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ARTICLE INFO ABSTRACT
Keywords: Cooking events can generate household air pollutants that deteriorate indoor air quality (IAQ),
Cooking-induced emissions which poses a threat to human health and well-being. In this study, the emission characteristics

Particle-bound polycyclic aromatic

and emission factors (EFs) of air pollutants of different meats (beef, lamb, chicken, pork, and fish)
hydrocarbons (PPAHs)

R cooked by a novel oil-free process and common with-oil processes were investigated. Oil-free
Particulate matter . ) ) A |
Volatile organic compounds cooking tends to emit lower total volatile organic compound (TVOC) levels and fewer submi-
Emission factors cron smoke particles and can reduce the intake of fat and calories. However, TVOC emissions

during oil-free cooking were significantly different, and the lamb EFs were nearly 8 times higher
than those during with-oil cooking. The particle-bound polycyclic aromatic hydrocarbon
(XPPAH) and benzo(a)pyrene-equivalent (XBaP.q) EFs during with-oil cooking ranged from 76.1
to 140.5 ng/g and 7.7-12.4 ng/g, respectively, while those during oil-free cooking ranged from
41.0 to 176.6 ng/g and 5.4-47.6 ng/g, respectively. The PPAH EFs of chicken, pork, and fish
were lower during oil-free cooking than during cooking with oil. Furthermore, the ¥BaP¢q EFs of
beef, chicken, pork, and fish were lower during oil-free cooking than during cooking with oil.
Therefore, it is recommended to use the oil-free method to cook chicken, pork, and fish to reduce
ZPPAH and XBaPeq emissions, but not recommended to cook lamb due to the increase of XBaPeq
emissions. The with-oil uncovered cooking EFs of aldehydes ranged from 3.77 to 22.09 pg/g, and
those of oil-free cooking ranged from 4.88 to 19.96 pg/g. The aldehyde EFs were lower during oil-
free covered cooking than with-oil uncovered cooking for beef, chicken, and fish. This study
provides a better realizing of new cooking approaches for the reduction of cooking-induced
emission, but further research on the effects of food composition (moisture and fat) and char-
acteristics is needed.

1. Introduction

In recent years, cooking oil smoke (COS) has drawn substantial attention because indoor air pollution has a more significant effect
on human health than outdoor air pollution. The emission of hazardous air pollutants from cooking activities depends on various
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factors, including cooking method, cooking temperature, additives, food materials, and cooking oil type [1-4]. Cooking-induced
emissions consist of toxic, harmful, and hazardous species such as particulate matter (PM), volatile organic compounds (VOCs),
polycyclic aromatic hydrocarbons (PAHs), and aldehydes, which might pose serious adverse health effects [5-7]. Epidemiological
studies have linked long-term exposure to cooking-induced smoke to oxidative stress in lung cells [8,9], oxidative DNA damage [10,
11], cardiovascular diseases [12,13], kidney damage [7], and carcinogenic effects [14,15]. Previous studies on household air pollution
and reports by the World Health Organization (WHO, 2021a, 2021b) have highlighted that nearly 3.2 million premature deaths occur
every year owing to household indoor air pollution, especially cooking-induced emissions from incomplete combustion of kerosene.
Kerosene is commonly used as a cooking fuel in many parts of the world and is a significant source of household air pollution. Ac-
cording to the WHO 2021a, 2021b report, the causes of premature deaths in terms of percentages are as follows: cardiac ischemia heart
disease (33%), stroke (23%), lower respiratory infection (19%), chronic obstructive pulmonary disease (19%) and lung cancer (6%),
which is due to inappropriate use of kerosene and solid fuel during cooking activities [8,16,17]. Household cooking with solid fuels is
positively correlated with health risks and accounts for approximately 12% of global PM [18]. COS pollutants are released into the
ambient air through chimneys and building openings during the cooking process. This polluted ambient air circulates back into the
home through windows, doors, and holes, further reducing indoor air quality (IAQ) [2]. Therefore, range hoods, chimneys, and natural
ventilation methods can provide limited improvements. Currently, there are various technologies for removing harmful
cooking-induced emissions, such as activated carbon filter adsorption, high-efficiency particulate air (HEPA) filters and electrostatic
precipitators (ESPs) [19-23]. The best way to improve IAQ is by reducing source emissions by using better fuel sources, cooking
methods, and cooking oils.

“Oil-Free cooking” aims to create a healthier diet and lifestyle, and its benefits include reducing fat and calories and improving
weight loss. The “Oil-free cooking process” investigated in this study is to use the fat of the meat itself for cooking so that no oil is added
during the cooking process. During cooking, the pot is covered; thus, the high-temperature steam generated during heating is effec-
tively used to steam and cook the food thoroughly and quickly (cooking time is shorter). The covering can reduce the reaction of oil and
air due to pyrolysis and oxidation at high temperatures and decrease the production of harmful indoor air pollutants.

The objective of the present study was to investigate the emission characteristics [PM, VOCs, and particle-phase PAHs (PPAHs)] of
different meats (beef, lamb, chicken, pork, and fish) prepared using oil-free and oil-based cooking methods. The changes in COS
concentrations and emission factors (EFs) of harmful substances from different cooking methods were also investigated. Finally, the
statistical correlations of hazardous oil smoke pollutants under different cooking methods and conditions were analyzed. This study
provides deep insights into PM, PPAHs, and TVOCs (the term TVOCs is used as the sum of VOCs in the air) emissions during “oil-free
cooking” events. The significance of the study for improving IAQ and reducing the adverse health effects associated with cooking-
induced emissions. The study can help policymakers and researchers design effective management protocols to mitigate household
air pollution.

