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st, Raspberry Pi-based optical
sensor (PiSENS): continuous monitoring of
atmospheric nitrogen dioxide†

Ernesto Saiz, *a Ivana Banicevic,b Sergio Espinoza Torres, c Salma Bertata,a

Gino Picasso,c Matthew O'Brien *a and Aleksandar Radu*d

We have developed a sensing system that utilizes a low-cost computer (Raspberry Pi) and its imaging

camera as an optical sensing core for the continuous detection of NO2 in the air (PiSENS-A). The sensor

is based on colour development as a consequence of the interaction of the gas with an absorbing

solution. The PiSENS-A is thoroughly calibrated over the hourly mean which is used as one of the key

metrics in evaluating air quality. The calibration was performed in the range of 0 < [NO2] < 476 mg m−3

chosen to contain the threshold used to determine compliance to the UK's Air Quality Standard

Regulations (2010) expressed as a maximum of 18 permitted exceedances of [NO2]hourly mean = 200 mg

per m3 per year. Lab-based measurements were evaluated against UV-vis. The average precision

expressed as a relative standard deviation was: RSD% = 2.8%, while the correlation of mock samples was

excellent (Pearson's r = 1.000). Field-based measurements were evaluated against chemiluminescence-

based instrument exhibiting a correlation coefficient of R2 = 0.993. The PiSENS-A was also deployed as

an independent air quality analyser at the Keele University campus.
Introduction

Today's world is insatiable for information. The demand to
monitor and control all aspects of the environment in real-time
is brought about by environmental, health, safety, and security
concerns. Monitoring of chemically-relevant information is
thus essential in these efforts. However, obtaining reliable,
robust chemical information relevant for any of the aforemen-
tioned areas still very much depends on expensive, bulky, and
lab-based instruments that require highly trained personnel for
their operation which hinders their applicability to point-of-
care (POC) applications.1,2 Advances in Information Technolo-
gies (IT) coupled with technologies for simplication and
miniaturization of chemical sensors have led to the develop-
ment of very interesting concepts for data collection and
transmission in health and environmental applications.3,4

Furthermore, advances in digital imaging technology have
allowed the programming of computers to interpret and
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understand the visual world. Computer vision approaches
enable the use of cost-effective and high-resolution cameras for
colourimetric analysis in, for example, remote areas as well as
the exchange of data from such POC tests almost instanta-
neously using, for example, smartphones.5 More recently, the
inclusion of cloud computing offers unprecedented opportu-
nities for instantaneous data transmission even in resource-
limited settings and remote areas, enabling intervention when
required.6

Low-cost, single-board computers such as the Raspberry Pi7

offer exciting opportunities to exploit computer vision in
a variety of elds of chemical sciences. They can utilize versatile
open source programming languages such as Python (and its
available libraries) and thus offer an opportunity to modify and
adapt protocols. For example, a Raspberry Pi coupled with an
imaging camera has been used by O'Brien et al. to automate
organic synthesis,8,9 while Luka et al. have developed colouri-
metric sensors for the determination of pH and NO2

− concen-
tration with a correlation coefficient of R2 0.998 and 0.999.10

We are working on the development of Raspberry Pi-based,
portable devices for rapid and in situ determination of analy-
tes relevant for bio-environmental analysis (PiSENS).

This paper focuses on the description of the version suitable
for the determination of air quality hence named PiSENS-A. A
forthcoming publication demonstrates a version suitable for
the determination of water/soil quality utilizing polymer
membrane-based optodes hence named PiSENS-O.
This journal is © The Royal Society of Chemistry 2023
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For a demonstration of the utility of PiSENS-A, we focused
on the rapid determination of NO2 in the air. NO2 is chosen as
a major indicator of air quality. According to WHO, air
pollution kills an estimated seven million people worldwide
every year.11 Recently, a nine-year-old from London became
the rst person in the UK to have air pollution listed as the
cause of death on their death certicate aer an inquest into
the child's death found levels of NO2 and PM2.5 near her
home exceeding WHO and EU guidelines thus affecting her
severe asthma.12

Since the principal sources of NO2 pollution are mobile
(motor vehicles)13 capturing acute and localized incidents is
very important but also makes spatio-temporal analysis quite
difficult. Moreover, NO2 concentration can vary due to varia-
tions in wind speed and direction, rain, chemical sinks and
sources, etc.14

Different methods are available to measure NO2 concen-
tration, from traditional wet chemistry15 to ion
chromatography,16–18 uorescence,19,20 electrochemical
sensors,21–23 and semiconductor gas sensors.24 Chemilumi-
nescent methods25,26 have established themselves as reference
methods that governmental agencies such as the UK's
Department of Environment, Food, and Rural Affairs (DEFRA)
are using for the development of air quality policies.27

However, it requires high capital and operating costs. In recent
years, there have been different attempts to develop low-cost
devices to monitor NO2 in the air. Some devices are portable
and can be applied at the POC but in two steps: sample
collection and then colour analysis.28–30 In other cases, they are
devices with high spatio-temporal resolution31–33 but with
recurring issues with precision and reliance on expensive
instrumentation for data acquisition and transmission.

