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ABSTRACT: Transmittance in porous-glass gas sensors, which use aldol
condensation of vanillin and nonanal as the detection mechanism for nonanal,
decreases because of the production of carbonates by the sodium hydroxide catalyst. In
this study, the reasons for the decrease in transmittance and the measures to overcome
this issue were investigated. Alkali-resistant porous glass with nanoscale porosity and
light transparency was employed as a reaction field in a nonanal gas sensor using
ammonia-catalyzed aldol condensation. In this sensor, the gas detection mechanism
involves measuring the changes in light absorption of vanillin arising from aldol
condensation with nonanal. Furthermore, the problem of carbonate precipitation was
solved with the use of ammonia as the catalyst, which effectively resolves the issue of reduced transmittance that occurs when a
strong base, such as sodium hydroxide, is used as a catalyst. Additionally, the alkali-resistant glass exhibited solid acidity because of
the incorporated SiO2 and ZrO2 additives, which supported approximately 50 times more ammonia on the glass surface for a longer
duration than a conventional sensor. Moreover, the detection limit obtained from multiple measurements was approximately 0.66
ppm. In summary, the developed sensor exhibits a high sensitivity to minute changes in the absorbance spectrum because of the
reduction in the baseline noise of the matrix transmittance.

■ INTRODUCTION
The progressive increase in both the global birthrate and aging
populating has attracted increased interest in the development
of new medical solutions, particularly in post-illness treatment
and preventive medicine. Hence, new diagnostic methods for
the early detection of diseases are currently being researched
and developed. In the early 1970s, Pauling et al. reported that
human-exhaled breath contained over 200 volatile organic
compounds (VOCs);1 subsequent studies have since identified
over 3500 VOCs.2 The composition of these VOCs has been
widely adopted as an indicator of health status.3−7 Thus, as
diseases can be diagnosed from exhaled breath, non-invasive
and rapid means of detecting VOCs could be very useful in the
field of medical diagnosis.6,7

Cancers are a leading cause of death, among which lung
cancer has a particularly high mortality rate. This is mainly
because of the difficulty in detecting cancer disease markers in
the early stages of illness. Thus, there is a growing need for
convenient and sensitive detection of VOC markers for lung
cancer. Several studies have compared the VOC concentration
in the exhaled breath of lung cancer patients and healthy
individuals;8−13 significant differences in the concentration of
nonanal have been reported.11−13 Nonanal is an oxidative
decomposition product of oleic acid;14−17 it is generally
accepted that as oleic acid oxidation progresses in lung cancer
patients, the nonanal concentration in the exhaled air increases.
Thus, nonanal can be a promising VOC marker for lung cancer
diagnosis. Although several methods have been reported for
sensing nonanal, including semiconductor sensing,18 chemo-

sensitive property variability,19 and quartz crystal microbalance
(QCM) measurements,20,21 these methods demonstrate poor
gas selectivity or sensitivity. Semiconductor gas sensors can
detect nonanal at a level of several dozen parts per billion
(ppb), but they must be loaded with a noble metal, such as
platinum, to detect aliphatic hydrocarbon gas with high
sensitivity and gas selectivity.18 Chemosensitive and QCM
sensors cannot detect sub-ppm levels of nonanal and do not
show gas selectivity for aldehydes, which have structures
similar to that of nonanal.19−21