2. Materials and methods
2.1. Experimental settings

In situ experiments are conducted in the kitchen laboratory with a stainless-steel pan containing food ingredients heated by an
electrical stove (halogen cooking plate, PHILIPS HD-4943, 1500 W power). The stainless-steel pan and halogen cooking plate were
enclosed by a stainless-steel chamber (45 cm (H) x 45 (W) cm) equipped with a venting duct with a diameter of 15 cm (Fig. S1). The
food ingredients comprised beef, lamb, chicken, pork, and fish. These food ingredients were weighed at room temperature using a
precision balance (Ohaus PX523 - PIONEER™ Precision Balance, USA). Cooking-induced pollutants were sampled from a small hole
(sampling port) in the air duct with a diameter of 15 cm above the ventilation hood.

2.2. Oil-free and with-oil cooking methods

The significance of the two cooking strategies is to investigate the emission of household air pollutants during cooking events.
During the oil-free cooking method, the pot was covered and heated for approximately 2 min with a halogen cooking plate (PHILIPS
HDA4943, electric stove) with 1500 W power. Then, the power output was turned to 750 W, and the meats were placed on the greasy
side of the pot, which was covered; in this stage, a timer was used (Table S1). After the cooked meat was removed from the pot, the pot
and lid were cleaned with detergent and rinsed with clean water. The oil-free cooking method was repeated 10 times to cook different
meats. The same procedure was followed in the oil cooking method except for the addition of 5 mL of soybean oil [24,25]. The halogen
cooking plate temperature was monitored during four scenarios: (1) meat turn over, (2) meat when removed from the pot, (3) pot turn
over, and (4) pot when meat was removed. An infrared thermometer was used to measure the temperature of the tested meats and
three points of the pot. In the kitchen laboratory, we used 1.5-3 cm thick boneless beef short ribs, 1-2 cm thick lamb chops for mutton,
1.5-2.5 cm thick boneless chicken thighs, 1.5-2 ¢cm thick plum pork pieces, and 2-2.5 cm thick salmon fillet (Fish). The mean weight of
the tested meats is shown in Table S8.

2.3. Oil smoke monitoring system

2.3.1. Real-time monitoring of PMs
In this study, an optical particle counter (OPC, Lighthouse Handheld 3016-IAQ) equipped with an isokinetic probe operated at a
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sampling flow rate of 2.83 L per minute (I/min) and a scanning mobility particle sizer (SMPS, Model 3936L76, TSI Inc., St. Paul, MN)
with a range of 11 nm-504 nm were used to measure the particle size distribution and concentration in real-time monitoring. The OPC
had six size channels (0.3, 0.5, 1, 2.5, 5, and 10 pm). The calibration method of the optical particle counter is NIST traceable and has
been accomplished in ISO 21501-4 2018: Light scattering airborne counter for clean spaces. The detection limit was 18 particles/mg,
and the counting efficiencies for 0.3-ym and 0.5-pm particles were 51.5 + 3.4% and 102.1 + 4.8%, respectively.

2.3.2. Real-time monitoring of TVOCs

The total volatile organic compound (TVOC) concentration in the oil smoke was measured in real time by a handheld VOC monitor
(ppbRAE-3000, RAE Systems by Honeywell, USA). The VOC monitor used a photoionization detector (PID, equipped with a 10.6 eV
lamp) with built-in correction factors for >200 compounds comprising aromatics, ketones, aldehydes, alcohols, amines, amino
compounds, halogens (containing Cl), and sulfide hydrocarbons. The calibration method of ppbRAE-3000 is two-point field calibration
of zero and standard reference gas (isobutylene) and stores up to 8 sets of calibration data. The accuracy is +3% at the calibration
point. The measurement range is from 1 ppb to 10,000 ppm.

2.3.3. Analysis of aldehydes

The sampling and analysis process of gaseous aldehydes in COS was based on the reference method of the Environmental Protection
Administration of Taiwan (NIEA R502.11C). A small suction pump (SKC-PCXR8 Universal Sample Pump) connected to 2,4-dinitrophe-
nylhydrazine (2,4-DNPH) cartridges (LpDNPH S10, Supelco® Merck KGaA, Darmstadt, Germany) was used to sample the gaseous
aldehydes in the oil smoke at a flow rate of 2.0 + 0.1 L/min. The adsorption columns in the 2,4-DNPH cartridges were filled with silica
spheres, and 2,4-DNPH was coated on the sphere surfaces, whereby 2,4-DNPH reacted with aldehydes to produce 2,4-DNPH de-
rivatives of aldehydes. Acetonitrile (ACN) was used to wash the 2,4-DNPH cartridges and extract the 2,4-DNPH derivatives of the
aldehyde compounds adsorbed on the silica. After filtering the samples to remove impurities, high-performance liquid chromatog-
raphy (HPLC 1260, Agilent, USA) and a capillary column (XDB-C18, 4.6 x 250 mm, 5 pm) were utilized for separations of the target
aldehyde pollutants. The aldehyde derivative was detected by a UV detector at 360 nm. The retention times (RT) and peak areas were
used for qualitative and quantitative analysis, respectively. The aldehyde calibration curves were prepared with a standard mixed
solution (TO11A/IP-6A Aldehyde -DNPH Mix, Supelco® Merck KGaA, Darmstadt, Germany). The calibration curve included points at
15, 1.5, 0.75, 0.375, 0.15, 0.075, 0.015, and 0.0015 pg/L, and an R? value of >0.995 was considered acceptable. The limit of detection
(LOD) and limit of quantification (LOQ) of the analytical method are displayed in Table S6. Since the minimum concentration signal
produced by the instrument was five times greater than the background noise value, the detection limit of aldehydes was set to 1.5 ng/
L. This method detection limit (MDL) is estimated according to the “Definition and Procedure for the Determination of the Method
Detection Limit, Revision 2, USEPA” that MDL is “the concentration value that corresponds to the instrument signal-to-noise ratio in
the range of 3-5” [26].

