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Abstract: This study aims to delve deeper into the relationship between the professional activities
carried out in restaurant kitchens and some key air pollutants. The ultrafine particles (UFPs),
nitrogen dioxide (NO2), ozone (O3), Total Volatile Organic Compounds (TVOCs) and formaldehyde
(HCHO) indoor air concentrations were determined using real-time monitors. Simultaneously, the
kitchen environment was characterized using video recordings with the aim to retrieve information
pertaining to cooking, cookware washing and surface cleaning activities. Statistical analysis was
carried out separately for the winter and summer campaigns. The obtained results confirmed that the
professional activities carried out in restaurant kitchens had a significant impact on the concentrations
of all the selected pollutants. Specifically, this study revealed the following key results: (i) indoor UFPs
and NO2 concentrations were significantly higher during cooking than during washing activities
(e.g., about +60% frying vs. handwashing and dishwasher running), mainly in the winter; (ii) washing
activity had a statistically significant impact on the TVOC (+39% on average) and HCHO (+67%
on average) concentrations compared to other activities; (iii) some specific sources of short-term
pollutant emissions have been identified, such as the different types of cooking and opening the
dishwasher; and (iv) in some restaurants, a clear time-dependent relationship between O3 and UFP,
TVOC and HCHO has been observed, underlining the occurrence of ozonolysis reactions.

Keywords: indoor air contaminants; professional kitchens; hand washing; dishwashing; detergents;
grilling; frying; terpene–ozone reactions

1. Introduction

The various cooking and washing/cleaning activities carried out in professional
kitchens can serve as sources of pollutant emissions in these peculiar indoor environments.
Consequently, it is of key importance to quantify the impact of these activities on pollutant
emissions and the resulting indoor air contamination to recommend, when needed, the
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most effective risk mitigation and management measures to be implemented based on
scientific evidence.

Typical cooking emissions are inorganic gases such as carbon monoxide (CO) and ni-
trogen dioxide (NO2), derived directly from high-temperature atmospheric reactions when
using gas stoves or other combustion products originating from different cooking methods.
Among carcinogenic agents, benzene is commonly emitted by cooking oils and combustion
fuels [1] and is greatly produced when grilling meat [2]. Formaldehyde is mainly asso-
ciated with the use of heated oils, primarily by deep-frying but also by pan-frying and
stir-frying [3]. Benzo-a-pyrene and other polycyclic aromatic hydrocarbons usually derive
from high-temperature cooking methods such as grilling, roasting or frying [4] because of
the pyrolysis or incomplete combustion of organic compounds containing hydrogen and
carbon [5]. Cooking fumes can also cause irritative effects when the kitchen staff is exposed
to high-level and short-term exposure peaks of some specific indoor air pollutants, such
as acrolein [6] and formaldehyde itself [7], as well as other aldehydes, organic acids and
ammonia [8].

Washing and cleaning activities may also lead to a substantial change in the chemical
composition of indoor air in restaurant kitchens. In particular, the use of cleaning products
for dishwashing could lead to high emissions of Volatile Organic Compounds (VOCs), such
as terpenes used as fragrances (e.g., limonene) [9]. Similarly, sanitizing agents used for sur-
face cleaning usually contain a large amount of alcohols (e.g., ethanol, 2-propanol, methanol
and butoxyethanol) that evaporate into the indoor air. These compounds, especially unsat-
urated terpenes, can be precursors of aldehydes and secondary organic aerosols originated
by ozone-initiated reactions, which can be regarded as important sources of hazardous
indoor air pollutants, especially during the hot season, when ozone (O3) concentrations are
higher [10].