We have previously reported a nonanal sensor utilizing
porous glass and an aldol condensation reaction between
nonanal and vanillin under alkaline conditions.22 Because
porous glass contains translucent nanopores, changes in the
reactant color due to the chemical reactions occurring inside
the pores can be easily detected.22−24 In addition, porous glass
has an inner-wall surface functionalized with silanol groups,
which retains a thin water film because of its hydrophilicity.
Thus, porous glass is a suitable nanoporous material for
homogeneously supporting condensation reagents. Further-
more, the material has the potential to function as a reaction
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field for trace-level gas detection reactions. We therefore
proposed to use it as a reagent carrier and reaction field for gas
sensors, using the change in the absorption spectra of the
condensation reagents as the detection mechanism. For this
purpose, we had prepared alkali-resistant porous glass using
sodium hydroxide as an alkali catalyst. The limit of detection
(LOD) was found to be in the order of 102 ppb; however, the
gas sensor exhibited a low transmittance.22 Nevertheless, the
sensor was able to detect changes in absorbance caused by the
aldol condensation of vanillin and nonanal within the inner
surfaces of the porous glass. However, detecting minute
changes in absorbance becomes challenging when the
transmittance of the porous glass decreases. In addition, the
resulting increase in the lower LOD value becomes disadvanta-
geous.
To address these shortcomings, we investigated the factor

responsible for decreasing the transmittance of sodium
hydroxide-loaded porous glass gas sensors. To achieve this,
we employed ammonia as an alternative catalyst and compared
its performance to that of the hydroxide-loaded sensor.
Through the findings discussed herein, we suggest measures
that may overcome the detection issues in nonanal gas sensors.

■ EXPERIMENTAL SECTION
Porous Glass Preparation. Porous glass was prepared by

a phase-separation method, as shown in Figure S1.22 Soda
borosilicate glass was subjected to heat treatment at the glass
transition temperature (or higher) and separated into silica and
soda boron oxide phases. The soda boron oxide phase was
leached with an acid solution to produce pores, whereas the
silica phase was not leached, forming a skeleton.26,27

In addition to the conventional borosilicate components for
porous glass (SiO2, B2O3, and Na2O),

26,27 raw materials
included K2O, Al2O3, CaO, P2O5, TiO2, and ZrO2. In
particular, ZrO2 was added to improve the alkali resistance
of the glass. The materials were placed in a platinum crucible
and melted at 1773 K. The molten glass was then rolled,
molded on an iron plate to form a plate, and gradually cooled.
The glass sample was processed to a size of 5 × 5 × 0.5 mm
and subjected to a phase heat treatment at 968 K. The
fractional glass sample was then leached with 1 mol/L aqueous
nitric acid.
The glass sample was further leached with 1.5 mol/L

aqueous sulfuric acid followed by 0.5 mol/L aqueous sodium
hydroxide and then washed with ion-exchanged water.

Porous Glass Evaluation. Scanning electron microscopy
(SEM) was performed using a field emission scanning electron
microscope (SU-8820, Hitachi, Japan) at an accelerating
voltage of 1.6 kV. The ultraviolet−visible (UV−Vis) spectra
of the porous glass samples were obtained using a
spectrophotometer (UH-4150, Hitachi High-Tech, Japan) in
a wavelength range of 300−800 nm. The pore-size distribution
of the porous glass was determined using a nitrogen adsorbent
and a surface/pore-size analyzer (Quadrasorb SI, Anton Paar,
Austria).

Estimation of Changes in the Absorption Spectra. For
the sodium hydroxide-loaded and ammonia-loaded porous
glass samples, the relationship between their absorption spectra
and the elapsed time after base treatment was estimated. For
these spectra, the samples were measured between 300 and
800 nm after exposure time intervals of 0.05 (3 min), 1, 3, and
6 h. The hydroxide-loaded sample was also subjected to X-ray
diffraction (XRD) and cross-sectional SEM observations after

each time interval. The ammonia-loaded sample was subjected
to XRD measurements only after the 6 h interval, in addition
to the SEM observation. The XRD analysis was performed at
2θ = 35−40° using a powder X-ray diffractometer (Smart-Lab,
Rigaku, Japan).

