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Abstract

:

Background: Cooking and fuel combustion in the indoor environment are major sources of respirable suspended particulate matter (RSPM), which is an excellent carrier of potentially harmful absorbed inorganic and organic compounds. Chronic exposure to RSPM can lead to acute pulmonary illness, asthma, cardiovascular disease, and lung cancer in people involved in cooking. Despite this, questions remain about the harmfulness of different particulate matter (PM) sources generated during cooking, and the factors influencing PM physico-chemical properties. The most reliable methods for sampling and analyzing cooking emissions remain only partially understood. Objectives: This review aims to comprehensively assess the risks of PM generated during cooking, considering the main sources of PM, PM chemical composition, and strategies for PM physico-chemical analysis. We present the first systematic analysis of PM sources and chemical composition related to cooking. We highlight significant differences between studies using different experimental conditions, with a lack of a standard methodology. Methods: Following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement rules and the Patient, Intervention, Comparison, and Outcome (PICO) strategy for scientific research, three different scientific databases (PubMed, Scopus, and Web of Science) were screened to find scientific articles that measure, collect, and analyze the chemical composition of nanometer- and micrometer-sized PM generated during cooking activities under different conditions. Data are summarized to assess risk, evaluating the main sources and factors influencing PM generation, their chemical composition, and how they have been collected and analyzed in changing experimental conditions. Results: From 2474 search results, there were 55 studies that met our criteria. Overall, the main variable sources of PM in cooking activities relate to the stove and fuel type. The concentration and chemical–physical properties of PM are also strongly influenced by the food and food additive type, food processing type, cooking duration, temperature, and utensils. The most important factor influencing indoor PM concentration is ventilation. The PM generated during cooking activities is composed mainly of elemental carbon (EC) and its derivatives, and the porous structure of PM with high surface-to-volume ratio is a perfect carrier of inorganic and organic matter. Conclusions: This review reveals a growing interest in PM exposure during cooking activities and highlights significant variability in the chemical–physical properties of particles, and thus variable exposure risks. Precise risk characterization improves possible preventive strategies to reduce the risk of indoor pollutant exposure. However, comprehensive PM analysis needs proper sampling and analysis methods which consider all factors influencing the physico-chemical properties of PM in an additive and synergistic way. Our analysis highlights the need for method standardization in PM environmental analyses, to ensure accuracy and allow deeper comparisons between future studies.
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1. Introduction


Cooking and fuel/tobacco combustion are the main sources of respirable suspended particulate matter (RSPM) in the indoor environment [1]. Household air pollution (HAP) produced by solid fuels used in domestic cooking is a leading environmental risk factor for global mortality and morbidity, exceeding 3.5 million incidents annually [2] and ranking fifth in the global burden of disease estimate in 2010. Fine particulate matter (PM2.5; particulate matter with aerodynamic diameter ≤ 2.5 μm) penetrates deeply into the lungs, causing irritation and corrosion of the alveolar wall and consequently impairing proper lung function [3]. The exposure to solid cooking fuels resulted in nearly 60 million disability-adjusted life years in 2017, including 1.6 million premature deaths [4]. Growing household exposure to harmful compounds is significant, while people spend almost 80% of their time indoors [5]. Among half of the world’s population is exposed to HAP, with women and children experiencing particularly high HAP exposures [6].



The burning of solid biofuels (SBFs) in traditional cooking stoves leads to incomplete combustion and emission of a mixture of pollutants in the form of particles, gases, and vapors [7,8]. Over 2.6 billion people worldwide rely on biomass for cooking and heating [9,10]. For instance, over 85% of rural Indian households use SBFs for daily cooking. In addition, unplanned and poorly designed cooking spaces increase the accumulation of smoke [7].



CO, PM2.5, black carbon, and ultrafine particles (UFPs, particles with diameters less than 100 nm) are the main products of incomplete combustion [11,12]. HAP from incomplete biomass combustion contains health-damaging pollutants such as polycyclic aromatic hydrocarbons (PAHs) [13]. Of note, RSPM is an excellent carrier of absorbed inorganic and organic compounds, particularly PAHs.



PM is generated during cooking by both fuel combustion and meal preparation. The PM production depends on multiple factors [14] such as type of fuel, type of kitchen set-up, house architecture, ventilation, geographical conditions, and exposure time (Figure 1). A recent study by Kumar et al. [15] in 60 low-income homes across 12 cities placed in all continents showed that fuel type, kitchen size, cooking type, duration, and ventilation conditions were the most crucial factors significantly affecting aerosol particles in kitchen exposure. Importantly, mechanical ventilation can decrease the in-kitchen exposure by a factor of two compared with natural ventilation.



