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Abstract: The determination of the concentrations of the organic compounds in ambient air using
reference methods is a time-consuming process. The samples must be collected on a specific sorbent
material and analyzed. In the best-case scenario, the analysis may be performed on site by portable
chromatography techniques; otherwise, transport and laboratory analysis is necessary. Continuous
sensory measurement is advantageous, especially concerning speed, resolution, price and ease of
use. On the other hand, questions are raised, especially on the subject of the quality of data obtained
by sensory measurements. The authors tested several types of volatile organic compound (VOC)
sensors. The chosen type was deployed in a 25-unit sensor network for further testing by parallel
measurements with the reference technique within the CLAIRO project.

Keywords: sensor; electrochemical sensors; air quality; air pollution; VOC; PID detector

1. Introduction

In recent years, a number of studies that focus on the evaluation of sensors, their
features and their usability in various applications have been published [1-6]. In the case
of pollutant monitoring and the correct identification of their sources, formerly conducted
studies concluded that an increase in the spatial resolution of measurement networks is a
very important step [7]. An increase in density of the network using reference measurement
hardware would be very expensive if ever feasible. This issue may be well addressed
using simple low-cost sensors [8,9] that are small and easy to install and use. Compared to
other methods, sensors allow fast online, virtually real-time measurements. Despite many
advantages, there are serious disadvantages to sensory measurements, in particular, the
precision and accuracy of the measurement. Sensory measurements are far less sensitive
and, thus, usable only for indicative applications that do not require precision of analytical
methods. Sensory measurements require carefulness while planning the use of the data and
their interpretation with respect to measurement validity [10]. Although the data produced
by sensory measurements can be easily deemed as lower quality than the data produced
by reference methods, there are undoubtedly benefits resulting from their use.

Technically separate groups among sensors are miniaturized photoionization detec-
tors (mini-PID sensors). In air pollution monitoring, these sensors are intended for the
monitoring of volatile organic compounds (VOCs), a group of often poisonous or dan-
gerous compounds that commonly feature high vapor pressure at ambient conditions,
comprising of, among others, benzene, toluene and formaldehyde [1,4]. The controversial
issue about the sensors is their lack of selectivity towards the detected compounds. In
principle, without upstream separation techniques such as chromatography or selective
filter, it is not possible to determine a chemical individual using photoionization detector
measurements only [11,12]. Despite their shortcomings, PID sensors are further investi-
gated; for some of the factors, corrections are suggested, and they are considered viable
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alternatives under certain conditions or applications. We tested the responses of the PID
sensors to several selected compounds and compared the results with data provided by
the manufacturer (Alphasense, Ltd., Braintree, UK) [13,14]. The relative sensitivity (also
called response or correction factors) provided is related to isobutylene by default, and
in this work, we recalculated sensitivity to benzene as it is a typical representative of the
VOC air pollutant and its concentration in ambient air is legally limited. The molecules
of choice for testing contained aliphatic and aromatic hydrocarbons and 2-propanol as
representative of a different structure. The final part presents real data collected during
sensor network air quality monitoring on the premises of industrial plants generating VOC.
For the purposes of verification and interpretation of the sensory measurement data, the
results are compared to the reference method (parallel air sampling on charcoal tubes and
gas chromatography).

The aim of this work is an evaluation of whether PID sensors may be used for routine
air quality measurements, estimating the uncertainty and limits of their use. EU legislation
mostly states concentration limits in ambient air for individual compounds such as benzene,
toluene and styrene, whereas for working environments, groups such as total VOC and
total organic carbon (TOC) are added. The sensors must fulfill the request for measurement
not only of the compounds, but also their concentration range. The range varies between
units of micrograms per cubic meter (1g/m3) in ambient air and hundreds of pug/m?3 to
units of milligrams per cubic meter (mg/m?) in emissions. The sensors provide output in
voltage (mV), and conversion factors to real-world concentrations must be introduced by
the users. That adds up to a list of questions which the authors are trying to answer.