Solution System Evaluation. A solution system was
tested to investigate the spectra of vanillin, nonanal, and the
reaction products. Vanillin (C8H8O3, 0.5 g, Wako special
grade, FUJIFILM Wako Pure Chemical Corporation, Japan)
was dissolved in a solution containing 6.5 mL of ion-exchanged
water and 33.5 mL of aqueous ammonia (30 wt %, Wako
special grade, FUJIFILM Wako Pure Chemical Corporation,
Japan). Subsequently, 2.7 mmol/L of an ethanol solution of
nonanal was prepared using pure ethanol (C2H5OH, Wako
special grade, FUJIFILM Wako Pure Chemical Corporation)
and nonanal (CH3(CH2)7CHO, Wako first grade, FUJIFILM
Wako Pure Chemical Corporation). Then, 1 mL of an ethanol
solution of nonanal was added to the vanillin-ammonia
solution. The solution was then transferred to an Erlenmeyer
flask, sealed, and heated in a water bath at 373 K for 1 h; this
solution was then used for the UV−Vis spectroscopic analysis.
The measurement range was 350−700 nm. Nonanal and
vanillin were dissolved in acetonitrile and water, respectively,
to obtain their reference absorption spectra.

Evaluation of the Ammonia-Supporting Ability and
Nonanal-Adsorbing Capacity of Porous Glass. The
amount of ammonia supported on the sensor chip was
measured by thermal desorption spectrometry (TDS). The
sensor chip sample was placed in a quartz glass container,
which was filled with helium gas and externally heated from
323 to 773 K. The gas released from the glass container during
the temperature increase was analyzed using a quadrupole
mass spectrometer (M-101QA-TDM, Canon-Anelva, Japan).
The amount of ammonia on the sensor was evaluated using ion
currents with a mass-to-charge ratio of 17. The spectrometer
ion current was calibrated to the expected value by subtracting
the current corresponding to the fragments from water. The
spectrometer ion current was obtained at standard temperature
and pressure (STP; 273 K, 1 atm). The amount of ammonia
supported per unit surface area in the pores of the porous glass
was expressed by converting it into a gas at STP.
Vanillin (0.1 g) was dissolved in 10 mL of deionized water

to prepare a 1 wt % aqueous solution, which was then mixed
with 5 mL of aqueous ammonia (30 wt %, Kanto Chemical,
special grade, Kanto Chemical Co., Inc., Japan). Subsequently,
the porous glass was immersed in 20 μL of the mixed solution
using a microdispenser (Dialamatic 3-000-250, Drummond
Scientific, USA). The sample was then dried at 298 K for 24 h
under vacuum to obtain a sensor chip. The absorption
spectrum and microstructure of the sensor chip were analyzed
by UV−Vis spectroscopy and SEM, respectively.
The nonanal-adsorbing capacity of the porous glass was also

evaluated using 1 L atmosphere. At first, a 50-L Tedlar bag (1-
2711-08, Asone, Japan) was filled with nitrogen (Industrial
Grade, Iwatani, Japan). Subsequently, 0.125 mL of nonanal
was diluted to 50 mL with ethanol; 40 μL of this solution was
then placed in the Tedlar bag to achieve a nonanal atmosphere
of 0.28 ppm. Then, 1 L of atmosphere was adjusted by
subdividing 50 L of nonanal atmosphere of 0.28 ppm as
described above, and the porous glass was in a polytetrafluoro-
ethylene (PTFE) mesh film was hung in the 1 L Tedlar bag.
After a predetermined time (every 30 min), the sensor was
removed from the Tedlar bag, and the nonanal concentration
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in the bag was measured using a sensor gas chromatograph
(SGVA-P3-A, Nissha FIS Inc., Japan).

Nonanal Sensing Test. The nonanal-sensing ability of the
prepared sensor was also investigated (Figure 1). 50 liter

Tedlar bags were filled with nitrogen in the same manner as
described previously. Various concentrations of nonanal (0,
250, 500, and 750 μL) were diluted to 50 mL with ethanol.
Each resulting nonanal solution (40 μL) was placed in a Tedlar
bag to achieve a nonanal atmosphere of 0, 0.5, 1.0, or 1.5 ppm.
After this, 575 mL of deionized water was placed in the Tedlar
bag to achieve a relative humidity of 50%. For each nonanal
concentration, a sensor chip was wrapped in a PTFE mesh bag
and hung with Teflon thread inside the Tedlar bag for 24 h.
This exposure time was selected because the sensing
mechanism is based on accumulation of nonanal inside the
sensor chip;22 in our previous study, it was confirmed that the
sensor sensitivity increased until 24 h. After this period, the
sensor was removed from the Tedlar bag and heated at 373 K
for 1 h on a hot plate to promote the aldol condensation
reaction. The absorption spectrum of the sensor chip was then
obtained using UV−Vis spectroscopy.