Short-term exposure to air pollution from cookstoves can increase systolic pressure in 24 h, depending on the stove type and PM2.5 concentration, and even low-level exposure may have adverse cardiovascular effects [16].



Chronic exposure to carcinogenic PAHs present in air pollution in the form of RSPM may lead to acute pulmonary illness, asthma, pulmonary tuberculosis, and lung cancer in people involved in the cooking activity [17]. HAP exposure from indoor solid fuel combustion is associated with cardiovascular disease [18]. There are numerous mechanistic pathways which associate particulate matter exposure with cardiovascular disease, for instance systemic inflammation, endothelial dysfunction, and oxidative stress [19,20]. Supporting evidence exists for exposure to ambient air pollution and increased levels of circulating C-reactive protein, which is an indication of systemic general inflammatory activity and a predictor of future cardiovascular disease as well as all-cause mortality [21,22]. Additional biomarkers of increased endothelial inflammation and cardiovascular disease, such as Serum Amyloid A, Interleukin 1-β, Interleukin-8, Tumor Necrosis Factor-α, Intercellular Adhesion Molecule 1, and Vascular Cell Adhesion Molecule, [23] are also associated with cleaner-burning stoves and measured HAPs [24,25].



Inhaled nanoparticles may translocate to the brain through axonal transport from the olfactory mucosa into the olfactory bulb and/or the blood circulation after alveolar deposition [26]. Recent epidemiological studies reported associations between exposure to UFPs and brain cancer [27], as well as neurodegenerative diseases [28]. The study of Torkmahalleh et al. [29] suggests that chronic exposure to high concentrations of cooking aerosol might progress toward Alzheimer Disease (AD). Electroencephalograph monitoring of healthy adults exposed to cooking UFPs showed that the ratio of brain slow-wave bands to fast-wave bands (theta/beta ratio) increased during and after exposure (the peak ultrafine particle concentrations were approximately 3 × 105 particle/cm3, and the average level was 1.64 × 105 particle/cm3), similar to early stage AD patients.



As discussed above, exposure to particulate matter due to cooking activity in the indoor environment is a major concern for public health, considering the relevant consequences for the exposed people worldwide. Growing scientific awareness of PM exposure and correlated health effects during the last 10 years was accompanied by the increased development of new and easy-to-prepare sampling and analysis methods. The literature from the last decade presents bulk data on PM size, in correlation to a few sources and/or factors. Nowadays, there is no standard procedure to approach PM studies in different environments, and thus the literature reports different sampling and analysis methods, considers few factors, and shows incomplete physico-chemical data. Moreover, the scientific literature lacks a comprehensive and systematic overview of all PM sources and factors and how they influence all physico-chemical properties of PM. Several questions remain unsolved, such as what type of fuel should be preferred to reduce pollutants, what kind of stove is less harmful for health, and how indoor pollution can be reliably assessed. In particular, the pollutants generated by the cooking activity are a direct consequence of the method used for cooking, the fuel used, and the indoor environment, and moreover those differences should have health consequences.



To understand the risk associated with exposure to fine and UPFs from cooking, this review systematically analyzes the main sources of exposure and the factors influencing physico-chemical properties of the PM, as well as the methods used to collect and analyze pollutants from cooking activity. The review evidence elevated exposure on PM in both the home and work environment where cooking is performed daily. Moreover, we emphasize the need to standardize sampling and analysis protocols, since data are difficult to compare and do not present comprehensive analyses of PM exposure.




2. Methods


2.1. Search Strategy


This systematic review was prepared according to the PRISMA statement [30,31,32,33,34]. We used PubMed, Scopus, and Web of Science databases for the data search ranging from 1 January 2000 to 1 August 2022 for scientific articles published in English that report and analyze the sources, chemical composition, and analysis methods of particulate matter generated during cooking activities in the indoor environment. Only English-edited studies published in scientific journals in the form of letters to the editor, comments, book chapters, and review articles in the last ten years were included. The review protocol was not registered as PROSPERO, while it accepts systematic review registrations reporting a health-related outcome. Our review protocol and search terms are presented in Supplementary Materials.




2.2. Study Selection


We included any study where particulate matter sources, chemical composition, and analysis methods were the main object of the studies. Moreover, only studies related to cooking environment were included, while those reporting collective indoor particulate matter were excluded. Studies analyzing methods of intervention to lower-particulate-matter generation in the cooking environment were also excluded. Studies were excluded if reporting only health effects under particulate matter exposure.