2.3.4. Analysis of PPAHs and BaPeq

In this study, 30 PPAHs were analyzed. Particle samples from the COS were collected on 47-mm quartz filter paper (WHA1851047-
Whatman® QM-A quartz filters) and measured with a micro-orifice uniform deposit impactor (MOUDI, 112R Nano Moudi-II"™™, MSP
US). The increases in mass of the quartz filter papers as a result of the collected oil smoke particles were determined by a 6-digital
microbalance (Precisa 40SM-200A, USA). The filter papers were ultrasonically treated with 20 mL of n-hexane and dichloro-
methane (DCM) for 30 min (ultrasonic unit: Elmasonic P60, Elma, Germany) to extract the PPAHs after weighing. The PPAH extract
was qualitatively and quantitatively analyzed by gas chromatography-mass spectrometry (GC-MS, Agilent 7890B/5977A MSD) with
an Agilent HP-5MS column (30 m x 0.25 mm i.d., DF = 0.25 pm). The retention times of the PAH standards were used as the pa-
rameters in qualitative analysis. The recovery of PPAH standards ranged from 80.9% to 102.3%. The recovery of surrogate compounds
in each sample ranged from 75.1 to 110.1%. The method detection limits of the analyzed PPAHs were as follows: naphthalene (Nap):
0.062 ng; 2-methylnaphthalene (2-MeNAP): 0.058 ng; 1-methylnaphthalene (1-MeNAP): 0.067 ng; acenaphthylene (ACPy): 0.359 ng;
acenaphthene (ACP): 0.581 ng; fluorene (FLU): 0.124 ng; 1-methylfluorene (1-MeFLU): 0.559 ng; phenanthrene (PHE): 0.100 ng;
anthracene (ANTHR): 0.159 ng; 3-methylphenanthrene (3-MePHE): 0.717 ng; 3,6-dimethylphenanthrene (3,6-MePHE): 0.198 ng;
fluoranthene (FLT): 0.117 ng; pyrene (PYR): 0.075 ng; benzo[c]phenanthrene (BcPH): 0.640 ng; benzo[b]naphtho(2,1-d)thiophene
(BNT): 0.112 ng; cyclopenta(c,d)pyrene (CPP): 0.305 ng; benzo[a]anthracene (BaA): 0.178 ng; chrysene (CHR): 0.182 ng; benzo(b)
fluoranthene (BbF): 0.290 ng; benzo(k)fluoranthene (BkF): 0.419 ng; benzo(e)pyrene (BeP): 0.153 ng; benzo(a)pyrene (BaP): 0.552
ng; perylene (PYL): 1.938 ng; indeno(1,2,3-cd)pyrene (IND): 0.237 ng; dibenzo(a,h)anthracene (DBA): 1.056 ng; benzo[ghi]perylene
(BghiP): 0.157 ng; anthanthrene (ANTHN): 0.284 ng. These MDLs were “the concentration values that correspond to an instrument
signal-to-noise ratio in the range of 3”, according to the “Definition and Procedure for the Determination of the Method Detection
Limit, Revision 2 USEPA [26].

The toxic equivalency factor (TEF) for each PPAH relative to BaP was used to determine the potency of each PPAH in terms of BaP
equivalent concentration (BaPeg). The sum of BaPeq values (X BaPeq) was used to determine the total health risk of PPAHs:

> BaP, =" [PPAHS] x TEF, ¢))

where [PPAHs]; is the concentration of PAH congener i and TEF; is the TEF of PPAH congener i (Table S4) [27].
However, our previous study [28] and other studies [29,30] showed that particle-phase PAHs contributed over 95% of the total
PAH toxic potency (ZBaPy), and gas-phase PAHs contributed less than 5% of ZBaP.q. In addition, the sampling and extraction of
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gas-phase PAHs are environmentally unfriendly (require many toxic organic solvents, including dichloromethane and n-hexane) and
time-consuming. Therefore, gas-phase PAHs were not measured in this study.

2.4. Evaluation of pollutant EFs

All the meats were weighed before cooking to assess the emission factors (EFs) in mg/kg of pollutants under different cooking
conditions by using Eq. (2):

CixQ; x
EF ==

x 10° 2

m,

where C; is the concentration of air pollutants observed during the sampling period (yg/Nm?); Q; is the flow rate of the smoke exhaust
fan during the sampling period (Nm®/min); t; is the time interval between measurements (minutes); i is the sampling time of the ith
sample collected; n is the total number of samples in the whole test; and m, is the total weight of the ingredients (meat and oil) before
cooking (g).

2.5. Data analyses

Spearman’s rank correlation coefficient was used to assess the correlations between the EFs of all the measured indoor air pol-
lutants in the COS. A linear regression model [generalized linear model (GLM)] was utilized to determine the influences of different
cooking processes, meats, and temperatures on the EFs of indoor air pollutants in COS. (The “Qil-free” and “Lamb” serve as the
reference groups for the variables of “Cooking” and “Meat,” respectively.) The p value was set to <0.05 as the threshold for variable
selection, and a p value < 0.1 was set as the removal cutoff. The results of the GLM analyses were described with the model adjusted-R?
and unstandardized beta coefficient. The accepted levels of statistical significance were p values < 0.05* and 0.01** (two-sided test).
Statistical analysis was executed by using IBM® SPSS® Statistics 20.