■ RESULTS AND DISCUSSION
Evaluation of Alkali-Resistant Porous Glass Sample.

The appearance and microstructure of the obtained glass
sample, its transmission spectrum, and the pore distribution
are shown in Figure 2. The exterior photograph (Figure 2a)
shows that the sensor is translucent, while the transmission
spectrum (Figure 2c) confirms that the sensor transmittance is
between 10% and 90% in the wavelength range of visible light
(400−800 nm). In particular, the transmittance at approx-
imately 420 nm, where the absorption of vanillin is expected,22

is approximately 10%. At shorter wavelengths, the trans-
mittance decreases because of Rayleigh scattering in the porous
structure.28 Notably, if the pore size decreases, the trans-
mittance increases; however, it then becomes difficult for the
gas to diffuse into the pores. The calculated mean free path of
nonanal was 9 nm according to the Maxwell−Boltzmann
approximation.22 If the pore size is reduced further to increase
the transmittance, Knudsen diffusion occurs, which causes the
rate of gas diffusion into the pores to become very low as the
mean free path and pore size become equivalent.29

An SEM photograph of the microstructure (Figure 2b)
shows a porous structure arising from the spinodal phase. In
the pore-size distribution determined by the nitrogen
adsorption method (Figure 2d), the median pore diameter
was found to be approximately 35 nm, and 80% of the pores
were between 20 and 50 nm in size. SEM observations also
confirmed this distribution range. Therefore, the obtained pore
sizes are sufficiently large for nonanal gas diffusion when
considering the mean free path. Consequently, the resulting
porous glass is a suitable material for a gas sensor matrix that
combines desirable light transmission and gas diffusibility.

Evaluation of the Absorption Changes upon Sodium
Hydroxide and Ammonia Treatment. A porous glass
treated with sodium hydroxide exhibits a considerably reduced
transmittance compared to a non-treated glass, as reported in a
previous study.22 Hence, the sodium hydroxide-loaded porous
glass sample was subjected to absorption, cross-sectional SEM,
and XRD measurements at exposure to an air atmosphere at
designated time intervals to investigate the factor responsible
for the decreased transmittance. These results are presented in
Figure 3.
After vacuum drying, the sodium hydroxide-loaded glass

exhibited an increase in absorbance with exposure time (Figure
3a). Furthermore, the intensity of the diffraction peak
corresponding to sodium carbonate also increased with
exposure time (Figure 3b). This result is attributed to the
reaction of sodium hydroxide with carbon dioxide from the air
inside the pores, which generates sodium carbonate.30 In
addition, the cross-sectional SEM observation confirmed the
precipitation of coarse particles within the porous glass sample

Figure 1. Illustration of a nonanal sensor chip preparation process and
a subsequent nonanal sensing test.

Figure 2. (a) Exterior photograph and (b) SEM image of an alkali-
resistant porous glass sample; (c) UV−Vis transmittance spectrum of
the sample; (d) pore-size distribution of the sample as determined by
a nitrogen adsorption method.
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after an elapsed time period post drying (Figure 3c), which can
be attributed to the growth of sodium carbonate crystals. From
these results, it can be concluded that the sodium hydroxide
treatment of the porous glass generates coarse particles of
sodium carbonate within the pores; these particles then scatter
the incident light, which decreases the sensor transmittance. As
the transmittance of the porous glass decreases (and the
absorbance increases), the sensor sensitivity to minute
absorbance changes during the aldol condensation reaction
also decreases. Measures to prevent this deterioration in
transmittance were therefore required.
As an alternative, a porous glass was produced utilizing