The study selection was first based on a review of titles and abstracts by J.I.L, S.M., and L.I.L. Papers that met the selection criteria in their title or abstract then had their full text screened to review whether they met the inclusion criteria above. Only peer-reviewed published journal articles and reports were included in this review.




2.3. Data Extraction


Following the PICO strategy for scientific research [35,36,37], we used a specific search string. We combined several search terms belonging to each PICO section (Population: general population, occupationally exposed people; Intervention: cooking activity with the use of stove; Comparison: not exposed people; Outcome: exposure to fine and ultrafine particulate matter). Search terms were combined by means of Boolean operators in different search-term strings, as follows: Population: workers, occupational group, working population, work, job, and job task. Intervention: kitchen, cooking, stove, cook, baking, bake, cookery, galley, gastronomy, cookhouse, fitted kitchen, hob, stovetop, canteen. Outcome: nanoparticles, nanoparticulate, nanoscale, UFP, PM10, PM2.5, particulate matter, fumes, ultrafine, UFPs, steam, smoke, PM0.1. Data were extracted using a pre-established template in Microsoft Excel (SI.1). The key outputs for each paper were extracted by one author (J.I.L.) and included sample size, study location, cooking category (i.e., type of cooking oil used, type of fuel), season, time resolution of monitoring, quality assurance and control protocols, and summary statistics of ambient concentrations. The measurement methodology was also recorded based on analysis methods. The outputs were then validated (by L.I.L.), with any disagreements in outputs resolved through discussion.





3. Results


The final research string (available in the electronic supplementary material) selected 2474 articles, which were successively screened in the title/abstract analysis. Only articles that directly related to occupational and domestic cooking activity were included and considered for a full-text content analysis (articles that considered exposure in childhood were excluded). A full-text content analysis selected 55 of the most relevant articles which met our criteria and were related to the exposure sources, chemical composition, and sampling and analysis. Figure 2 presents a flow diagram of the literature search strategy and the review process following PRISMA 2020 flow diagram rules [38].



3.1. Exposure Sources and Factors Influencing Particulate Matter Concentration


A summary of the studies focusing on different PM sources and factors influencing the PM characteristics in indoor cooking activities is presented in Table S1, while the complete dataset can be consulted in the Supplementary Table S3.



3.1.1. Type of Kitchen and Fuel as Factors Influencing PM Size and Concentration


The study of Sidhu et al. [39], conducted in 60 rural households in Punjab (India), confirmed that the concentration of indoor environmental pollutants changes with kitchen type, fuel type, and the indoor cooking location. Their analysis of exposure index values showed that cooks using SBF have a four-times higher exposure index than cooks using clean fuel (such as liquefied petroleum gas, LPG). Moreover, SBF users have higher occupational risks than the clean-fuel users. Additionally, studies conducted by James D. Johnston et al. [40] in 19 brick workers’ homes in Nepal showed that fuel type and study location remained significantly associated with mean PM2.5 concentration, where mean PM2.5 concentration in the woodstove household is nearly 10 times higher with respect to the LPG stove households. Of note with the use of a firewood stove is that the ignition mode considerably impacts emissions. As shown by Brandelet et al. [41], most emissions can be reduced when traditional stove ignition with paper is replaced by the top-down ignition mode.



Deepthi et al. [42] showed that there are significant variations of PM10, PM2.5, and PM1 concentrations with varying fuel type and kitchen type in rural households of southern India. The PM concentrations in biomass households were 2.1 times higher compared to biomass/LPG combination, and 3.8 times higher compared to PM concentrations in LPG households. Further, the PM2.5/PM10 ratio was higher during cooking using biomass (0.75) when compared to LPG (0.32). The PM10 and PM2.5 concentrations were higher in indoor enclosed kitchens than in outdoor and open kitchens, due to poor ventilation and lower dispersion area. Moreover, the winter concentrations were 77% and 41% higher compared to monsoon and summer seasons, respectively.



The data of Nayek and Padhy [7] (Table 1) collected in a poor rural area of West Bengal (India) confirm that in winter PM exposure is highest. However, the openness of rural kitchens is the only determining factor, which alone explained about 94% of the fine particulate exposure variability during cooking. An outdoor kitchen location in poor rural areas likely experiences lower exposures to air-dispersed particulate matter, but is not sufficient in areas with high concentrations of outdoor pollutants [43].



