl groups in its structure, by a much less polar acid,
such as benzene-sulfonic acid (BS) which contains only one
sulfonate group in its structure. Based on our hypothesis, the
solubility of AAB in the hydrogel membrane is drastically
increased by the formation of a highly polar adduct between
AAB and chromotropic acid (AAB-CT) through electrostatic
interactions between the ammonium group of AAB in acidic
medium and the sulfonate groups of chromotropic acid.
Therefore, taking into account that the adduct formed by AAB
and BS(AAB-BS) is much less polar than the AAB-CT adduct,
the solubility of the AAB-BS adduct in the hydrogel membrane
should also be much lower than that of the AAB-CT adduct.
Thus, co-immobilization of AAB and BS on the hydrogel mem-
brane gives a much lower response to formaldehyde than the
co-immobilization of AAB and chromotropic acid.

In a first step, a hydrogel membrane containing only BS
was prepared. This membrane did not show any colour change
when exposed to FA vapours. Subsequently, a second mem-
brane containing AAB and BS-acid was prepared, and upon
exposure to FA vapours a slight pink coloration was observed.
This assay supports our hypothesis that AAB alone is insoluble
in the hydrogel membrane, so it is necessary to form a highly
polar adduct to solubilize it.

To select the most appropriate analytical parameter, the
coordinates from the RGB and HSV colour spaces were
studied, obtaining the response observed in Fig. 2S.f As can
be seen, the H, S and V coordinates responded to FA with less
intensity than the R and G coordinates. On the other hand, B
did not respond to FA. The variation observed in the R coordi-
nate is much larger than for the G coordinate and is more sen-
sitive to variations in the FA concentration. For this reason,
the R coordinate was selected as the analytical parameter.

The optimization of the sensing membrane composition was
studied varying the composition of each one individually in the fol-
lowing concentration ranges: AAB from 0.005 to 0.017 wt%; H,SO,
from 47 to 71 wt%; Tween 20 from 4.5% to 27.3 wt%; HPMC from
2 to 4 wt% and chromotropic acid from 0.7 to 4 wt%. Fig. 1 pre-
sents the results. The concentrations for each reagent that gave the
best results and, therefore, those selected as the optimal compo-
sition for the sensor were AAB 0.014 wt%; H,SO, 60 wt%; Tween
20 12 wt%; HPMC 4 wt% and chromotropic acid 2.6 wt%.

The contact time between the sensor and the formaldehyde
gas is a very important factor; if it is too short, sensor sensi-
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Fig. 1 Optimization of all reagents in the sensor, a: AAB; b: CA; c: H,SO4; d: Tween 20; and e: HPMC.
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tivity can be lost, and if it is too long, effectiveness can be lost.”®
To find the optimal contact time between the sensor and the FA
gas, the sensor was subjected to different concentrations of FA,
varying the contact time from 5 to 30 minutes. Fig. 3St shows
the increase in the analytical signal over time, with the aim of
obtaining a quantifiable signal in the shortest possible time.
5 minutes was selected since the signal obtained was high
enough to be able to distinguish it from the target. The signals
from contact times less than 5 minutes were too low.

With gas sensors, there are two important factors to con-
sider: temperature and relative humidity. The influence of
temperature was evaluated at different values: 10 °C, 20 °C,
30 °C and 40 °C. To do this, the membrane was placed in a

Table 1 Characteristics of the optical sensor for FA

Analytical parameter Value
Measurement range (ppmv) 0.08-0.6
Slope (b) 5.11 + 0.05
Intercept (a) 0.47 +0.02
LOD (ppmv) 0.016
LQD (ppmv) 0.053
Precision 0.08 ppmv/0.25 ppmv (% RSD) 2.3/1.7
Response time (min) 5

Lifetime (days) 4

4536 | Analyst, 2023, 148, 4533-4538

thermal chamber with a humidity of 55% RH and images were
taken every 15 min.

Fig. 2A shows that the temperature influenced the sensor
response, increasing with the temperature, which is normal

4 -
3 d
=
£
<
2 9
(]
2
o
&1
&
0 -
& & & & > & - &
I S R R
2 2 & & i“ S o & S
OIS ¥ ¢ v S & S
> cF‘@ ‘(&\ Y&Q' Y’Q\ “o“

Fig. 3 Selectivity of the sensor: a: formaldehyde; b: acetaldehyde; c:
acetone; d: toluene; e: methanol; f: ethyl acetate; g: acetic acid; h:
ammonium; and i: carbon dioxide.
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Measurement range  Precision Response time ~ LOD
Sensing chemistry (ppmv) (% RSD)  Reversibility  (min) (ppmv)  Ref.
B-Diketones/sol-gel 0.05-1.2 6.3-4.6 — 360 0.03 13
Hydroxylamine sulfate-TB/silica paper 0-0.75 — Yes 2 0.03 29
Pararosaniline/electrospum cellulose nanofibres  0.01-5 — Yes 5 0.05 30
Leuco Fuchsin/Nafion, Fibre optic 0.6-5.5 0.1-7 Yes 15 0.03 22
Chromotropic acid + AAB/HPMC 0.08-0.6 2.3-1.7 — 5 0.016 Current study

TB: thymol blue.

behaviour with optical sensors.”®*” For temperatures above 40 °C,

a change in the colour sensor was observed and the signal
decreased, reaching negative values, meaning that the sensor
would not be operational for temperature values above 40 °C.