In this context, real-time data can provide very relevant spatiotemporal information
on high concentration spots and short-term exposure peaks, especially for air pollutants
associated with acute health effects and thus having air quality guidelines with short-
term reference times (e.g., narcotics and sensory irritants). Additionally, real-time moni-
tors could be useful for identifying sources of air contamination; controlling occupancy
(exhaled carbon dioxide—CO2 as a proxy); detecting fire or toxic combustion products
(e.g., CO2, CO and nitrogen oxides (NOx)) and mitigating promptly indoor-generated air
pollutants in the framework of the long-term management of IAQ, energy consumption
and microclimate [11], thus favoring the optimized control of heating, ventilation and air
conditioning systems. On the other hand, real-time data usually have a higher degree of
uncertainty than those collected using reference or top-grade monitors. Real-time devices,
especially the low-cost ones, tend to be less sensitive, accurate, precise and chemically
specific to the chemical compound of interest than reference methods [12].

Preparation and cooking, dish assembly and washing are the most common and
general activities carried out by workers in professional kitchens. However, the ingredients
used; the type of cooking (e.g., boiling, grilling or frying); the way (handwashing or using
the dishwasher) and products with which dishes are washed; the frequency; type of surface
cleaning/sanitizing and the products used can greatly affect the emission of air pollutants
and occupational exposure of the kitchen staff [9,13,14].

The primary objective of this study was to investigate the relationship between the
levels of indoor air pollutants in restaurant kitchens and the main activities simultaneously
performed by professional cooks and all the kitchen staff, providing new insights into the
integrated impacts of cooking, dishwashing and cleaning activities on IAQ.

2. Materials and Methods
2.1. Study Design

Two seasonal campaigns, one during the winter (December 2021–March 2022) and
the other in the summer (May 2022–July 2022), were carried out at 15 restaurants in the
Lombardy region in Northern Italy. Monitoring took place during lunchtime (approxi-
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mately 10:00–15:00). Indoor air quality was assessed using real-time instrumentation, with
a temporal resolution of 1 min for a total average sampling time of approximately 300 min
(211–399 min), to include all the different professional activities carried out in the restaurant
kitchens. The instrumentation characteristics are summarized in Table 1.

Table 1. The main characteristics of the real-time instrumentation used to assess the air quality in
the kitchens.

Pollutant Instrument Brand Technology Range
Limit of

Detection
(LOD)

Literature
Reference

Ozone (O3)
POM

(Personal
Ozone Monitor)

2B Technologies UV absorbance 0 ppb–10 ppm 0.003 ppm [15,16]

TVOCs *
Aeroqual
monitor

Series 500

Aeroqual
Auckland

New Zealand

Photoionization
detector (PID) 0–20 ppm 0.01 ppm [17,18]

Formaldehyde
(HCHO) HAL-HFX205 Hal Technology,

Fontana, CA, USA

Electrochemical
sensing

technology
0–10 ppmv 0.01 ppmv [19]

Ultrafine
particles (UFPs) P-Trak 8525 TSI Incorporated,

Shoreview, MN, USA

Condensation
Particle

Counter (CPC)

0–105

particles/cm3 0.02–1 µm ** [20]

Nitrogen
dioxide (NO2)

CairClip
monitor

Cairpol; La Roche
Blanche, France

Electrochemical
sensor 0–250 ppb 1.692 µg/m3 [21,22]

Carbon dioxide
(CO2) *** Telaire 7001 GE sensing, Goleta,

CA, USA

Non-dispersive
infrared (NDIR)

sensor
0–10,000 ppm 1 ppm [23]

Temperature (T)
and Relative

Humidity (RH)
Hobo U12

Onset Computer
Corporation, Bourne,

MA, USA
Internal sensors

−20 ◦C to
+70 ◦C
5–95%

N.A.

* Total Volatile Organic Compounds. ** Size range of detectable particles. *** To data recording, the Telaire sensor
was connected to the Hobo U12 datalogger.

As reported in the scientific literature, the handheld HCHO monitors are affected by
several potential interferences, especially from alcohols [24,25]. Considering this, HCHO
mean concentrations were corrected a posteriori based on the results obtained from time-
integrated active samplings that were simultaneously collected. The NO2 monitor is highly
sensitive to high concentrations of O3, to some gaseous compounds, such as Cl2, and to
reduced sulfur compounds [22,26]. To collect information regarding the general structural
and operational characteristics, a checklist was compiled for each restaurant. Additionally,
information on window opening, weather conditions and daily cover counts was collected
during sampling. Moreover, two video cameras were used to obtain visual information
about all the activities carried out in the kitchens by restaurant professional staff (e.g., type
of cooking, fires being turned on/off and dishwashers in operation or not). The video
cameras and the instrument clocks were synchronized before every sampling session.