weakly alkaline ammonia as the alkali catalyst instead of the
strongly alkaline sodium hydroxide. Figure 4a shows the
absorbance changes of the ammonia-loaded porous glass with
exposure time. After vacuum drying, the absorbance at
wavelengths of above 370 nm barely changed with each time
interval. In addition, crystal-derived diffraction peaks were not
observed after the longest exposure period (Figure 4b).
Furthermore, the cross-sectional SEM image (Figure 4c)
revealed that the ammonia-loaded porous glass differs
considerably from the sodium hydroxide-loaded sample; no
precipitation of coarse particulate crystals can be observed
within the material. The above results therefore suggest that
the transmittance of the ammonia-loaded porous glass is
unchanged with exposure time because of the lack of
precipitation of coarse carbonate crystal particles.

Evaluation of the Solution System Reaction between
Nonanal and Vanillin Using an Ammonia Catalyst.
Ammonia was used in a solution system to confirm its role as a
catalyst in the reaction between nonanal and vanillin, which
was used as a nonanal-detecting reagent in our previous
study.22 The changes in the absorbance spectra of different
reagent mixtures due to heating (when applied to promote the
aldol condensation reaction) are illustrated in Figure 5. When
only vanillin and ammonia were mixed as a control system, an
absorbance of approximately 0.003 was observed at 500 nm
(Figure 5a); this did not change notably (0.006 at 500 nm)
when ethanol was added to the mixed solution. However, the
absorbance changed after the solution was heated to 373 K for
1 h (0.086 at 500 nm); this is caused by the formation of side
products from the reaction of vanillin and ammonia, owing to
the high reactivity of the hydroxy group in vanillin at elevated
temperatures (Figure S2) and the possible spontaneous
reaction of ammonia with the aldehyde group.31 While such
a change is likely to decrease the sensor sensitivity, the
subsequently measured calibration curve (Figure 10) shows
that the transmittance was still higher than that of the sodium
hydroxide-loaded sensor by an order of magnitude. When
diluted nonanal was added to the vanillin/ammonia system,
the absorbance remained approximately constant before
heating (Figure 5b); however, the change after heating (0.14
at 500 nm) was notably greater than that observed for the
control solution (as seen in Figure 5c). This additional
absorbance increase across the studied wavelength range
indicates a formation of a product from the reaction between
nonanal and vanillin.

Figure 3. (a) UV−Vis absorption spectra and (b) XRD patterns of
sodium hydroxide-loaded glass after several time intervals of NaOH
exposure; (c) cross-sectional SEM image of the sodium hydroxide-
loaded porous glass.

Figure 4. (a) UV−Vis absorption spectra and (b) XRD patterns of
ammonia-supported glass after several time intervals of ammonia
exposure; (c) cross-sectional SEM image of the ammonia-loaded
porous glass.
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Figure 5d illustrates the difference between the absorption
spectra of the reaction product mixture when either sodium
hydroxide or ammonia was used as the catalyst. While the
sodium hydroxide-catalyzed reaction mixture showed a large
absorbance with a narrow range of approximately 400−480
nm, the ammonia-catalyzed mixture showed a larger
absorbance across a broader wavelength band of approximately
480−700 nm. This may be attributed to the products formed
from the additional side reactions of ammonia with vanillin.