In order to address the issues of cost, portability and
instantaneous analysis, PiSENS-A was largely built using mate-
rials that can be found in a DIY shop while utilizing a Raspberry
Pi and its imaging camera for data acquisition and processing.
We utilize the traditional Saltzman reaction for capturing NO2

from the air which results in colour development upon contact
with a suitable absorbing solution.15 We also used a 3D printer
for the construction of a few additional specic pieces, while the
data acquisition and processing are driven by an in-house
written Python script thus keeping the cost low and allowing
for potential future modications. While we acknowledge the
limitations of the methodology relying on an absorbing solu-
tion, we decided that its combination with Raspberry Pi-based
detection/analysis presents an optimal balance between cost,
simplicity of construction and operation, and offered spatio-
temporal resolution. Herein, we demonstrate that the PiSENS-
A allowed data acquisition with a high temporal resolution
and offered excellent portability of the single utilized device.
However, we are condent that the low construction and oper-
ation costs and utilization of the computing power of Raspberry
Pi open the possibility for the production and installation of
several devices while integrating them into powerful sensing
networks.
This journal is © The Royal Society of Chemistry 2023
Experimental
Reagents

In this study, all the chemicals were of analytical grade. N-1-
Naphthylethylenediamine dihydrochloride with >98% purity,
sulfanilic acid with >99% purity, and sodium nitrite with$97%
purity were purchased from Sigma-Aldrich (Dorset, UK). Glacial
acetic acid with $99% purity was purchased from Fisher
Scientic (Loughborough, UK).
Absorbing reagent and solutions preparation

To prepare the absorbing reagent we rst prepared a stock
solution (0.1%) dissolving 0.1 g of N-1-naphthylethylenedi-
amine dihydrochloride in 100 mL of deionized water (Elga, UK).
Then in a volumetric ask of 1 L, we added 600 mL of deionized
water and 140 mL of glacial acetic acid, dissolved 5 g of sul-
phanilic acid, added 20 mL of the indicated stock solution
(0.1%) of N-1-naphthylethylenediamine dihydrochloride, and
nally diluted to 1 L.

Standard solutions were prepared using solutions of NaNO2

and the concentration was converted into equivalent [NO2]. In
his seminal work, Salzmann empirically observed that 0.72
moles of NaNO2 produced the same colour as 1 mole of NO2.15

However, more recent investigations have found that such
conversion factor is closer to 0.82.34,35 As we prepared a stock of
solution of 20.3 ppm of NaNO2, it contains the equivalent of
[NO2] = 16.5 ppm calculated using the formula:

½NO2� ðppmÞ ¼ CNaNO2

ppm

MWNaNO2

� MWNO2

0:82
(1)

Calibration solutions of 0.1, 0.2, 0.4, 0.6, 0.8, and 1 ppm
equivalent [NO2] were prepared using appropriate amounts of
NaNO2 and diluting with the absorbing solution allowing
15 min for full colour development.

In addition, a series of mock samples containing the equiv-
alent of 0.05, 0.15, 0.3, and 0.5 ppm of NO2 were also prepared
using the same procedure.
In situ sampler/analyser

The sampling train consisted of a 4.5 V air pump (RS PRO Series
D250, RS Components, Corby, UK; £50), a rotameter (MR rotary
series, model 3A13, Key Instruments, Trevose, PA, USA; £80),
and an impinger (Supelco, Bellefonte, PA, USA; £70) which was
used to trap the NO2 using an absorbing reagent. Colour anal-
ysis was performed using an 8MP camera (Raspberry Pi Camera
V2, Cambridge, UK; £15), connected to a Raspberry Pi computer
(Model 3B+, Cambridge, UK; £60). A simple white USB LED light
(YLC; £1) was connected to the Raspberry Pi and used to
maintain a constant light intensity (we do not need a specic
wavelength but to keep it constant in relation to the calibra-
tion). All components were placed in a light- and weather-proof
box (Luceco PLC, London, UK; £15). The box had some water-
tight overtures on one side through which tubing can pass for
air sampling and power supply. The prices of the main elements
of the sampling train are given as an indicator and amount to
Anal. Methods, 2023, 15, 482–491 | 483
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Fig. 1 PiSENS-A: schematic representation of the sampling train and
an image of the device.
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£291. Note that the prices are correct on the date of purchase
(during 2022) and are subject to change.