2.2. Video Analysis

After each sampling session, the video recordings were manually viewed by a research
team member to retrieve detailed time-related information about the following activities:

• service phases (i.e., pre-service, service and post-service);
• stove ignition;
• cooking methods (i.e., boiling, grilling and frying);
• switch on and use of ovens;
• handwashing using detergents;
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• time with the dishwasher on;
• time spent in cleaning surfaces (i.e., countertops, floors and windows).

Following the video analysis, a database was built pairing the real-time concentrations
of indoor air pollutants with the activities carried out in the kitchen simultaneously.

2.3. Statistical Analysis

First, the non-normality of each data distribution was verified by the Kolmogorov–
Smirnov test. Based on these results, non-parametric tests were performed to evaluate
statistically significant differences between indoor air pollutant concentrations and categor-
ical variables, i.e., the Kruskal–Wallis (K–W) and Mann–Whitney (M–W) tests. The first one
is a statistical test used to assess the equality or difference of the medians between three or
more groups of data. In addition, when the K–W test results were found to be significant,
the pairwise M–W test was applied as a post hoc test to further investigate the data. This
test allowed the identification of the statistically significant differences within the data [27].
In order to limit the type I error rate for each post hoc M–W test, Bonferroni correction
was performed [28]. Box plots were used to represent and compare the data distributions
among groups of data. For graphical reasons, data below the 5th percentile and above the
95th percentile were not represented. Furthermore, for a better visual comparison of the
temporal trends of various pollutants, the O3 and HCHO levels were multiplied by a factor
of 10 to make them more visible in the time–activity graphs.

Statistical analysis of the collected data was performed using R Studio software (RStu-
dio Team (2020) RStudio: Integrated Development Environment for R. RStudio, PBC,
Boston, MA, USA, http://www.rstudio.com/, accessed on 1 July 2024).

3. Results

First, a preliminary analysis was performed comparing indoor air pollutant concentra-
tions between periods in which specific professional activities were and were not performed.
The results of these comparisons are graphically represented with violin plots in Figures
S1–S4 for both sampling seasons. All the investigated pollutants, except for O3, showed
significantly higher concentrations during cooking activities (e.g., gas burners on and ovens
on) compared to no cooking periods during both seasons (Figures S1 and S2). Regarding
washing activities (i.e., during handwashing and/or with the dishwasher on), significantly
higher indoor concentrations were observed for TVOCs, HCHO and NO2 compared to
the no washing periods during both campaigns (Figures S3 and S4). On the contrary,
the O3 concentrations showed the opposite behavior, resulting in significantly lower air
concentrations during periods of washing activities in the kitchen. The UFP concentrations
were also significantly lower during washing activities compared to the no activity periods
(Figures S3 and S4).

3.1. Quantitative Impact of Specific Activities on IAQ

This preliminary analysis indicates an alteration of IAQ likely related to the direct
emission of air pollutants due to cooking and washing activities.

To further assess how these activities influenced air quality, a more in-depth analysis
was conducted on the various types of activities carried out in kitchens, which can be
grouped into the following three main categories:

• cooking: differentiation was made between the various cooking methods identified
from video observations, namely boiling, grilling and frying;

• washing: these were investigated more in depth by distinguishing between handwash-
ing and automatic dishwashing;

• surface cleaning.

For each pollutant, the K–W test was applied on the data collected in each seasonal
campaign to identify statistically significant differences between the air concentrations mon-
itored during these specific activities. Significant differences between activities emerged
(p-value K–W < 0.01) for the TVOCs, HCHO, NO2 and UFPs and for the TVOCs, HCHO

http://www.rstudio.com/
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and O3 in the winter and in the summer campaigns, respectively (Figures S5–S9). The M–W
test results, box plots and median relative differences between groups of data segregated
by activity are shown below (Tables 2–8).