Ammonia-Supporting Ability and Nonanal-Adsorb-
ing Capacity of Porous Glass. Next, the ammonia-
supporting ability of the porous glass was evaluated. Figure 6

shows the TDS profile of ammonia released from a gas sensor
element carrying ammonia and vanillin. Two peaks appear at
423 and 543 K; these positions are identical to those observed
previously in TDS profiles of ammonia released from solid
acidic porous materials such as zeolite.32 The peak at 423 K is
caused by the desorption of the physically adsorbed ammonia,
whereas the peak at 543 K arises from the desorption of
ammonia from the acidic sites in the porous structure. These
results suggest that ammonia adsorbs to the glass by two
means: weak physisorption and acid−base interactions.
The ammonia TDS profile of a control sample in which

ammonia and vanillin were supported in a conventional porous

glass product26,27 is also shown in Figure 6. Only a small peak
in the spectrum can be observed at a peak temperature of 383
K. Thus, as the conventional product does not contain acidic
sites, only the physically adsorbed ammonia is retained in the
pores.
In addition, when the amount of adsorbed ammonia

(obtained from the peak area by integrating the TDS curve)
was compared between the two samples, the treated product
was found to contain approximately 50 times more ammonia
than the conventional product. This finding suggests that the
treated product retains more ammonia because of the acidic
sites in its pores. It has been reported that the composite
oxides of SiO2 and ZrO2, which are the main components of
porous glass, have high acidity.33,34 Similarly, the acidity of
SiO2 was strong, even in porous glasses containing SiO2 and
ZrO2, and the peak splits into two as ammonia adsorption
increases to the acid point, thereby indicating an increase in
the retention amount of ammonia.
In addition, the evaluation results of the nonanal-adsorbing

performance of the porous glass are shown in Figure 7. The
evaluation was performed on both pristine and ammonia-
loaded porous glass samples. The nonanal adsorption rate was
larger in the pristine glass compared to that of the ammonia-
supported sample, owing to the strongly acidic pore surfaces in
the pristine glass. It is assumed that the carbonyl groups in

Figure 5. Absorption spectra of solution systems before and after heating at 373 K for 1 h: (a) vanillin and ammonia mixed with ethanol, and (b)
vanillin and ammonia mixed with ethanol-diluted nonanal; comparisons of the post-reaction absorbance spectra of (c) the control and nonanal-
mixed ammonia-catalyzed solutions and (d) the nonanal mixed ammonia- and sodium hydroxide-catalyzed solutions.

Figure 6. Thermal desorption spectra of ammonia released from
alkali-resistant porous glass and conventional porous glass exposed to
a mixed ammonia/vanillin solution.

Figure 7. Amount of nonanal adsorbed on pristine and ammonia-
loaded alkali-resistant porous glasses.
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nonanal interacted with the acidic pore surfaces; as the
carbonyl carbon is positively charged due to the polarization
induced by oxygen,35 these groups should therefore have a
strong affinity to the negatively charged acidic sites under
aqueous conditions. Conversely, when ammonia was sup-
ported on the pores, the surface acidity of the pores was
neutralized by the basic ammonia, thus weakening the overall
acidity in the material. These modified sites should therefore
become positively charged in aqueous conditions, thus
reducing the overall negative charge on the glass surface and
weakening the carbonyl interactions.

Nonanal Gas Detection Test and Sensor Calibration
Curve. Figure 8 shows three absorption spectra of the porous

glass sensor chip: the sensor chip before loading, the sensor
with vanillin and ammonia supported in the pores, and the
sensor after exposure to nonanal with subsequent heating for 1
h. Nonanal concentration, exposure time, and heating
conditions were 1 ppm, 24 h, and 373 K, respectively.
Notably, the absorption of the original porous glass increases at
lower wavelengths owing to Rayleigh scattering caused by the
microstructure.29 When the gas detectors were loaded with
ammonia and vanillin, the absorption remained unchanged
over 450 nm; however, the absorption below 450 nm increased
owing to the absorption of light by the supported vanillin. This
conclusion is supported by the previously confirmed fact that
crystal precipitation does not occur in the sensor when
exposed to ammonia. These spectral changes therefore
demonstrate the formation of a gas detection layer within
the porous structure. After exposure to nonanal and heating,
the sensor absorption below 450 nm increased, suggesting the
occurrence of aldol condensation between vanillin and nonanal
inside the sensor pores. This result also supports the
observations seen on the solution system experiments.
Figure 9 illustrates the visual appearance of the sensor chips