3. Results and discussion
3.1. EFs of PM

Table 1 shows that PM with a size of 2.5-5 pm (PM3 5.5) had the highest EF (pg/g) during the cooking of beef, lamb, chicken, and
fish with oil, while the size fraction of 5-10 pm (PMs5.10) had the highest EF (ug/g) during indoor cooking of pork, chicken, and fish. In
addition, the PM EFs (ug/g) of beef and chicken cooked with oil were higher than the EFs of air pollutants generated from Chinese
residential cooking; a previous study found that the emission rates of PM; 5 from panfried beef (480 g), fish (360 g), chicken (120 g),
pork (240 g), and mutton (600 g) were 2.461 + 0.606, 5.416 + 2.861, 10.018 + 0.466, 3.942 + 1.414, and 0.923 + 0.397 mg/min,
respectively [31]. Similarly, the PMjy 5 emissions from panfried chicken were also the highest in this study.

Table 1

Emission factor (EF, pg/g) of particulate matter (PM).
PM With oil-based
Particle size (pm) Beef Lamb Chicken Pork Fish
< 0.1 (PMo.1) 0.458 0.049 0.382 0.505 0.061
0.1-0.3 (PMy.1.0.3) 7.012 0.365 3.124 2.099 1.326
0.3-0.5 (PMo 3.0.5) 7.49 1.12 3.12 1.28 2.52
0.5-1 (PMg.5.1) 5.51 0.99 2.36 0.74 1.33
1.0-2.5 (PM;.2.5) 10.92 2.93 10.20 3.85 3.31
2.5-5 (PM25.5) 47.06 10.96 45.19 18.02 13.11
5-10 (PMs.10) 46.22 8.56 35.15 19.13 9.32
10-18 (PM;¢.18) 2.84 0.34 1.90 1.33 0.36
Total PM 127.51 25.31 101.43 46.95 31.34
Particle size (ym) Oil-free process
< 0.1 (PMo.1) 0.142 0.019 0.201 0.006 0.026
0.1-0.3 (PMo.1-0.3) 4.016 0.261 1.717 0.114 0.481
0.3-0.5 (PMy.3.0.5) 2.24 0.70 3.43 0.69 0.95
0.5-1 (PMp 5.1) 6.24 2.42 5.81 1.60 1.76
1.0-2.5 (PM;.55) 39.87 20.03 26.46 9.68 5.89
2.5-5 (PM3 5.5) 212.76 110.42 136.16 42.19 24.54
5-10 (PMs.10) 310.95 158.98 165.66 34.92 26.58
10-18 (PM;0.18) 47.02 210.60 22.12 1.65 6.87
Total PM 623.24 503.43 361.56 90.85 67.10
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Fig. 1. Submicron particulate matter (SPM, pg/m3) concentration of (a) oil-free beef, (b) beef with oil, (c) oil-free lamb, (d) lamb with oil, (e) oil-
free chicken, (f) chicken with oil, (g) oil-free pork, (h) pork with oil, (i) oil-free fish, and (j) fish with oil.

Particle emissions for fish (salmon) were lower than those for beef, lamb, chicken, and pork for most particle-size fractions during
oil-free cooking with a lid due to several factors.

1. Moisture retention: Salmon has a higher moisture content (68.1%) than beef (53.1% moisture) and lamb (58% moisture). The lid
during oil-free cooking helped retain the natural moisture in the salmon, preventing it from evaporating and reducing the formation
of particles. Moisture retention can contribute to lower particle emissions [32,33].

2. Cooking time and temperature: Oil-free coking salmon with a lid required shorter cooking times than beef and chicken (Table S1),
and the cooking temperature of salmon was lower than that of pork and beef (Fig. 4). The shorter cooking time and lower tem-
perature can contribute to potentially lower particle emissions.

Additionally, the composition and characteristics of different cuts of meat and salmon might also impact particle emissions.
Therefore, it is essential to consider all the variables involved in cooking to obtain a comprehensive understanding of particle emis-

sions, which will be our future work.
The measured time-dependent total particulate matter (TPM, pg/m?) concentrations are shown in Fig. 1(a—j). In the oil-free cooking
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Fig. 2. Concentration of total particulate matter (TPM, pg/m3) emitted from cooking (a) beef, (b) lamb, (c) chicken, (d) pork, (e) salmon.
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Table 2
Emission factor (EF, ng/g) of particle-bound PAHs and BaP.q [calculated by Equation (1)] and total volatile organic compounds (TVOCs, Hg/mB).
Cooking process With oil-based
Meats Beef Lamb Chicken Pork Fish
0.056-0.32 pm % PAHs 47.90 11.33 35.78 54.31 42.55
2 BaPeq 4.81 1.55 3.70 4.02 2.46
0.32-3.2 pm 2 PAHs 39.43 47.51 33.83 43.60 20.68
2 BaPeq 4.25 2.84 3.98 2.84 2.29
3.2-18 pm % PAHs 27.08 17.27 22.78 42.64 26.78
2 BaPeq 3.35 2.78 2.65 4.58 3.49
Total PPAHs 114.41 76.11 92.39 140.55 90.01
Total BaP.q 12.41 7.17 10.33 11.44 8.24
TVOCs 303.79 15.91 216.01 92.02 95.06
Cooking process Oil-free process
0.056-0.32 pm > PAHs 33.29 63.86 27.66 24.77 13.69
- Z BaPeq 3.34 15.59 3.07 3.52 1.64
0.32-3.2 pm % PAHs 44.61 60.80 30.97 16.93 15.72
2 BaPeq 3.17 16.73 3.67 2.94 1.86
3.2-18 pm > PAHs 41.77 51.99 28.06 9.55 11.63
2 BaPeq 4.82 15.24 2.38 3.53 1.86
Total PPAHs 119.67 176.65 86.69 51.25 41.04
Total BaP., 11.33 47.56 9.12 9.99 5.36
TVOCs 187.45 131.01 161.03 129.02 45.92