Table 2. M–W test results and median percentage differences among the groups for the TVOC levels
measured during the winter campaign. The p-value refers to M–W tests. Row vs. column matrix.

TVOCs in Winter Boiling Grilling Frying Handwashing Dishwasher
Running

grilling −26%
(p < 0.001)

frying (p = 0.7) +22% (p < 0.001)

handwashing +6%
(p < 0.05) +26% (p < 0.001) (p = 0.1)

dishwasher
running

+6%
(p < 0.05) +26% (p < 0.001) (p = 0.4) (p = 0.4)

surface cleaning +50% (p < 0.001) +61% (p < 0.001) +50% (p < 0.001) +47% (p < 0.001) +47% (p < 0.001)

Table 3. M–W test results and median percentage differences among the groups for the TVOC levels
measured during the summer campaign. The p-value refers to M–W tests. Row vs. column matrix.

TVOCs in
Summer Boiling Grilling Frying Handwashing Dishwasher

Running

grilling −41%
(p < 0.001)

frying −46%
(p < 0.001) (p = 0.9)

handwashing −13%
(p < 0.001) +49% (p < 0.001) +51% (p < 0.001)

dishwasher
running

−18%
(p < 0.01) +28% (p < 0.001) +31% (p < 0.001) −29%

(p < 0.001)

surface cleaning −41%
(p < 0.05) (p = 0.9) (p = 0.9) −49%

(p < 0.01) (p = 0.1)

Table 4. Median relative differences among the groups for the HCHO levels measured during the
winter campaign. The p-value refers to M–W tests. Row vs. column matrix.

HCHO in Winter Boiling Grilling Frying Handwashing Dishwasher
Running

grilling −50%
(p < 0.001)

frying (p = 0.8) +50%
(p < 0.01)

handwashing +33% (p < 0.001) +67% (p < 0.001) +33% (p < 0.001)

dishwasher
running +33% (p < 0.001) +67% (p < 0.001) +33%

(p < 0.01) +16% (p < 0.001)

surface cleaning +47%
(p < 0.01) +75% (p < 0.001) +50% (p < 0.001) (p = 0.9) (p = 0.2)
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Table 5. Median relative differences among the groups for the HCHO levels measured during the
summer campaign. The p-value refers to M–W tests. Row vs column matrix.

HCHO in
Summer Boiling Grilling Frying Handwashing Dishwasher

Running

grilling −10%
(p < 0.001)

frying −16%
(p < 0.01) (p = 0.5)

handwashing (p = 0.1) +62%
(p < 0.001)

+64%
(p < 0.001)

dishwasher
running (p = 0.2) (p = 0.06) +42%

(p < 0.05)
−38%

(p < 0.01)

surface cleaning −22%
(p < 0.001)

−18%
(p < 0.01) (p = 0.07) −49%

(p < 0.001)
−38%

(p < 0.001)

Table 6. Median relative differences among the groups for the NO2 levels measured during the winter
campaign. The p-value refers to M–W tests. Row vs. column matrix.

NO2 in
Winter Boiling Grilling Frying Handwashing Dishwasher

Running

grilling +22%
(p < 0.001)

frying +67%
(p < 0.001)

+57%
(p < 0.001)

handwashing (p = 0.4) −22%
(p < 0.001)

−67%
(p < 0.001)

dishwasher
running (p = 0.6) −17%

(p < 0.001)
−65%

(p < 0.01) (p = 0.6)

surface cleaning (p = 0.07) +42.5% (p < 0.001) −26%
(p < 0.05)

+55%
(p < 0.05) +52.5% (p < 0.05)

Table 7. Median relative differences among the groups for the UFP levels measured during the winter
campaign. The p-value refers to M–W tests. Row vs. column matrix.