Accessories

SketchUP (Trimble, Sunnyvale, CA, USA) was used for
designing accessories printed on the 3D printer (Ultimaker 2+,
Ultimaker D.V. Utrecht, the Netherlands). In particular, we
created a camera holder with a triangular shape to position the
camera with an inclination of 45° in relation to the impinger,
while the LED light was at 90° directly on top (Fig. 1). We also
created a Raspberry Pi holder for keeping the camera and
computing system adjacent to the impinger, but not
obstructing it. This allows for easy replacement of the
absorbing reagent and standard solutions. The PiSENS-A is
illustrated in Fig. 1. The inset image illustrates the device, but
please note that the camera, Raspberry Pi, and the LED light
are separated from their operating position for the purpose of
clarity.

Validation in the laboratory

For characterization and calibration purposes spectrophoto-
metric analyses were performed using a Varian Cary 50 UV-vis
Spectrophotometer (Mulgrave, Australia).

Calculations

Statistical calculations were performed with MS Excel so-
ware (Microso Co, Redmond, WA, USA). The Raspberry Pi
computing system used Raspbian OS (Raspberry Pi Founda-
tion, Cambridge, UK). The determination of colour intensity
and calculation of [NO2] was performed using in-house
written code in Python programming language (PSF, Wil-
mington, Delaware, USA).
½NO2�AIR

�
mg m�3� ¼

�
½NO2�PiSENS-A

t;corr � ½NO2�PiSEN�
Vair

t;corr �

484 | Anal. Methods, 2023, 15, 482–491
To compute [NO2] in air analysed over a specic period of
time (e.g. 1 h for the determination of hourly mean, or 24 h for
daily mean), one needs to consider several details.

It is also important to dene some terminology here.
Traditionally, devices using Griess–Saltzman (GS) reaction
sample air and are thus called samplers', while the analysis is
done in the lab. PiSENS-A on the other hand samples the air and
is doing the analysis (imaging of colour of the absorbing solu-
tion and its automatic conversion into concentration) instan-
taneously using python script. Thus we will refer to the entire
process as ‘analysis’ rather than ‘sampling’.

Equivalent [NO2]. The script written in Python programming
language is capable of conversion of ‘projections’ (for the
explanation of this term, please refer to the section Theory) into
concentration in ppm. Given that standard solutions are
prepared using NaNO2, it is essential to convert its concentra-
tion into equivalent [NO2] as explained above, using eqn (1).
Note that only one conversion is necessary, i.e. either for the
concentration of standard solutions, or the PiSENS-A's calcu-
lated concentrations. We refer to this concentration as [NO2]-
corr

PiSENS-A and is calculated using eqn (1).
Evaporation of absorption solution. The loss of absorbing

solution may present as a signicant issue, especially during
longer analysis times and/or temperature variations. The
simplest solution is to measure the volume of the absorbing
solution before and aer the end of the analysis period. We ran
numerous experiments using different initial volumes (10 and
15 mL) and different duration times (24, and 72 hours). The
results of the evaporation rate were very similar in all cases with
an average rate of 0.138 ± 0.01 mL h−1. We use this value to
calculate the corrected volume of absorption solution as:

Vcorr
abs.sol = Vstart

abs.sol − revap × tanalysis (2)

where Vstartabs.sol is the volume of absorbing solution at the
beginning, revap is the rate of evaporation and tanalysis is the
analysis time.

The volume of analysed air. It is important to consider
atmospheric conditions in order to obtain accurate values for
the volume of air analysed for a given period of time (Vair

t). We
obtained this using the following equation:

Vair
t;corr ¼ Vair

t � P

PSATP

� TSATP

T
(3)

where Vair
t is obtained experimentally considering the air ow

rate (Q) and the time of analysis as Vair
t = Q × tanalysis. PSATP and

TSATP are Standard Ambient Temperature and Pressure (SATP)
dened as 101 325 Pa and 298.15 K respectively, while P and T
are atmospheric pressure and temperature.