before and after the nonanal gas exposure and heating process.
The vanillin-loaded sensor chip became slightly yellow due to
the absorbance of vanillin at below 400 nm. The color then
intensified after nonanal gas exposure and heating, which is in
accordance with the absorption spectrum change. The color
also darkened after zero nonanal gas exposure and heating,
which can be attributed to the side reaction of vanillin and
ammonia at the heating stage. However, the color change in
the sensor chip exposed to nonanal was still distinct enough to
be identified.
Figure 10 illustrates the relationship between the nonanal

concentration and the change in sensor absorbance at 420 nm.
The amount of aldol condensation, which determines the

absorbance change, depends on the amount of vanillin and
nonanal gas accumulated on the chip. The amount of nonanal
gas accumulated on the sensor chip was proportional to the
nonanal concentration in the atmosphere and exposure time.22

Therefore, the amount of aldol condensation is proportional to
the amount of vanillin, nonanal concentration of the
atmosphere, and exposure time. In this study, the amount of
vanillin and exposure time were constant. Thus, the
absorbance shift linearly increased with the nonanal concen-
tration. The proportionality constant can be obtained from the
slope in Figure 10. A large constant was obtained because of
the large specific surface area of the glass, which leads to an
increase in its adsorption capacity
The absorbance change was evaluated at 420 nm because

absorbances obtained at wavelengths less than 420 nm increase
sharply owing to the absorbance of vanillin. If a wavelength less
than 420 nm is chosen, the error of subtraction becomes
relatively large; however, if a wavelength greater than 420 nm
is chosen, the change in absorbance would decrease
significantly because the absorbance decreases with increasing
wavelength.
The sensitivity of the developed sensor was also analyzed.

The obtained calibration curve shows a one-to-one corre-
spondence in a concentration range of 0.1−1.5 ppm; thus, the
sensor can measure sub-ppm nonanal concentrations. The
standard deviation and coefficient of variation obtained from
multiple blank measurements were 0.022 and 18%, respec-
tively. The three-sigma value was 0.066, which corresponds to
the LOD of the absorbance change after considering the
experimental variation. The absorbance change per unit of
concentration (ppm) was approximately 0.1; thus, an
absorbance change of 0.066 is equivalent to 0.66 ppm of
nonanal. Consequently, the LOD of the developed nonanal
sensor is 0.66 ppm. This sensitivity is comparable to those
obtained with other types of gas sensors, which range between
several dozen ppb to several ppm.17−20,36,37

Figure 8. Absorption spectra (300−800 nm) of the gas sensor chip
before loading, after vanillin and ammonia loading, and after exposure
to 1 ppm nonanal gas for 24 h followed by subsequent heating (373
K, 1 h).

Figure 9. Photographs of (a) untreated alkali-resistant porous glass,
(b) nonanal sensor chip after vanillin and ammonia loading, and
nonanal sensor after exposure to (c) 0 or (d) 1 ppm nonanal with
subsequent heating.

Figure 10. Calibration curve illustrating the relationship between
nonanal concentration and the change in absorbance at 420 nm.
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The limit of quantification (LOQ) of the sensor was
determined from the ten-sigma value and gradient of the
calibration curve, where LOQ = ten-sigma/gradient.38 For the
developed sensor, the ten-sigma value was 0.22, while the curve
gradient was 0.1, giving the LOQ of 2.2 ppm. However, this
value is insufficient for diagnosing lung cancer, which requires
a sensitivity in the order of several ppb.11−13