UFP in Winter Boiling Grilling Frying Handwashing Dishwasher
Running

grilling −8%
(p < 0.05)

frying +53%
(p < 0.001)

+57%
(p < 0.001)

handwashing −10%
(p < 0.05) (p = 0.9) −58%

(p < 0.001)

dishwasher
running

−8%
(p < 0.01) (p = 0.9) −57%

(p < 0.001) (p = 0.9)

surface cleaning −47%
(p < 0.001)

−42%
(p < 0.05)

−54%
(p < 0.001)

−41%
(p < 0.01)

−42%
(p < 0.01)
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Table 8. Median relative differences among the groups for the O3 levels measured during the summer
campaign. The p-value refers to M–W tests. Row vs. column matrix.

O3 in Summer Boiling Grilling Frying Handwashing Dishwasher
Running

grilling +17% (p < 0.05)

frying −35% (p < 0.001) −45%
(p < 0.001)

handwashing −12% (p < 0.001) −25%
(p < 0.001) +35% (p < 0.05)

dishwasher
running (p = 0.5) (p = 0.1) +35% (p < 0.001) +12% (p < 0.001)

surface cleaning +10.5% (p < 0.05) (p = 0.7) +42% (p < 0.01) +21%
(p < 0.01) (p = 0.1)

3.2. Short-Term and Real-Time Contamination Trends

The analysis of the video recordings allowed for a preliminary correlation of short-
term concentration trends and peaks with specific events, such as the opening of the
dishwasher or oven, and different cooking methods. This analysis allowed for the linking
of activities to a group of specific pollutants and the identification of short-term trends
and the respective sources. The following figures illustrate some examples of time–activity
analysis (Figures 1–4).
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4. Discussion
4.1. Impact of Activities on IAQ

The preliminary analysis not only confirmed that cooking activities likely exert a
statistically significant influence on the concentrations of the majority of selected pollutants
(Figures S1 and S2) [29,30] but also revealed that cleaning activities have a measurable
impact on the concentrations of certain pollutants, such as the TVOCs, HCHO and NO2
(Figures S3 and S4). The only pollutant inversely correlated with these activities was O3.
The alteration of IAQ by direct emissions of air pollutants from cooking and washing
activities is not unexpected, as it is well known that gas-based combustion processes
cause the formation of NOx and the release of UFPs and that the emission of aldehydes
and VOCs during cooking is primarily the result of thermal degradation of the food
components [31,32]. For instance, cooking at high temperatures, especially frying and
grilling, leads to the breakdown of fats and oils, resulting in the formation of aldehydes and
VOCs [33,34]. Moreover, the combustion of natural gas in gas stoves can release combustion
by-products, including HCHO [35]. It is worth noting that the specific types and amounts
of aldehydes and VOCs emitted can vary depending on the cooking methods; ingredients
and kitchen conditions (e.g., room volumes, ventilation, etc.) [36]. The opposite behavior of
O3 (inversely correlated with cooking) can be interpreted as a result of ozonolysis reactions
involving the reaction of O3 with unsaturated organic compounds, particularly alkenes or
alkynes, emitted by the thermal breakdown or pyrolysis of organic compounds present
in food. This could also be interpreted in light of the supposed absence of specific indoor
sources originating direct emissions of O3 in restaurant kitchens.
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Some other noteworthy aspects emerged from the study of short-term variations in the
time–activity data. First, statistically significant differences among the types of activities
were observed for the TVOCs, HCHO, NO2 and UFPs in the winter (Figures S5–S8) and
for O3, the TVOCs and HCHO in the summer (Figures S5, S6 and S9). In the winter, NO2
exhibited statistically higher median concentrations during frying and grilling compared
to boiling (+67% and +22%, respectively). Similarly, the median UFP concentrations were
also statistically influenced by cooking activities, particularly frying (+53%) and boiling
(+8%). These results are consistent with previous findings [37] and were more pronounced
in the winter than in the summer. This discrepancy can be attributed to the fact that, in
the winter, more time was spent cooking, particularly frying (24 min per restaurant in
the winter vs. 13 min in the summer, on average). Additionally, the data indicated that
surface cleaning significantly influenced the median NO2 concentrations compared to other
activities (i.e., about +50% vs. washing activities and +42.5% vs. grilling). This result could
be expected when comparing surface cleaning and washing activities, but it was quite
challenging to interpret in the case of grilling activities. One hypothesis could be that the
use of cleaning products, in the presence of light, leads to the generation of HONO, which
is a typical interferent in the measurement of NO2 [38,39].