2. Materials and Methods
2.1. Mini-PID Overview

The general appearance of the used sensor is presented in Figure 1a. Photoionization
sensors use the principle of ionizing detected molecules with high-energy UV radiation. At
first, molecules enter the chamber through a membrane that prevents aerosols and dust
from entering and interfering. The principle of the photoionization detection is presented
in Figure 1b. Exposed to UV radiation, molecules of lower ionization energy than the
energy of the UV radiation are split into ions and electrons. Charged particles migrate in
the electric field towards the respective electrodes, generating current that is indicative of
the number of formed ion + electron pairs, regardless of the compounds present in the
chamber. The UV radiation is emitted from a gas discharge lamp (UV source in Figure 1b),
where gas filling and materials of the windows influence the sensor’s ionization energy.
Table 1 presents the basic features of the three types of mini-PID sensors with ionization
energies of 9.6 eV, 10.0 eV and 10.6 eV used in this work. For the purpose of this work, PID-
AH2-type (Alphasense, Braintree, UK) sensors were chosen because the only differences
among them are the UV lamps. The electrode stacks and ionization chambers are identical.
Moreover, the producer offers a low-noise circuit boards and connection kits for integration
to mini-computer and processor-controlled user-made devices.

Because UV radiation of certain energy levels can ionize any compound of lower
ionization energy, the PID response to compounds in mixtures is relational and additive.
Furthermore, the measurements may be affected by temperature, humidity and presence of
other ionizable gases [3,16].

2.2. Analyzed Compounds

When choosing sensors for testing and verification, the purpose of the measurement
and the sensitivity to the analyzed compounds should be taken into account. Mini-PID
sensors are widely used for monitoring VOCs in various environments—in ambient air,
there are limits on benzene concentrations stated by EU regulations [17], while in working
environments, more VOCs (toluene, styrene or isobutylene) should be monitored for occu-
pational health and safety, and the limits slightly differ according to local regulations [18].
Table 2 lists the details of the compounds used for sensor verification measurements ac-
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cording to their ionization energies. The basic standards (BS) of the compounds were
prepared by purging nitrogen (SIAD, Branany, Czech Republic) through liquid in a glass
washing bottle and collecting the unsaturated gas in a 20 L tedlar sampling bag. The basic
standards were subsequently diluted with pure nitrogen gas to working standards (WS).
Both working and basic standards were analyzed by gas chromatography with a flame
ionization detector (Agilent 7890, Agilent, Santa Clara, CA, USA).

Gas molecule

@ Ionized VOC
® electrone

electrode

ionization area

dust filter

(a) (b)

Figure 1. (a) Mini-PID sensor appearance. The outer diameter of the sensor is 20 mm. The lamp
(in the front) in the assembled state is hidden under the white ionization chamber; (b) simplified
principle of the photoionization measurement in the chamber. Spatial layout of the electrodes and
UV source may vary in practice.

Table 1. Mini-PID sensor specifications (manufacturer’s technical information [13,15]).

Sensor Filling Ionization Measurement Range
Marking Gas Energy (eV) (ppm Isobutylene)
PID—H9 Xenon 9.6 0-8000
PID—HX Krypton ! 10.0 0-100
PID—AH Krypton 10.6 040

1—according to manufacturer, 10.0 eV sensor contains the same Kr lamp as the 10.6 eV sensor and an extra filter
restricting radiation energy to 10.0 eV.

Table 2. Overview of used chemicals, their ionization energies, purity and producers.

Compound IE (eV) ! Purity Producer
Benzene 9.24 p-a. Lach-Ner, Neratovice, Czech Republic
Ethylbenzene 8.76 pa. Lach-Ner, Neratovice, Czech Republic
Isooctane 9.86 pa. Penta Chemicals, Praha, Czech Republic
2-propanol 10.17 LC-MS Biosolve, Dienze, France
Toluene 8.82 pa. Mach Chemikalie, Ostrava, Czech Republic
Trichloroethylene 9.45 Pure Lach-Ner, Neratovice, Czech Republic

1 Tonization energy.

2.3. Sensor Parameter Check

The laboratory measuring device contained the 3 types of PID sensors (PIDHX, PI-
DAH a PIDAHOY, Table 1) attached in a way that allowed them to be used in either open
arrangement for passive sampling measurements or closed for pumped sampling. For
checking the sensors’ parameters, arrangement in an open-end tube with liquid seal at the
outlet was used. Measurements were performed in triplicate, constantly pumping gas (WS)
from the sample bag into the measurement tube of the device with a membrane pump.
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Before measurement and after each repetition, the tube was flushed with nitrogen gas for
several minutes after reaching a zero-voltage reading on all sensors (blank signal).