**PAHs: Polycyclic aromatic hydrocarbons; BaP.q: Benzo [a] pyrene equivalent concentration.

process, PMs.1o had the highest EFs (ug/g) during the cooking of beef, chicken, and fish, while PM with a size larger than 10 pm had the
highest EF (pg/g) during cooking of lamb. For pork, PMy 5.5 had the highest EF (pg/g). The EFs of particles in the oil-free cooking
process were higher than those in the with-oil-based cooking process, and the highest EFs were found for beef. Particle emissions
during cooking could be influenced by various factors, including the cooking method, temperature and duration, and fat and moisture
contents of the meats. Steppeler et al. (2016) measured the fat contents and relative number of double bonds per gram of fat (un-
saturated fatty acids, UFAs) of beef, pork, chicken, and salmon, which were 10% and 50.6, 9% and 72.8, 9.5% and 113.9, and 14% and
126.6, respectively [34]. Zhao et al. (2007) analyzed the particle organic matter emitted from frying. They found that saturated fatty
acids (SFAs) and UFAs were predominant (78%) within the quantified compounds, and the average concentration of total SFAs was
three times greater than that of total UFAs [35]. Therefore, the higher content of SFAs in beef might be one of the factors contributing
to the higher particle EF. Similar results have also been reported in previous studies, in which foods with a higher fat content produced
higher emission rates of PM [36,37]. In addition, among the five test meats, beef took the second longest time to be cooked (Table S1),
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Fig. 3. Total volatile organic compound (TVOC, pg/mg) concentration emitted from cooking (a) beef (b) lamb (c) chicken, (d) pork (e) salmon.
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Fig. 4. Temperature measured in different cooking processes.

and particle emission from meat could be higher when the cooking time was longer. Furthermore, a lid-covered pot would increase the
cooking temperature (Fig. 4) and potentially trap fat and water vapor within the cooking vessel, leading to different cooking outcomes.
When the lid was removed, the fat and water vapor were converted to particles owing to the rapid decrease in temperature. Thus, the
EFs of particles in the oil-free cooking process were higher than those in the oil-based uncovered cooking process. However, in the
cooking process with oil, particles with sizes <0.5 pm had higher EFs than those in the oil-free cooking process, as displayed in Table 1
and Fig. 2(a—e). This is because the large particles could be changed into smaller particles by the polymerization process during
oil-based cooking activities [38]. When soybean oil was used for cooking, oil vapor was generated, and grease from the meats also
evaporated. The oil vapor slowly condensed into particles smaller than 0.5 pm in the surrounding low-temperature environment. As
previous studies have demonstrated, the emission rates of ultrafine particles (UFPs) from panfried beef (480 g), fish (360 g), chicken
(120 g), pork (240 g), and mutton (600 g) were 17.370 + 0.214, 16.507 + 1.082, 20.211 + 0.010, 14.086 + 0.707, and 10.314 +
0.268 ( x 1012 #/min), respectively [31]. Similarly, the emissions of UFPs from panfried beef, chicken and pork were very substantial
in this study.

3.2. EFs of PPAHs and BaP,

Table 1 shows that pork cooked with oil yielded the highest EF of *PPAHs (140.55 ng/g). The EF of >PPAHs during beef cooking
was 114.41 ng/g, mainly distributed in the particle size range between 0.056 and 0.32 pm, which was similar to the result with a
previously reported article [39]. In addition, the EF of 2PPAHs when cooking lamb reached 76.11 ng/g, mainly distributed in the
particle size range of 0.32-1.8 pm; the EF of *PPAHs for fish was 90.1 ng/g, distributed primarily in the particle size range of
0.056-0.32 pm. High concentrations of PPAHs (653.81-683.39 ng/g smoke) were also found in smoke from the oil-based frying of
chicken legs [40]. Particle-bound polycyclic aromatic hydrocarbon emissions of over 4000 pg per kg of meat cooked were reported
[41]. In a domestic kitchen, YPPAH concentrations of 33.5, 37.9, 38.2, and 44.2 pg/g—PM;( were discovered in PM;( samples from
fried horse mackerel, stuffed chicken, grilled boneless pork strips, and fried boneless pork strips, respectively [37]. Temperatures of
160-200 °C can be reached while frying foods, triggering the formation of various organic compounds, such as PAHs and carbonyl
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Fig. 5. Emission factors of aldehydes in different cooking processes.
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Table 3