To compute the concentration of NO2 in the air for a specic
period, the following formula was applied:
S-A
t¼0;corr

� �
mg L�1�� 1000 mg mg�1 � V corr

abs:sol: ðLÞ
Vair

t¼0;corr
� ðLÞ � 0:001 m3 L�1 (4)

This journal is © The Royal Society of Chemistry 2023
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where [NO2]PiSENS-A
t=0,corr and Vair

t=0,corr signify the corrected
[NO2] and volume of analysed air respectively at the beginning
of a given analysis period which does not necessarily coincide
with the global start of the analysis. Since the GS reaction is
cumulative, in a 24 h-long analysis, we could calculate 24 hourly
means each beginning at the end of the previous measuring
period.
Griess–Saltzman reaction characterization

The Griess–Saltzman reaction has been largely used and tested
since it was rst published in 1954. In the late 1960s, Pratt and
Whitney used this method for measuring NO2 in engine exhaust
gasses studying the sensitivity, the effects of other contami-
nants, and the time–temperature effect on stored developed
solutions.36 For example, it was found that SO2 and O3 present
the most signicant interferences. The former may cause an
error of up to 7.5% if present in concentrations of >15 ppm.
Fortunately, such concentrations are not found anymore in
modern car engines. Ozone may cause a small interference if
present in a ve-fold ratio to NO2, causing the maximum effect
at∼3 h aer the end of sampling.35,36 Similar results about these
pollutants have been reported in more recent studies (e.g. Pas-
saretti Filho et al.).30 Under the conditions in which PiSENS-A is
tested, it would be extremely rare to nd concentrations of SO2

and O3 that could interfere with the measurements of NO2.
Other potential interferences present in the air such as
humidity, methane, carbon monoxide or ammonia produce no
signicant effects on Griess–Saltzman (GS) reaction-based
methods.28

Furthermore, the literature suggests that it takes about
15min for the colour to develop, the method should not be used
for longer than 60 min in an atmosphere with extremely high
levels of NO2 (∼20 ppm) due to the potential saturation of
absorbing solution, the optimum air ow rate is between 0.2
and 0.4 L min−1, and that this method can be used with a NO2

concentration range in the air that goes from 0.002 to
5 ppm.29,30,35 Since expected levels of NO2 in the air in which we
tested PiSENS-A are well within these values, we were condent
in our ability to sample for longer periods (up to 72 h).
Fig. 2 (Left) RGB space. (Right) Representation of a sample vector s
and its projection onto one of the coordinates (b′) along with its scalar
value.
Validation and evaluation in the eld

The PiSENS-A has been validated and evaluated using four
experimental arrangements.

Discrete sampling/analysis. The PiSENS-A was placed about
50 cm from the exhaust pipe of an idling car while the air was
analysed for specic time intervals (e.g. 15, 30, 45 minutes) at
0.35 L min−1. The calibration of the PiSENS-A was performed in
situ prior to starting the engine. This arrangement mimicked
the traditional setup where the air is sampled during discrete
time intervals followed by the analysis in lab-controlled condi-
tions as was suggested in the original work by Saltzman.15

Continuous in situ analysis. The PiSENS-A was placed about
50 cm from the exhaust pipe of an idling car but this time, the
analysis was carried out in intervals of ve minutes over
a period of up to 1 h. Moreover, a blank experiment was
This journal is © The Royal Society of Chemistry 2023
performed under the same conditions but in a garden area away
from the car and any road traffic.

In both discrete and continuous analysis, all measurements
were performed in duplicate.

Continuous in situ analysis next to an air quality monitoring
station. In order to validate PiSENS-A against a traditional
methodology for continuous analysis, we placed PiSENS-A at ∼5
m from the DEFRA's monitoring station (UK identication code
UKA00337). The station utilizes a chemiluminescence-based
methodology. It belongs to DEFRA Automatic Urban and Rural
Monitoring Network (AURN) and is operated by Bureau Veritas.
The station is located in Stoke-on-Trent, UK, adjacent to a busy
shopping centre (location coordinates: easting/northing: 388
351, 347 895). Analysis was carried out on three different days.

Long-term, continuous in situ analysis. Following the
extensive validation as explained above, we deployed PiSENS-A
in the garden area of the Crime Scene House (CSH) at Keele
University which is located at one of the main roads on the
campus and adjacent to a bus stop. The analysis was carried out
every minute over a period of 24 h and repeated for two days.

In all four arrangements, we also collected all the ancillary
data needed to calculate the concentration of NO2 in the air
using eqn (4) as explained in the section ‘Calculations’.