2.4. Outdoor Measurements—Field Test

For outdoor measurement, a trial sensor network of 25 standalone units containing,
among others, PIDHX sensors was deployed on an area of approximately 500 x 500 m
on the premises of an industrial enterprise. As the operation of the industry involves the
release of VOC in short periods and defined local points, the sensor network underwent
a verification of whether spatial and temporal resolution of air pollution can be achieved.
The reference sampling system for laboratory analysis of sampled air was operated along
one of the sensor units within the area for regular checks of sensory measurements. Com-
parisons were produced using a 24 h air sampling interval and a 24 h average of sensory
measurements.

The layout of the sensor network and an example of visualization of the measured
data can be found in Figure 2.
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Figure 2. Layout of the field-measurement sensor network deployed in the industrial area. The
individual units are marked with solid-colored dots. The currently displayed concentrations are
indicated by a number inside the dot and the red, orange or green color of the dot depends on
the value. The visualization system enables interpolation of data between individual units. These
interpolations are displayed as a semi-transparent overlay.

2.5. Statistics

All the statistical calculations were conducted with the StatPlus software (AnalystSoft,
Inc., Walnut, CA, USA). The presented correlation coefficients were calculated as the
Pearson coefficients of correlation between two independent groups of variables.

The measurement voltage RSD values for the testing of 3 types of sensors were
calculated from 5 min sets of data recorded every 0.1 s while measuring WS samples from
the bags at a constant flow rate. The results are expressed as the mean =+ standard deviation.

Calibration functions were calculated as a linear regression in the linear voltage
range of each sensor; between voltage values as the set of independent variables and
concentrations as the set of dependent variables according to Equation (1), no intercept was
applied (the blank voltage values are subtracted).

c=axE, 1

where E stands for the output voltage, a for the slope of the calibration curve and c for the
determined concentration.
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3. Results and Discussion
3.1. Linearity, Measurement Range and Concentration Calibration
3.1.1. Blank

The sensors, when powered, provide voltage output (offset voltage) even in situations
where no analyte is present and detected (blank measurement). The values are reproducible
and stable so that further results are presented after offset voltage subtraction. In Table 3,
blank voltage values are presented for all sensors. The results are in agreement with
technical specification (offset value up to 60 mV) [13].

Table 3. Tested sensors blank voltage values.

PIDHX [mV] PIDAH [mV] PIDAH9 [mV]
39.1£0.3 472 +23 358 £0.1

3.1.2. Concentration and Voltage Range

In Table 4, the voltage values recorded when testing the PID sensors are presented. The
values of blank signals are subtracted. Voltage RSD during WS measurements at constant
flow rates were 5.1% for PIDHX, 5.3% for PIDAH and 1.0% for PIDAH9. Due to the
different sensitivities of the sensors to some of the compounds and their concentrations, not
all values are presented, and the measurement of all tested compounds was not optimized.

Table 4. Overview of voltage values recorded at testing sensors’ response to selected compounds.

Benzene ¢ [ppm] 0 3.6 9.4 101 456 2279
PIDHX 0 32 86 886 2358 —
PIDAH E [mv]! 0 108 256 2330 2328 —
PIDAH9 0 0.6 1.7 21.5 72.7 314.2
Toluene ¢ [ppm] 0 5.0 49 202 476 —
PIDHX 0 83 353 1074 2339 —
PIDAH E [mv] 0 293 1165 2330 2330 —
PIDAH9 0 1 7 34 82 —
Ethylbenzene ¢ [ppm] 0 3.6 13.5 35.3 — —
PIDHX 0 33.7 81.7 198 — —
PIDAH E [mv] 0 111 268 669 — —
PIDAH9 0 6.1 11.9 35.4 — —
Trichloro-
cthylene ¢ [ppm] 0 9.8 27.8 52 174 —
PIDHX 0 62.8 151 247 817 —
PIDAH E [mv] 0 229 564 1005 2329 —
PIDAH9 0 1.9 44 7.6 27.8 —
2-propanol ¢ [ppm] 0 37.7 154 329 — —
PIDHX 0 17.3 36 — — —
PIDAH E [mv] 0 345 947 1739 — —
PIDAH9 0 48.0 148 330 — —
Isooctane ¢ [ppm] 0 22.8 54.8 249 418 —
PIDHX 0 69.2 155 521 792 —
PIDAH E [mv] 0 459 997 2332 2332 —
PIDAH9 0 1.9 44 14.9 25.2 —