In terms of the TVOCs, a few seasonal differences were observed among the activities.
Specifically, frying had a certain impact on the IAQ (+22% compared to boiling) in the
winter, whereas, in the hot season, the highest median TVOC concentrations were recorded
during boiling compared to the other types of cooking (i.e., >+40%). In the winter, the
median HCHO concentrations were significantly lower during grilling (−50%) than during
boiling and frying. In the summer, the highest HCHO median concentrations were again
recorded during boiling but less markedly (+10% vs. grilling and +16% vs. frying).

Moreover, washing either by hand or using a dishwasher, had a greater impact on
the TVOC and HCHO indoor concentrations than cooking both in the winter and summer
(Figures S5 and S6). This outcome highlights the key impact of these activities on the emis-
sions and resulting indoor air concentrations of these organic compounds. In a nutshell,
cleaning products emerged as a significant source strongly impacting the IAQ in both sea-
sons. The use of detergents results in the air emission of various VOCs, including terpenes
such as d-limonene, α-pinene and p-cymene [1,40]. The release of these pollutants into the
air, in the presence of O3, can induce ozonolysis reactions, resulting in the production of
carbonyl compounds such as HCHO. Since the O3 concentrations are typically higher in
the summer, this could explain the higher average HCHO concentrations measured during
washing activities in the summer compared to the winter (+86%) (Table S1) [41].

4.2. Temporal Analysis

Thanks to the video analysis, it was possible to observe the high temporal resolution
trends of the pollutant concentrations, correlating them with the professional activities (or
events) simultaneously performed in the kitchen.

As illustrated in the examples reported in Figures 1, 3 and 4, the UFP and NO2
concentration peaks are primarily associated with cooking activities, particularly frying
and grilling. This trend aligns with the findings reported above, with significantly higher
concentrations of these pollutants during cooking, especially when high flames were used
to reach high cooking temperatures, which can lead to the air emission of carbon- and
oil- based nanoparticles in the indoor air during frying and grilling. This association
between cooking and both UFP and NO2 concentrations is widely acknowledged in the
literature, especially for grilling activities that generate large amounts of ultrafine and
fine particles [42–44]. Moreover, TVOC and UFP concentration peaks were also observed
(Figures 3 and 4) during frying and grilling activities. Frying was also associated with
short-term peaks of HCHO (Figure 4). As widely reported in the literature, frying is known
as a high-emission cooking method, especially for some specific aldehydes (i.e., HCHO
and acrolein) and UFPs as well [42,45].
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The TVOC concentration peaks were also typically associated with washing activities
(Figure 1). This finding is depicted in more detail in Figure 2, which reports the concen-
tration trends of three key pollutants investigated in one of the restaurants during the
summer campaign. The video analysis revealed that high and short-term TVOC peaks
could be correlated to the opening of the dishwasher door, which can be attributed to the
evaporation of VOCs from the hot washing water [46]. Interestingly, each TVOC peak
(represented by the red line) was followed by a UFP peak and a slight reduction in the O3
concentration. This strict relationship between the TVOCs, UFPs and O3 could again be
interpreted in light of the occurrence of ozonolysis reactions leading to the production of
aldehydes (e.g., HCHO and acetaldehyde), oxidized VOCs and secondary organic aerosols
in the ultrafine size fraction [47].