Factors influencing the emission factor of particulate matter (PM) in oil cooking smoke (COS).
Particle size <0.1 pm 0.1-0.3 pm 0.3-0.5 pm
Variable B p value 95%CI B p value 95%CI B p value

lower upper lower upper

Cooking
With oil 15.63** >0.001 7.03 24.24 130.49** >0.001 60.74 200.23 141.98 0.106
Oil-free - . . . - . . . - .
Meats
Beef 25.00%* >0.001 12.07 37.93 520.15%* >0.001 415.39 624.92 542.82%* >0.001
Fish —0.42 0.954 —14.54 13.71 108.33 0.064 —6.14 222.81 281.29 0.051
Chicken 16.81** 0.001 6.52 27.09 117.68** 0.006 34.36 200.99 51.24 0.625
Pork 17.70** 0.001 7.43 27.97 142.18** 0.001 58.98 225.38 297.07** 0.005
Lamb - . . . - . . . - .
Temperature —0.12 0.640 —0.60 0.37 3.53 0.076 —0.38 7.44 12.35*% 0.012

*p value < 0.05; **p value < 0.01.

compounds [11,42,43]. Unsaturated hydrocarbons in oils and fat-rich food samples undergo aromatization and dehydro cyclization
during thermal cooking, favoring the formation of PPAHs [39,42]. Sixteen PPAHs were found in fried meats, including sardine, tuna,
veal, hake, chicken, pork, and lamb, with higher concentrations (13.30-35.42 pg/kg) than those in the same samples cooked by other
methods (3.15-27.93 pg/kg) [42].

The PPAH EF for chicken was 92.39 ng/g, and the particle size distribution was average. When pork and fish were cooked without
oil, the ZPPAHs EFs dropped to 51.25 and 41.04 ng/g, respectively, indicating that this method can significantly inhibit the release of
PAHs from pork and fish. The ZPPAHs EF of lamb cooked without oil increased to 176.65 ng/g. However, the two different cooking
methods had little effect on beef and chicken ZPPAH EFs. Table 2 shows that the 2BaP. EFs for cooking various meats with soybean oil
were between 7.17 and 12.41 ng/g. Cooking chicken, pork, and fish without oil yielded lower ZBaP¢q EFs than those obtained when
cooking with soybean oil. However, the ZBaP¢ EF of lamb cooked without oil and with a lid increased to 47.56 ng/g. Suleman et al.
(2020) reviewed the effects of different cooking methods, including frying, smoking, steaming, boiling, roasting, grilling, and liquid
smoke flavoring, on the formation of PAHs in lamb meat. The significant factors that influence the formation of PAHs are the tem-
perature and duration of cooking and oil types. PAHs are produced as a result of pyrolysis of major components such as fat when heated
at a temperature higher than 200 °C [44]. In our study, the temperature of oil-free cooking with a lid was higher than that of cooking
with soybean oil, and thus, the ¥BaPeq EF of lamb cooked with the former method was higher than that of lamb cooked with the latter
method. The addition of antioxidants from spices, marinades, ascorbic acid, tocophenol, and wrap flour to lamb helps to reduce PAHs
[44].

3.3. EFs of TVOCs and aldehydes

Table 2 shows that the TVOC EFs of beef were the highest among all meats tested. The reason for this might be the content of fat,
which releases high VOCs during the high-temperature cooking process. Among the tested meats, beef and chicken produced 2 times
higher TVOC emissions. A high cooking temperature induces the degradation of meat ingredients, such as fatty acids (lipolysis),
resulting in VOC formation [45-47]. These results are similar to those of particulate emissions.

The measured time-dependent TVOC concentrations are displayed in Fig. 3(a—e). There was a significant difference in TVOC
emissions generated during with-oil and oil-free cooking methods. In the oil-cooking method, the TVOCs emitted by beef, chicken, and
fish were 1.5-2 times larger than those emitted in the oil-free cooking method. The TVOC EFs of lamb increased by nearly 8 times when
oil-free (with cover) cooking was used. According to a previous report, the total fat content of lamb was 8.9-13.3% and 55.7-56.4% of
the fats identified in lamb were unsaturated fatty acids (boiling points are lower than saturated fatty acids), which is different from
other meats [48]. In addition, the temperatures during oil-free cooking were higher than those during oil cooking (Fig. 4). Therefore,
the TVOC emission factor for lamb was higher in oil-free cooking (131 pg/g) than in with-oil cooking (15.6 pg/g), while the TVOC
emission factors for other meat types were lower for oil-free cooking.

Fig. 5 depicts the aldehyde EFs during the cooking of various kinds of meats. Among them, the aldehyde EFs of chicken cooked with
soybean oil were the highest (22.08 pg/g). The main aldehyde species emitted from chicken were dimethyl benzaldehyde, acrolein,
acetaldehyde, and valeraldehyde (pentanal). The aldehyde EFs of beef were the second highest (14.6 pg/g), and the main aldehyde
species were acrolein, acetaldehyde, and dimethylbenzaldehyde. The aldehyde EFs of lamb, pork, and fish cooked with oil ranged from
3.77 to 8.27 pg/g. According to previous reports, high concentrations of mutagenic aldehydes (the concentrations of alkanals and
alkenals) were detected from 20.83 to 127.2 pg/m> during pan frying of beef steak with soybean oil using gas and electric stoves [49].
Reportedly, oxidation and reactive oxygen species (ROS) are involved in the possible pathways related to the production of nonanal,
hexanal (hexaldehyde), nonenal, pentanal, and butanal from the degradation of unsaturated fatty acids, including oleic acid, linoleic
acid and linolenic acid [14,50].