1 Voltage RSD during measurement: 5.1% (PIDHX), 5.3% (PIDAH) and 1.0% (PTDAHD9).

3.1.3. Linearity of the Output, Concentration Calibration

According to the manufacturer, the usable output voltage range is between an offset
value and 3.1 V (supply voltage—0.1 V), although the response is not linear throughout this
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range and sensitivity decreases at a higher voltage [19]. Our observations during the tests
and calibration were that, at voltage values over ca 1800 mV, the responses to decreasing
concentrations were slower and longer nitrogen flushing was needed to reach blank values.
Based on these observations and the manufacturer’s data, output voltage was stated to be
linear between an offset value and 1500 mV to avoid possible sensor saturation.

Calibration equations resulting from linear regressions are presented in Figure 3 for
benzene and listed for benzene and other compounds in Table 5.
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Figure 3. Benzene calibration functions.

Table 5. Calibration parameters for the used compounds.

Sensor PIDHX PIDAH PIDH9

Compound Slope R? Slope R? Slope R?
Benzene 0.114 1 0.036 0.997 7.19 0.999
Toluene 0.183 0.986 0.041 0.97 5.83 0.999
Ethylbenzene 0.174 0.992 0.052 0.993 9.13 0.988
Trichloroethylene 0.212 0.998 0.051 0.996 6.29 0.999
2-propanol 3.87 0.92 0.181 0.983 44.7 0.993
Isooctane 0.507 0.99 0.051 0.997 16.5 0.997

Taking into account that voltage linearity is maintained in the range from blank value
+10 mV to 1500 mV, we conclude that:

e  Sensor AH is usable in the range from 0.5 to 100 ppm
e  Sensor HX is usable in the range from 2 to 300 ppm
e  Sensor H9 is usable in the range from 100 to 10,000 ppm

3.2. Relative Sensitivity of the Sensors

Due to the fact that isobutylene is not a typical air pollutant in the volatile organic
compound group present in emissions, and the PID sensors were intended for VOC in
air quality monitoring, we introduced a recalculation of relative sensitivity to the signal
of benzene (Equation (2)) instead of isobutylene, which is considered unitary for PID
responses [14]:

f = E(x)/E(benzene) (2)

where E(x) stands for the response of the unitary concentration of compound x in millivolts,
and E(benzene), for the response of the unitary concentration of benzene in millivolts.

Relative response values after recalculation can be compared to measured values that
are related to benzene response as shown in Table 6.
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Table 6. Comparison of benzene’s recalculated and measured response factors.

PIDAH-10.6 eV PIDHX-10.0 eV PIDAH9-9.6 eV

P-I1B!

P-Ben 2 Meas 3 P-I1B1 P-Ben 2 Meas 3 P-I1B1 P-Ben 2 Meas 3

Benzene
Toluene
Trichloro
ethylene
Ethyl
benzene
2-propanol
Isooctane

0.5
0.56

0.6

0.56

4
1.1

1.00 1 0.54 0.87 1 N/D* N/D 1
0.85 0.88 0.6 0.83 0.62 N/D N/D 1.21

0.83 0.71 0.8 0.63 0.54 N/D N/D 1.14

0.85 0.7 0.6 0.83 0.65 N/D N/D 0.79

0.13 0.2 25 0.02 0.03 N/D N/D 0.16
0.45 0.67 32 0.16 0.24 N/D N/D 0.43

1 Isobutylene response factor, provided by manufacturer [14]. 2 Producer provided response factor recalculated to
Benzene response. 3> Measured in the laboratory and recalculated to Benzene response. 4 Not determined.