Theory

Digital colourimetry uses several different colour systems for
quantitative assessment of colour. One of the most commonly
used systems is referred to as RGB and refers to the intensities of
separate red, green, and blue light sources that can be mixed to
create a different colour. The RGB system is the standardmethod
of representing colour images on screens, such as TVs, computer
monitors, and smartphone screens. The possibilities for mixing
the three colours together can be represented as a three-
dimensional coordinate system with the values for R (red), G
(green) and B (blue) on each axis. This coordinate system yields
a cube called the RGB colour space as represented in Fig. 2 le.

If all three colour channels have a value of zero, it means that
no light is emitted and the resulting colour is black (on
a monitor, for example, it cannot be blacker than the surface of
the monitor producing zero light). If all three colour channels
are set to their maximum values (typically 255 for complete light
saturation in an 8 bit representation where 28 = 256), the
resulting colour is white. This type of colour mixing is also
called “additive colour mixing”.
Anal. Methods, 2023, 15, 482–491 | 485
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Fig. 3 Calibration of PiSENS-A using equivalent [NO2] standards using
eqn (1). Error bars are standard deviations of four tests. *A proportional
scalar projection of (sample [RGB] − zero [RGB]) onto (max [RGB] −
zero [RGB]).
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For any chemical system where colour is dependent on
concentration, it should be possible to process a digital image
of the sample to obtain an estimate of concentration. If only 1 of
the 3 RGB colour channels is signicantly dependent on
concentration, a simple approach would look only at this
channel and disregard the other two. However, it is oen the
case that the concentration affects all 3 channels to a certain
extent, so a more accurate measurement would use the intensity
of all 3.

The approach taken here maps the 3-tuple RGB position, i.e.
the coordinate with the 3 values that correspond to R, G, and B
respectively, to a scalar value by calculating the scalar projection
of a sample RGB ‘vector’ on a base ‘vector’ representing the
overall min/max range (Fig. 2 right). Note that the term ‘vector’
is convenient to use although the RGB space is obviously not an
actual vector space. The base vector, b, is the [R, G, B] tuple of
the highest concentration (max) sample minus the [R, G, B]
tuple of the zero (min) concentration sample (i.e. Rmax − R0,
Gmax− G0, Bmax− B0). The sample vector, a, is the [R, G, B] tuple
of the sample being measured minus the [R, G, B] tuple of the
zero (min) concentration sample.

The scalar value of the length of the projection b′ of a onto

b is given by
a$b
jbj (where $ is the dot product operator) and as

a$b
b$b

as a ratio to the length of b.
Using a series of samples of known concentration across the

range of interest, a plot of projection values against concen-
tration values (or a function of concentration values) provides
a calibration curve which can then be used to estimate the
concentration of unknown samples within this range. This
simple approach makes no attempt to relate the RGB intensity
values to concentration using physical interpretations (e.g.
Beer–Lambert law etc.) – something which would require
a signicant understanding of the specic inner workings of the
camera device itself and would therefore not be without diffi-
culty. For more information on the rationale and approach to
calibration, please read section ‘Background’ in the ESI.†

To automate the analysis and simplify the usage, we have
written a python script which utilizes the principles outlined
above. The script can be found in the ESI† section ‘Python script’.

We chose to use the piecewise cubic Hermite interpolating
polynomial (pchip) implemented within the SciPy library (sci-
py.interpolate.pchip) to generate a reasonably smooth curve. It
has been shown that the use of the approach showed robust and
efficient performance.37–39 The code could fairly easily be
modied to t the calibration points to any arbitrary curve
using, for instance, scipy.optimize.

Fig. 3 shows the calibration by PiSENS-A. As noted above,
there is no expectation of linearity since there is no relationship
between RGB intensity values and the Beer–Lambert law. Please
remember that signicant curvature of the projection of the
calibration function curve onto the base vector is allowed as
long as it is monotonic (see ESI, section ‘Background’†). In
other words, as the shade of purple colour of [NO2] calibration
solutions darkens, its RGB components change inducing vari-
ations in projections onto the base vector which does not have
to be linear.
486 | Anal. Methods, 2023, 15, 482–491
Results and discussion
Pre-calibration of PiSENS-A using variable shades