To study the influence of humidity, the sensor was moni-
tored under different % RH, taking a photograph after 15 min
exposure at each RH studied. Fig. 2B shows the results, with a
linear dependence with the rate increasing 5.2 times over the
10-100% RH range, increasing the sensitivity of the sensor at
high % RH. The humidity-enhanced response is attributed to
the colorimetric reaction between chromotropic acid and AAB
with FA, similar to that with the Schiff reagent.™

3.2. Sensing membrane characterization

The FA sensing membrane was characterized by exposing it to
different FA levels between 0.08 and 0.6 ppmv FA for 5 min
(seven standards, three replicates each) at ambient tempera-
ture and humidity (25 °C and 55% RH), as seen in Fig. 4S.}
Table 1 shows the analytical parameters found for the pro-
posed FA sensor.

The limits of detection and quantification were calculated
according to the methodology established by IUPAC,?® obtain-
ing a detection limit of 0.016 ppmv and a quantification limit
of 0.053 ppmv.

The precision in the measurement of FA with the proposed
sensing membrane was evaluated using ten different mem-
branes (n = 10) exposed to two different concentrations of FA,
0.08 ppmv and 0.6 ppmv, at the lowest and highest levels of
the concentration range tested. In all cases, the relative stan-
dard deviation (RSD) found was lower than 5% (Table 1).

To check the reversibility, the sensor was exposed to alter-
nate cycles of a constant concentration of 0.12 ppmv FA, fol-
lowed by normal air atmosphere at 55% RH for 10 min.
Fig. 55t shows that the sensor only supported one response
cycle, meaning that the sensor is irreversible.

The lifetime of the sensor was studied by storing three
sensor membranes in an airtight box at room temperature and
humidity and in the dark. These sensors were regularly moni-
tored to check their signal variation versus the time at a con-
stant concentration of 0.12 ppmv FA. The lifetime of the mem-
branes for FA sensing was longer than 4 days. The measure-
ment of the color coordinates was constant during the first
four days, after which the signal quickly decreased and after

This journal is © The Royal Society of Chemistry 2023

10 days, the signal disappeared completely, as seen in Fig. 6S
in the ESL.{

To study the selectivity of the sensor, its response to
different volatile organic compounds and gases was evaluated
(Fig. 3). The response of the FA was evaluated at high levels of
the following potential interferences at 25 °C and 50% RH: for-
maldehyde (0.12 ppmv), acetaldehyde (3.5 ppmv), toluene
(130.0 ppmv), methanol (150.0 ppmv), ethyl acetate
(22.0 ppmv), acetone (50.0 ppmv) and acetic acid (24.0 ppmv),
carbon dioxide (200.0 ppmv), and ammonia (4.0 ppmv).

Table 2 compares the results obtained in this study with
other optical sensors for formaldehyde gas determination in
the literature. The best characteristics were found for this
sensor, although it is not reversible. It has a fast response
time, higher sensitivity and accuracy and a lower detection
limit compared to the other optical sensors, which make it
suitable for use under normal environmental conditions.

4. Conclusion

A colorimetric sensor based on the co-immobilization of chro-
motropic acid and 4-aminoazobenzene in hydroxypropyl
methylcellulose as a hydrophilic polymeric matrix was devel-
oped for the selective determination of formaldehyde gas. The
irreversible colour change of the sensor from pink to purple
when the sensor is in contact with formaldehyde gas serves as
an analytical signal, which is measured using a camera by
quantifying the appropriate colour coordinates. The influence
of both temperature and humidity on the response of the
sensor was studied, with the sensor operating under room
temperature and environmental humidity conditions (25 °C
and 55% RH). A calibration curve was obtained for formal-
dehyde, with a useful concentration range from 0.08 to
0.6 ppmv. The detection limit was 0.016 ppmv, which is lower
than the maximum exposure concentrations recommended by
both the WHO and OSHA. The sensor was found to have good
reproducibility, with the relative standard deviation of 0.08
and 0.25 ppmv being 2.3 and 1.7%, respectively, and with only
a 5 min response time. In addition, the study of interferences
showed that the sensor did not suffer from potential interfer-
ent gases. Although it does not produce a reversible response,
this sensor can be considered an interesting proposal that in
the future may be improved in order to carry out portable real-
time measurements of FA gas in environments.
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