Due to the low number of measurements and possible individual differences among
sensors of the same type, differences in response values are considered not significant,
mainly because they follow the same trends.

3.3. Response to Mixtures of Sensed Compounds

For verification of if the response to mixture of analytes is an additive feature, mea-
surements of prepared mixtures have been conducted and their results were compared to
theoretical values. The theoretical value of the response was calculated as the sum of the
contributions of individual compounds in the mixture, a product of the compound’s con-
centration determined by gas chromatography and a sensor’s response to the compound
according to Equation (3):

E(mix) = A 3)
ax  ay
where ¢ stands for concentration and a for slope of the calibration curve.

Model mixtures were prepared by mixing liquids in the same manner as the other basic
standards (BS) described in Section 2.2, diluted with nitrogen gas and analyzed by GC-FID
before sensory measurement. Parameters and results of the measurement are presented in
Table 7. Due to low differences between the measured and theoretical responses (up to 25%
for the sensitive sensors AH and HX), we can conclude that they are in good agreement,
showing that the response of the sensor to the combination of compounds is an additive
feature.

Table 7. Comparison of calculated and measured voltage responses—model mixtures.

GC-FID [ppm v/v] PIDAH-10.6 eV PIDHX-10.0 eV PIDAH9-9.6 eV

Compounds

TCE!

EtB 2 IPA 3 Meas 4 Calc? Meas 4 Calc? Meas 4 Calc®

TCE + EtB
TCE + IPA
TCE + IPA

76.6

36.8 — 2047.1 2046.8 489.8 479.4 13.5 15.8
15.4 79.1 7219 857.6 96.0 126.8 32 3.6
16.3 143.0 1743.2 1551.7 344 38.2 72 52

! Trichloroethylene. 2 Ethylbenzene. 3 2-propanol (IsoProlylAlcohol). * Measured sensor response in millivolts
[mV]. % Calculated theoretical response according to Equation (3) in millivolts [mV].

3.4. Field Measurements

According to the presented results, PIDHX sensors were chosen for use in the sensor
units and performance testing in field measurements where one of the units was accompa-
nied with an air sampling device capable of 24 h sampling of VOC on charcoal tubes. Along
a three-month continuous operation of the sensor network, 20 samples were collected and
analyzed in a laboratory by gas chromatography. In the GC analysis, the five most common
volatile organic compounds were calibrated and determined: benzene, toluene, xylene
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(sum of isomers), ethylbenzene and styrene. The results of the analysis were compared to
the 24 h average of the concentrations measured by the sensor in the sampling period.

The results of both measurement methods are presented in Table 8, and a correlation
scatter plot is presented in Figure 4. The calculation of concentration from voltage values
according to the slope of the benzene calibration curve presented in Table 5 was performed
automatically in a database that stores sensory data. Hence, the concentration is translated
into a “benzene equivalent” value.

Table 8. Comparison of concentrations benzene determined by GC and PID response.

Sample No. GC [ug/m3] PIDHX [pg/m®]
1 7.6 6.5
2 0.7 1.1
3 1.7 1.8
4 1.2 2.3
5 34.5 19
6 0.2 1.1
8 0.4 1.8
9 2.9 2.7
10 9.9 12.2
11 11.8 9.1
12 6.4 11
13 26.3 36.8
14 0.2 0.4
15 3.3 4.5
16 14 2.3
17 11 8.4
18 1.1 2.2
19 0.1 0.4
20 57.5 40.8
1 7.6 6.5
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Figure 4. Scatter plot of correlated sensory and GC measurements.

Table 9 contains an overview of the correlation coefficients between the PIDHX dataset
and a different combination of VOCs. Due to a linear function-based calibration, adding
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more parameters (compounds) into the relation results in a decrease in correlation. Table 10
presents correlation coefficients between concentration of benzene and other individual
VOCs that confirm their concentrations are independent of each other. This fact also deval-
uates the possibility of calculating the amount of benzene from the total VOC concentration
using a universal factor. The tested datasets contain only several high values of benzene
concentrations, but the trend of a better correlation at lower values suggests that non-linear
calibration can be a way to improve correlation along the whole range. In addition to that,
the high level of correspondence between the results of the sensory and reference methods
suggests that concentration values can be obtained from voltage output with a simple linear
calculation.