In order to test the reliability of the algorithm and to evaluate
light conditions (illumination intensity, and position and
distance of light source) and position of the camera in relation
to impinger and other elements within PiSENS-A, numerous
pre-calibration tests were carried out. Initially, sets of 10
increasingly stronger shades of orange, green, pink and blue
paper were used. A white paper was used as a reference (zero
intensity) while the maximum intensity (1) was set using the
darkest shade. The measured colour intensities across the
range of shades were monotonic. The average of 10 subsequent
measurements of colour intensity for each shade, plotted
against the initial colour intensity measurement for each shade
produced a linear relationship with an R2 value of 0.9986,
0.9937, 0.9994, and 0.9987 for the orange, green, pink and blue
series respectively, indicating that the colour measurement was
consistent and repeatable across these ranges (please see ESI,
section ‘Pre-calibration with reference papers’, Fig. SI3–SI5†).
Initial tests indicated that optimal results are obtained when
the sampling area was xed inside the box at the same position
maintaining the same interior light conditions. The light was
located at the angle of 90° to the sampling area at a distance of
approximately 5 cm. The imaging camera was located at
a distance of approximately 10 cm at an angle of 45° as was
suggested by Johnsen.40
Analytical characterization of PiSENS-A

In this study, we decided to test PiSENS-A for potential appli-
cation in air quality analysis by in situ monitoring of [NO2] in
air. Calibration of the PiSENS-A system was performed by
placing 10 mL of calibration solution into the impinger and
closing the lid while maintaining the previously determined
optimal light and position conditions. The non-exposed
absorbing solution was used as a blank (dedicated as [NO2] =
This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Correlation of results (SE n = 3) for mock samples (target [NO2]
= 0.05, 0.15, 0.30, and 0.50 ppm) obtained by PiSENS-A and UV-vis.

Paper Analytical Methods

Pu
bl

is
he

d 
on

 2
2 

D
ec

em
be

r 
20

22
. D

ow
nl

oa
de

d 
by

 T
uf

ts
 U

ni
ve

rs
ity

 o
n 

2/
1/

20
24

 5
:2

7:
17

 P
M

. 
View Article Online
0 ppm). Several different concentrations across the desired
range of measurement were analysed and a calibration curve
was generated from the measured colour intensities. To provide
a workable range of measurement, the highest calibration
concentration was chosen to be well above the highest likely
sample concentration.

A set of 7 standard solutions between 0–1 ppm (e.g. 0, 0.1,
0.2, 0.4, 0.6, 0.8 and 1.0 ppm of equivalent [NO2]) were used in
the calibration. All measurements were done in triplicate, and
four tests were carried out to evaluate the reproducibility of the
calibration curve (Fig. 3).

Under the operating conditions (10mL of absorbing solution
and airow rate Q = 0.35 L min−1) this range corresponds to
hourly [NO2] = 0 mg m−3 − [NO2] = 476 mg m−3 respectively
which is within the range of the lowest DEFRA's Air Quality
Index41 having a maximum of [NO2] = 67 mg m−3. For further
evaluation purposes, the same set of calibration solutions was
recorded using a laboratory UV-vis instrument (Fig. SI6 in ESI,
section ‘Calibration with [NO2] standards’†). The LOD as S/N =

3 was determined by recording a separate blank solution and
obtained LOD = 7.14 × 10−5 ppm equivalent [NO2] corre-
sponding to hourly [NO2] = 0.034 mg m−3.

Following the calibration, we prepared four mock samples
which were analysed using both PiSENS-A and laboratory UV-vis
spectrophotometer for comparison. These four mock samples
were analysed in three independent sets (N = 3). The results are
presented in Table 1 while Fig. 4 demonstrates the correlation
between results obtained by the two instruments. The accuracy
obtained by PiSENS-A (RE% = 6.64%) is better than those re-
ported in the literature by Passaretti Filho et al. in 2019 (RE% =

12%)32 and in 2015 for high NO2 (>15 ppb; RE% = 7%),30 but
worse than that in 2015 for low NO2 (<54 ppb; RE%= 2%).30 It is
noteworthy that the precision of PiSENS-A (RSD% = 2.85%) is
comparable to the ones from recently reported similar devices
e.g. portable active samplers reported by Subba et al. (RSD% =

3.6%),42 Tian et al. (RSD% = 4.1%),31 Cerrato-Alvarez et al.
(RSD% = 9%),29 passive samplers developed by Felix et al. (3.4 <
RSD% > 7.2%),43 or passive microsamplers developed by Pas-
saretti Filho et al. (RSD% = 6.9%).32 Further comparisons of
analytical characteristics between several relevant methods and
PiSENS-A are given in ESI Table SI1.†
Table 1 Averaged precision and accuracy of the NO2 measurements
expressed as relative standard deviation (RSD%) and per cent relative
error (RE%) obtained for four different mock samples from three
different independent tests (N= 3) by PiSENS-A and the lab-based UV-
vis spectrophotometer

[NO2]
(ppm)