During oil-free cooking, the aldehyde EFs of pork were the highest (19.96 pg/g), and the main aldehyde species were acrolein and
dimethyl benzaldehyde; the aldehyde EFs of chicken were the second highest (17.33 pg/g), and the main species were acrolein,
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0.3-0.5 pm 0.5-1 pm 1-5 pm 5-10 pm

95%CI B p value 95%CI B p value 95%CI B p value 95%CI

lower upper lower  upper lower upper lower upper
Cooking

—-30.21 314.18  1.62* 0.016 0.31 2.94 —5.34 0.781 —42.95  32.28 26.66 0.605 —74.32 127.63
Meats

284.17 801.48 8.95%* >0.001 6.98 10.93 107.44** >0.001 50.94 163.94 —5.98 0.938 —157.67 145.70
-1.32 563.90  3.73**  0.001 1.57 5.89 45.14 0.152 -16.60 106.88 -7.14 0.933 —172.87  158.60
—154.45  256.93  3.55**  >0.001 1.98 5.12 11.49 0.616 —33.45  56.42 —158.46*  0.010 —279.08  —37.84
91.67 502.47 2.87%* >0.001 1.30 4.44 50.10* 0.029 5.23 94.97 —45.82 0.456 -166.27 74.64
2.70 22.00 0.15**  >0.001  0.08 0.22 4.63** >0.001  2.52 6.74 10.97** >0.001  5.31 16.63

acetaldehyde, and dimethyl benzaldehyde. The aldehyde EFs of beef, lamb, and fish cooked without oil and with a cover were
4.88-8.29 pg/g. When beef, chicken, and fish were cooked without oil, the aldehyde EFs decreased, indicating that this method can
significantly improve the release of aldehydes from beef, chicken, and fish. Giuffr et al. [51] investigated the emission of VOCs
produced during the heat treatment of pomace olive oil, palm oil, and soybean oil, and 25 compounds were recognized, and alkanals,
alkenals, and alkadienals were the most signified classes. Sjaastad and Svendsen detected 128 + 53 pg/m° alkanals and 4.0 + 2.7
pg/m° alkenals in the breathing zone during panfrying of beefsteak with soybean oil [52]. Fan et al. [53] found that fortifying soybean
oil with docosahexaenoic acid, which is abundant in salmon (our test sample), increased toxic aldehyde emissions. Peng et al. [54]
found significant aldehyde emission in COSs generated using soybean oil and sunflower oil in stir frying, pan frying, and deep frying in
a typical kitchen, indicating that linoleic acid-rich oils (soybean oil contains 53.64% linoleic acid 18:2 and 6.34% linolenic acid 18:3
[14]) are more vulnerable to oxidation owing to the presence of multiple double bonds. Takhar et al. [55] et al. showed that aldehydes
are significant chemical compounds formed during the thermal breakdown of edible oils, and antioxidants have double effects on
aldehyde emissions dependent on the radical propagation reaction rates. When oil-free (with cover) cooking was used, the oxygen
supply was much lower than that without cover. Thus, radical propagation reaction rates would be slowed and aldehyde emissions
would be reduced. However, the aldehyde EFs of lamb and pork cooked without oil and with a cover increased significantly. This might
be because the temperature when lamb and pork were oil-free cooked was higher than when they were cooked with oil. Among all the
compounds in cooking-induced emissions, aldehydes are one of the most common species. Aldehydes are generated from the thermal
degradation of fatty acids. Thus, the aldehyde EFs were related to the content of fatty acids in the meats [2,56]. As previous studies
have shown, aldehydes are degraded during the cooking process from polyunsaturated fatty acids [14,45-48].

3.4. Correlation between COS pollutants

Table S3 shows the correlation analysis between the EFs of hazardous pollutants in COS. According to the analysis results, air
pollutants with highly correlated EFs had similar emission trends. For instance, TVOCs were highly correlated with PM smaller than 5
pm, acetaldehyde, propion-aldehyde, butyraldehyde, isovaleraldehyde, and hexaldehyde; PM-bound } BaPeq 56-320 nm was greatly
correlated with PM-bound ) BaP¢q 0.32-3.2 and 3.2-18 pm; acrolein was significantly correlated with PM-bound ) BaPeq 0.32-3.2
and 3.2-18 pm, formaldehyde and acetaldehyde. Consequently, all the cooking-induced pollutants mentioned above showed similar
tendencies. Thus, household indoor air pollutants were significantly correlated with EFs of different tested meats.

3.5. Effect of temperature on cooking-induced emissions

According to Tables 3 and 4, the cooking temperature was an important factor affecting the EFs of cooking-induced hazardous
pollutants. The temperatures measured at different cooking processes are presented in Fig. 4. The emissions of cooking-induced
hazardous pollutants, including TVOCs and particles with diameters of 0.3-0.5, 0.5-1, 1-5, and 5-10 pm, were significantly corre-
lated (p < 0.05) with cooking temperature, which was consistent with previous studies [25,57,58]. Previous studies clearly revealed
that the particle size distribution of aerosols was lognormal and that the diameter of aerosols increased as the cooking temperature
increased, especially in the size range of 0.3-1.0 pm [59].

In addition, adding cooking oil extremely significantly increased the EFs of ultrafine particles (<0.1 pm), 0.1-0.3-pm particles,
propionaldehyde, and dimethyl benzaldehyde and significantly enhanced the EFs of 0.5-1-pm particles and crotonaldehyde. Compared
to lamb, the EFs of acetaldehyde, butyraldehyde, and meta- and para-tolu aldehydes for beef, propionaldehyde for beef and chicken,
and hexaldehyde for chicken were significantly higher (Table S2). Numerous previous studies have reported that high concentrations
of UFPs and submicron particles are emitted from frying and cooking fatty food with oil [15,36,57,59]. Higher cooking temperatures
led to the formation of more aerosols in the nuclei and accumulation modes, and bimodal distributions were detected [59].
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Table 4

Factors influencing the emission factors of TVOCs and particle-bound ) BaPq in COS.