Table 9. Correlations of PID results with VOC concentrations.

PIDHX vs. R?
Benzene (B) 0.85
Benzene + Toluene (T) 0.61

B + T + Ethylbenzene (E) 0.39
B + T + E + Xylene (X) 0.31
B+ T+ E + X + Styrene (S) 0.29

Table 10. Correlations of benzene concentration with other measured VOC concentrations.

Benzene vs. R?
Toluene (T) 0.35
Ethylbenzene (E) 0.15
Xylene (X) 0.24
Styrene (S) 0.16
Sumof T+E+X+S 0.24

According to Czech hydrometeorological institute yearbooks [20], the long-term ben-
zene concentrations in ambient air are at the level of 1-3 ug/m?3. Moreover, yearly average
limit concentrations of 5 j1g/m3 were not exceeded at any monitoring site for at least 5 years.
Even in the past, the limit has been exceeded exceptionally, for example at station TOPRA
1410, reaching values of 6.7 |ng/m3 in 2010 and 5.6 ug/m3 in 2012. In 2020, the highest
benzene concentration recorded in the Czech Republic was 3.5 pg/m?. From these data, it
is obvious that commonly measured concentration values are situated in the lower part of
the tested range for ambient air. In the case of operational measurements at VOC sources,
concentrations over 10 ug/m3 are expected.

Regarding the poor selectivity, research has been conducted aimed at improvements
in the selectivity of PIDs to different compounds. There are published studies and reviews
reporting, for example:

e  Partial selectivity after applying tunable high-intensity electric fields from additional
electrodes to photoionized gas streams in the ionization chamber [2].

e  Suggested possible subtraction of major constituent(s) of simple mixtures by combin-
ing the PID detector with an appropriate metal-oxide semiconductor detector and/or
processing the two partially dependent signals with means of advanced chemomet-
rics [1] or machine learning [3].

e  Miniaturized GC apparatus upstream of PID sensor(s) for analysis of complex mix-
tures [21].

Regardless of the method of improving selectivity, more steps in data processing or
measurement have to be performed, on the contrary to simple passive sampled measurement.

4. Conclusions

Three different mini-PID sensors were laboratory tested. It can be concluded for all
of them that they are responsive to particular organic compounds or their groups. Upon
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testing the response to volatile organic compounds, the sensors covered a wide range of
concentrations and significant differences among the detectors were revealed. For VOC
measurements in ambient air, the PID HX sensor of 10.0 eV ionization energy was found to
be applicable.

Parallel measurements of the sensor and reference chromatographic method show a
very good agreement of the results at the usual ambient air concentrations. Regarding the
elevated concentrations, the results correlated worse with the reference method, but in all
cases, the sensor data provided the “capture” of elevated VOC concentration levels near
point sources.

The data obtained from 25 sensors deployed in the experimental sensor network
covering an area of circa 500 x 500 m provided spatial and temporal resolution of VOC
concentration and allowed modelling of pollution maps. Due to the obtained spatial
resolution, measurements were not considered parallel and statistical analysis of multiple
parallel sensory measurements was not performed. Thus, we recommend to users of sensor
technology to refrain from unconditional reliance on individual pieces without testing.

Nevertheless, the results discussed in Section 3 show the necessity to precisely check
and adjust the conversion of the detector output signal to reported concentrations. Further
investigation is needed on the calibration and relationship between (non-)linear ranges of
voltage and concentration. These results, together with the lack of selectivity (and, thus,
impossible identification of an individual pollutant), support the opinion that sensors
are not currently being considered a replacement of the reference methods of air quality
monitoring. Fast responses to concentration changes and density of measurements, both
spatial and temporal, on the other hand, are a vast advantage over the reference methods.
In those methods, sampling and analysis take days of delay, making sensory measurements
a very good and useful component.
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