PiSENS-A UV-vis

Mean �
SD RSD% RE%

Mean �
SD RSD% RE%

0.05 0.055 � 0.002 5.31 9.57 0.044 � 0.003 5.03 12.64
0.15 0.16 � 0.01 4.08 6.51 0.152 � 0.003 2.34 1.52
0.3 0.31 � 0.02 1.03 6.92 0.299 � 0.006 1.39 0.26
0.5 0.51 � 0.02 1.01 3.56 0.499 � 0.002 1.44 0.14

This journal is © The Royal Society of Chemistry 2023
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Encouraged by the excellent correlation of results obtained by
PiSENS and laboratory UV-vis, we carried out further tests
outdoors. Initial tests involved placing the PiSENS-A next to
an idling car's exhaust pipe as explained in the ‘Field exper-
iment’ section of the Experimental. We rationalized that this
arrangement would simulate heavy traffic conditions during,
for example, rush hour. Thus we could demonstrate the
ability of PiSENS-A to continuously monitor [NO2] in the air
with signicant improvement in temporal resolution relative
to other wet chemistry methods,15,44 and passive samplers.45

On the other hand, low costs yet robust PiSENS-A system
offers an opportunity to signicantly reduce the cost relative
to chemiluminescence as the current reference methodology
for obtaining hourly [NO2]46 or allow the operations under
unfavourable weather conditions that limit the performance
of differential optical absorption spectroscopy (DOAS).47

Exploiting the ability of PiSENS-A to perform analysis at
almost any time interval, we decided to perform analysis in
small time increments (5 minutes) in duplicate over the
period of 1 hour since hourly mean is considered an impor-
tant parameter of ambient air quality analysis. For example,
DEFRA's Air Quality Strategy states that 200 mg m−3 as an
hourly mean should not be exceeded more than 18 times per
year.27

The control experiment was performed by placing the
PiSENS-A in a garden area which has minimal exposure to road
traffic using the same analysis pattern. For illustration
purposes, Fig. 5 shows the evolution of the colour signal ob-
tained as a consequence of exposure to the constant source of
NO2 (black) and the control (red). This is to clearly demonstrate
the colour instability in the initial ∼20 min of analysis as dis-
cussed in the section ‘Griess–Saltzman reaction characteriza-
tion’. While it is possible to present [NO2] calculated per minute
or even shorter sampling times, we found that such data
presentation may be confusing and misleading. Obtained total
hourly [NO2] at the source was [NO2]source= (98± 1) mgm−3 with
the control [NO2]control = (29 ± 1) mg m−3.

To validate PiSENS-A for long-term monitoring against
a traditional methodology, three sampling campaigns were
Anal. Methods, 2023, 15, 482–491 | 487
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Fig. 5 Monitoring of [NO2] in the air. The signal (colour intensity as
measured by the Raspberry Pi) as a function of sampling time, when
the PiSENS-A was placed adjacent to the exhaust pipe in black, and
when the PiSENS-A was placed in the garden area in red. *A propor-
tional scalar projection of (sample [RGB] − zero [RGB]) onto (max
[RGB] − zero [RGB]), please see ESI.†

Table 2 Comparative measurements of [NO2] using PiSENS-A and
DEFRA's monitoring station using the chemiluminescent method
(AURN–DEFRAmonitoring station at Hanley, Stoke on Trent). DEFRA's
data are publicly available while we enclose data for July 2022 in the
ESI as a separate MS Excel file

Sampling time/day
[NO2]
PiSENS

[NO2]
DEFRA Dif RE%

17:30–19:00 July 11th 2022 18.3 18.7 −0.4 2.1
19:05–20:35 July 16th 2022 22.2 21.9 0.2 1.4
17:25–18:55 July 18th 2022 21.5 21.8 −0.3 1.4

Fig. 6 Determination of hourly [NO2] in the air at the Crime Scene
House at the Keele University campus. (Black) The hourly [NO2] in the
air analysed from 10 am 03rd–9 am 04th Wednesday to Thursday.
(Red) The hourly [NO2] in the air monitored from 10 am 05th–9 am
06th Friday to Saturday.
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carried out next to a DEFRA's monitoring station as described in
the section ‘Field experiment’. Considering the initial colour
instabilities, we decided to analyse for 90 min and determine
the hourly mean for the last 60 min of analysis. Table 2 shows
excellent agreement between data obtained by PiSENS-A and the
monitoring station (Pearson r = 0.993). It is interesting to note
that these eld tests took place during a heat wave when the
temperature reached a highly unusual 33 °C. Given that some of
the tests were performed during December 2021 with ambient
temperatures of 5–10 °C, these results not only demonstrate the
accuracy and precision of PiSENS-A, but its ability to work under
very different weather conditions.