In this study, we focused on increasing the transmittance of
the sensor chip because the accuracy of an absorbance
measurement increases with transmittance. The absorption
measurement resolution of spectrometers is generally less than
or equal to 0.005 a.u. when the transmittance is higher than
10%. In this study, it was confirmed that transmittance through
the sensor chip can exceed 10% when ammonia is used as the
catalyst. An absorbance change of 0.005 is equivalent to a 50-
ppb nonanal concentration change in the calibration curve;
considering that the developed sensor variation is related to
variations in the porous structure and thus the amount of
loaded detection reagents, this phenomenon indicates that the
sensor may potentially achieve an LOD of approximately 50
ppb if the sensor variability is controlled or suppressed. Thus,
the developed sensor is potentially suitable for gas detection
over a wide nonanal concentration range of between 50 ppb
and 1.5 ppm.
Furthermore, we investigated the sensors at an atmospheric

humidity of approximately 50%. Notably, the sensitivity of a
porous glass sensor increases with increasing humidity, which
is because the water layer inside the porous structure becomes
more stable.25,39 This is a positive attribute of this sensor in
comparison to semiconductor sensors, which become less
sensitive with increasing humidity. Variations due to humidity
changes can also be corrected by in situ monitoring and
subsequent sensitivity correction; for example, using auto-
mated software processes.
The selectivity of the sensor is another important aspect to

consider. Exhaled breath contains aldehydes; thus, the
operational sensor must be able to distinguish between
nonanal and other aldehyde gases, especially C8 and C10
aliphatic aldehydes, which are similar in size to nonanal. The
sensor was therefore evaluated for its sensitivity to octanal
(C8H16O) and decanal (C10H20O). It was found that
increasing the number of carbons in the aldehyde backbone
increases the sensitivity because the molecular boiling point
increases with increasing molecular weight; the sensor was
therefore more sensitive to decanal than octanal. Thus, there is
scope for future work to be conducted by investigating the
differentiation of gases by the sensor as a function of the pore
size or other parameters. An additional limitation of the
developed sensor is the irreversible nature of the sensing
mechanism, whereas semiconductor gas sensors can be used
repeatedly.
Moreover, when considering the future application of this

sensor type toward point-of-care diagnostic devices, it would
be preferable that the porous glass matrix be incorporated into
a metal framework that can be easily heated by a miniature
heating device. LEDs and optical detectors may also enable the
measurement of an adsorption change at a specified wave-
length.24,40 To enable the practical use of this sensor type,
supporting device technologies will need to be developed.

■ CONCLUSIONS
In this study, we used ammonia instead of sodium hydroxide as
a catalyst in a porous glass gas sensor for the detection of

nonanal. This prevented the deterioration in transmittance that
was observed previously in sodium hydroxide-loaded sensors
and was subsequently found to be caused by the formation of
carbonate deposits in the sensor. In a model solution system,
when ammonia was used to catalyze the aldol condensation of
vanillin with nonanal, the absorbance changed in response to
the presence or absence of nonanal. Because ammonia tends to
volatilize, the retention performance of the developed porous
glass was greater than that of the conventional porous glass,
owing to the former’s higher surface acidity. A comparison of
the retained amount of ammonia revealed that the developed
product contained 50 times more ammonia than the
conventional product. When the sensor was subsequently
tested for the detection of gaseous nonanal, specific absorption
changes were observed in accordance with the solution system
experiments. The resulting calibration curve indicated a linear
relationship between nonanal concentration and absorbance,
confirming the feasibility of the sensor for quantitative
detection, with the LOD found to be 0.66 ppm. Moreover,
when ammonia was used as the catalyst instead of sodium
hydroxide, the transmittance of the sensor chip was improved,
leading to the detection of minute absorbance changes.
Notably, high sensitivity may be achieved when the sensor
variation is suppressed. This new porous glass sensor therefore
provides a practical sensing mechanism for nonanal detection
that utilizes ammonia-catalyzed aldol condensation. By
utilizing the properties of the pore surfaces, we demonstrated
that ammonia can be stably and homogeneously used as a
catalyst in nanoscale environments. Thus, porous glass
materials can be used as sensing platforms that can provide
nanoscale reaction fields and catalytic activity owing to their
significant surface properties. Such materials are promising
candidates for sensing materials in future point-of-care
diagnostic devices. Future research should focus on investigat-
ing the ability of the sensor to differentiate gases according to
pore size or other properties.
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