4.3. Strengths and Weaknesses

The study has several strengths that contribute to the understanding of pollutant emis-
sions in restaurant kitchens. The quantification of the impact of various kitchen activities
on pollutant emissions, including dishwashing and surface cleaning, addresses a significant
gap in the existing literature. Another notable strength was the use of a real-time and
multipollutant monitoring approach coupled with cameras, which allowed us to collect
comprehensive, detailed and minute-by-minute information, enabling a thorough character-
ization of the pollutant concentration levels and their connection with short-term pollution
sources. However, the study also has some limitations that should be acknowledged. The
investigation was conducted in a limited number of restaurants, which might result in
findings that are specific to those indoor spaces rather than providing a representative
overview of the restaurant kitchens in Italy. Additionally, the large variability in occupa-
tional activities performed day by day and across kitchens introduces a certain degree of
unpredictability, making it challenging to derive generalized conclusions and requiring
a case-by-case explanation for the observed concentration levels. Another limitation of
the study is the reliance on real-time data from alternative monitoring methods rather
than reference-grade instruments. These methods, particularly those used for measuring
HCHO, O3 and NO2, are typically characterized by lower precision and accuracy. While
we were able to correct the formaldehyde levels using reliable monitoring methods, we
were unable to do the same for O3 and NO2. Despite these limitations, this study can
contribute to providing useful insights into the understanding of pollutant dynamics in
restaurant kitchens, emphasizing the need for further data analysis and research to achieve
a broader generalizability.

5. Conclusions

This study aimed to evaluate the impact of the main activities carried out within
restaurant kitchens.

The following conclusions emerged from this work:

- Cooking and also washing and cleaning activities played a key role in affecting the
IAQ in professional kitchens.

- Cooking activities had a significantly impact on the IAQ, especially in the winter,
mainly for UFPs, NO2, the TVOCs and HCHO. In particular, UFPs in the kitchens were
notably high in the winter (median level of 32.500 and higher than 80.000 pt/cm3 while
frying), nearly tripled with respect to the summer (11.700 pt/cm3) (Table S1 and Figure S8).

- Washing activities exerted a statistically significant impact on the TVOC and HCHO
indoor concentrations in both seasons. The relevance of washing and cleaning became
more evident in the winter, when windows were closed, leading to a 50–61% increase
in the TVOC concentrations and a 50–75% increase in HCHO concentrations during
kitchen surface cleaning compared to cooking (Tables 2 and 4).

- Specific events, such as the opening of the dishwasher, were strongly correlated with
short-term peaks of TVOCs and UFPs (Figure 2).
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- A time-dependent relationship between O3 and UFPs, TVOCs and sometimes also
HCHO was observed in some restaurants, probably due to the occurrence of ozonoly-
sis reactions (Figure 2).

Possible developments of this study may involve a more detailed and systematic anal-
ysis of the concentration peaks, as already done in [48], and the application of multivariate
analysis techniques to gain a deeper understanding of these complex data and how they
relate to real-world scenarios. Moreover, machine learning approaches could be used to
improve the data quality of low-cost sensor devices [49].

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/atmos15080976/s1: Figure S1. Violin plots of indoor pollutant concen-
trations measured in the winter during or in the absence of cooking activities. *: pMW < 0.01 and
**: pMW < 0.001; Figure S2. Violin plots of indoor pollutant concentrations measured in the winter
during or in the absence of cooking activities. *: pMW < 0.01 and **: pMW < 0.001; Figure S3. Violin
plots of indoor pollutant concentrations measured in the summer during or in the absence of washing
activities. *: pMW < 0.01 and **: pMW < 0.001; Figure S4. Violin plots of indoor pollutant concen-
trations measured in the summer during or in the absence of washing activities. *: pMW < 0.01 and
**: pMW < 0.001; Figure S5. Box plots of the TVOC levels for the main activities observed during the
monitoring campaigns (winter and summer, respectively); Figure S6. Box plots of the HCHO levels
for the main activities identified during the monitoring campaigns (winter and summer, respectively);
Figure S7. Box plots of the NO2 levels for the main activities identified during the identified during
the monitoring campaigns (winter and summer, respectively); Figure S8. Box plots of the UFP levels
for the main activities identified during the identified during the monitoring campaigns (winter and
summer, respectively); Figure S9. Box plots of the O3 levels for the main activities identified during
the identified during the monitoring campaigns (winter and summer, respectively); Table S1. Indoor
concentrations of the air pollutants and physical parameters (temperature and relative humidity)
monitored on a real-time basis in restaurant kitchens.
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