Satised with PiSENS-A's performance validation, we
decided to deploy it in a fully independent eld trial. We chose
Keele's CSH as a location that offers exposure to a relatively busy
road, convenient access and protection of and from the public.
Fig. 6 exhibits data obtained for monitoring of [NO2] over 24 h
on two different days. Note that the relatively low [NO2] is easily
explained by the geography of the Keele campus. The buildings
are spread over a wide area surrounded by plenty of trees and
green areas. The entire campus is located on a small, windy hill
in the vicinity of Keele village which is approximately 5 km from
the closest town of Newcastle-under-Lyme, and approximately 8
km from the city centre of the busy, commercial city of Stoke-on-
Trent, UK. For comparison purposes, we show [NO2] obtained at
488 | Anal. Methods, 2023, 15, 482–491
CSH-Keele and by DEFRA's AURN in Stoke-on-Trent at the city
centre (Hanley) and at the roadside (A50) in Fig. SI7.† Briey, as
expected, the results from the busy roadside are signicantly
higher than at the Keele campus (Fig. SI7†).

Despite low measured [NO2], we observe that PiSENS-A is
capable of capturing interesting temporal changes (Fig. 6). This
is for example illustrated by an increase of [NO2] in the aer-
noon most likely coinciding with people leaving the campus for
the day. Also, as expected, the overnight [NO2] is very similar on
both days as there are no fresh uxes of NO2. It can also be
observed that the measured [NO2] in morning hours, possibly
originating from the increase in activity and traffic, is higher on
a working day than on Saturday.

The presented results demonstrate that PiSENS-A can be
successfully used for the continuous NO2 monitoring of air
quality for 24 hours. We are condent that the duration of
analysis can be extended even further (48 h or maybe even 72 h).
We base this condence on two factors: (a) the span of the
calibration curve (max of [NO2]AIR = 1191 mg m−3 using the
maximum capacity of absorbing solution) which covers the
highest measured values of hourly concentrations of NO2 as
well as the average cumulative for 48 h obtained at Stoke-on-
Trent's measuring station for the period of June 2021–June 2022
(129 mg m−3 and 913 mg m−3 respectively).48 In addition, this
calibration range would cover the entire scale of DEFRA's Air
Quality Index scale for hourly concentrations of NO2 spanning
0 mg m−3 < [NO2] < 601 mg m−3 (corresponding to indexes 1 and
10 respectively).41 (b) Importantly, our condence is based on
a design of PiSENS-A that contains two impingers thus doubling
the capacity of analysis. We have run preliminary experiments
with two impingers for 72 hours and obtained promising data
(not shown). Since such a design requires further testing and
optimising, the data will be reported in the future.
Conclusions

We developed a computer-vision-based device that facilitates
digital colourimetry which we refer to as PiSENS. Herein we
demonstrated its functionality for monitoring [NO2] in the air
This journal is © The Royal Society of Chemistry 2023
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and thus we refer to it as PiSENS-A. It was constructed using
low-cost materials that can be found in DIY shops and/or be 3D
printed. The low-cost computer (Raspberry Pi) with its digital
camera is PiSENS-A's sensing core. A simple code written in
Python allows continuous imaging and analysis of the colour
developed, for example, as a consequence of a chemical reac-
tion. In this example, we utilize the traditional Saltzman reac-
tion for the detection of NO2 where the colour is developed in
the reaction of NO2 with the solution of N-1-naph-
thylethylenediamine dihydrochloride used as an absorber. As
a fully functional device, PiSENS-A is accurate (RE% = 6.64%),
precise (RSD% = 2.85%), fully portable, and inexpensive. In
addition, PiSENS provides a wide linear range, an excellent
detection limit of 0.034 mg m−3 and reproducibility. Moreover, it
was validated in an urban environment against a government-
regulated monitoring station (Pearson r = 0.993) and
deployed as an independent station for monitoring air quality at
the Keele campus.

With the low construction and operational cost, as well as
the ability to continuously monitor the analyte of choice (in this
case [NO2]) over very short times, PiSENS-A shows the potential
to signicantly improve the spatio-temporal frequency of anal-
ysis. Furthermore, the WiFi and/or Bluetooth capability of
Raspberry Pi might also be exploited for instantaneous data
transmission, mapping, and the development of large-scale
networks assisting in the development of high-precision
models. In the case of air quality analysis, we envision a possi-
bility for deployment in rural and/or remote communities
where the placement of xed, expensive and complex instru-
ments that are currently being used is very limited.
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16 B. Krupińska, A. Worobiec, G. Gatto Rotondo, V. Novaković,
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