TVOCs Particle-bound ) BaP.q

Variable
3.2-18 pm 0.32-3.2 pm 0.056-0.32 pm
B p value 95%CI B p value 95%CI B p value 95%CI B p value 95%CI
lower upper lower upper lower upper lower upper

cooking rowhead rowhead
With oil 29.11 0.263 —21.84 80.07 -5.29 0.189 —13.18 2.61 —4.31 0.319 —12.80 4.17 —4.24 0.378 —-13.67 5.19
Oil-free - - - -
Meats rowhead rowhead
Beef 174.55%* >0.001 98.01 251.09 -3.38 0.576 —15.24 8.48 -4.76 0.464 —17.51 7.98 —2.99 0.679 -17.16 11.18
Fish 54.82 0.199 —28.81 138.44 -16.61* 0.012 —29.56 -3.65 —15.94* 0.025 —29.87 -2.02 —15.71% 0.047 -31.19 -0.23
Chicken 104.49%* 0.001 43.62 165.35 —5.80 0.228 —15.23 3.63 -3.42 0.508 —13.55 6.72 —5.52 0.337 -16.79 5.74
Pork 70.45 0.023 9.67 131.23 —8.30 0.084 -17.72 1.11 —10.37* 0.045 —20.49 —0.24 —9.87 0.086 -21.12 1.38
Lamb - . . . - . . . - . . . - . . .
Temperature 2.91% 0.046 0.05 5.76 —-0.36 0.113 —-0.80 0.08 —-0.28 0.245 -0.76 0.19 —0.30 0.259 -0.83 0.22

*p value < 0.05; **p value < 0.01.
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Additionally, aldehyde formation is relevant to the degradation of fatty acids, especially polyunsaturated fatty acids, during the
cooking process [45,46,48].

Generally, the EFs of particle-bound ) ‘BaP.q of beef, chicken, pork, and fish were lower than those of lamb. However, only those of
pork (0.32-3.2 pm) and fish were statistically significant (Table 3). Previous studies have shown the concentrations of PPAHs in
various foodstuffs before and after the cooking process. In general, the highest concentrations were found after frying; the carcinogenic
PPAHs in lamb after frying were higher than those in fried pork, and the total PPAHs in lamb after frying were higher than those in fried
chicken [60]. In addition, the cooking times for different cooking processes and meats were different (Table S1). Longer cooking times
would lead to more significant PAH formation. This factor could apply to both pork and fish when fried or cooked using the oil-free
method because the cooking time for pork and fish was the shortest among the meats tested.

3.6. Strengths and limitations

First, although cooking emissions have been investigated by several prior studies, our study could be the first to use an enclosed
chamber to measure the emission factors (EFs) of cooking-induced pollutants. Therefore, our experimental design could avoid mea-
surement bias due to the influencing factors in an open space, which occurred in prior studies. Therefore, our measurement should be
more accurate than prior studies. This dataset of cooking-induced air pollutant EFs could be applied for modeling [61] and the design
of controlling strategies [62]. Second, to our knowledge, this study provides the first dataset of air pollutant emission factors for
“oil-free cooking with cover” to date. This study proved that “oil-free cooking with cover” could reduce some air pollutant EFs in
certain scenarios.

However, the findings of this work may be helpful for investigating the emission characteristics of household air pollutants in the
real-condition kitchen environment. Some of the limitations to this work are that only the meats were cooked in the investigation of
emissions characteristics and EFs in the kitchen laboratory environment. However, in real cooking scenarios, other food ingredients,
such as vegetables, spices and seasonings, would be added and cooked with meats. These food ingredients could affect the emission
characteristics and EFs of air pollutants.

4. Conclusions

Two cooking methods were investigated in this study: oil-free and with-oil cooking approaches. TVOC concentrations during oil-
based cooking tended to be higher than those during oil-free cooking for all tested meats except lamb. The ZPPAH EFs of chicken, pork,
and fish during oil-free covered cooking were lower than those during uncovered cooking activities. In addition, the XBaP¢q EFs of beef,
chicken, pork, and fish during uncovered cooking with oil were lower than those during the oil-free uncovered cooking process.
Similarly, the aldehyde EFs of beef, chicken, and fish during oil-free uncovered cooking were lower than those during with-oil un-
covered cooking. Cooked beef, lamb, and chicken generated more hazardous oil smoke pollutants than pork and fish, which might be
due to the fat contents of the meats. Theoretically, the blocking of air by the lid can reduce the high-temperature cracking and
oxidation reactions of oil and fat, which may reduce the production of harmful pollutants, including aldehydes and PAHs. The
experimental results showed that the XPPAHs EFs of chicken, pork, and fish during oil-free cooking were lower than those during with-
oil cooking, while the 2BaP.y EFs of beef, chicken, pork, and fish during oil-free cooking were lower than those during with-oil
cooking. The aldehyde EFs of beef, chicken, and fish during oil-free uncovered cooking were lower than those during with-oil un-
covered cooking. Nevertheless, the YPPAHs, ZBaP¢g, and aldehyde EFs of lambs during oil-free uncovered cooking were higher than
those during with-oil uncovered cooking. This study highlights the need for alternative cooking strategies to minimize the generation
of household air pollutants in the indoor environment.
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