A laboratory analysis of 11 fuel–stove combinations by Shen et al. [44] showed that the burning of LPG and alcohol had the lowest PM2.5 mass emissions, UFP number emissions, and fractions of particles smaller than 30 nm (F30) (13−21% for LPG and 35−41% for alcohol). Kerosene has a low emission of PM2.5 and UFP compared to solid fuel burning, but nevertheless has a relatively high F30 value (73−80%). In comparison, the UFP emissions deriving from the combustion of solid fuels (charcoal, rice hulls, wood, and pellets) (∼1014 particles/MJ) are about 1−3 orders higher than the emissions from liquid fuels or gas. In the same stove, the UFP emissions from high-moisture wood are much higher than from low-moisture wood. Other factors influencing UFP emissions are fuel mass and energy, useful energy delivered, and time (emission rate). Emission trends with respect to fuel type correspond to the molecular structure of fuel. For instance, LPG has mostly light hydrocarbons and lacks aromatic compounds, and thus produces less soot. Oxygenated liquid fuels generally burn cleaner than hydrocarbon analogues, given that the oxygen content enables more complete combustion. Nevertheless, in the simple kerosene-fueled cookstove, this advantage is partially decreased by the use of a wick (rather than spray injectors).



The studies of Kumar et al. [15] in 60 household kitchens across the world showed that charcoal fuel increased the average PM2.5 exposure during cooking sessions by 1.3- and 3.1-fold to those observed for kitchens using natural gas and LPG, respectively. In addition, small kitchens (<15 m3), despite using cleaner fuels, showed increased cooking exposure compared with their larger volume counterparts. The studies conducted by Fatmi et al. [45] in rural Pakistan showed that in kitchens using natural gas, the daily average PM2.5 concentrations were substantially higher than in kitchens that used biomass in a chimney stove.




3.1.2. Cooking Conditions as Factors of PM Size and Concentration


Abdullahi et al. reviewed the emission range of particle number and mass concentration with different cooking conditions [46], such as cooking oils, styles, and temperature. Of note, PM2.5 mass concentrations from cooking fumes ranged from 0.4–1.8 mg/m3, and were 4.3 to 20.2 times higher than ambient air [47], while particle number concentrations increased from 1.2–6.2 × 103 particles/cm3 (background) to 1.4 × 106 particles/cm3 during cooking hours [47].



Of note, there is an inverted correlation between particle size and the time of production. Zhai and Albritton [48] analyzed six cooking oils (vegetable, canola, corn, olive, peanut, and coconut oils) and showed that the concentration of smaller particles begins to plateau and thereafter decreases, while the larger particles simultaneously begin to increase as temperatures near the smoke point. For instance, olive and coconut oils produce PM at the lowest temperature (~150 °C), while peanut and canola oil produce PM at a higher temperature (205–215 °C). Moreover, olive oil and coconut oil did not reach as high a concentration of PM2 emission as the other oils. Different emission trends between oils could be assigned to the inherent chemical composition of tested oils. Oils with a lower quantity of unsaturated fatty acids exhibit less dipole–dipole intermolecular forces, thus leading to the emission of PM at lower temperatures. In addition, unsaturated fats become volatile at low temperatures with respect to saturated fats. Food products containing unsaturated fat produce much higher PM10 and PM2.5 concentrations during cooking [49]. For example, in mackerel, unsaturated fat accounts for 70–80% unsaturated fat, whereas in pork belly it is approximately 50%.



In another study, Shuangde Li et al. [50] analyzed the relationship between particulate mass and number concentration with heating time and particle size, by using four commercial oils (rapeseed, sunflower, soybean, and corn oils). The higher fume emission time was between 400 and 460 s, with the average PM2.5 mass concentration ranging from 4.65–6.19 μg/m3 in the following order: rapeseed > sunflower > soybean > corn oil. However, the order of maximum PM2.5 number concentration was as follows: soybean (7.8 × 105) > corn (7.5 × 105) > rapeseed (6.8 × 105) > sunflower (5.7 × 105). Of note, the mass concentration of PM0.030–0.109 and PM0.109–0.655 accounted for 6.88–10.85% and 31.66–42.80% of PM2.5; however, their concentration accounted for 46.71–59.81% and 30.155–37.12% of PM2.5, respectively.



Torkmahalleh et al. [51] investigated the emission rates from seven commercial cooking oils, including soybean, safflower, canola, and peanut oils, and showed that peanut oils have lower PM2.5 emission fluxes (~105 [μg/(min·m2)]) than corn, coconut, and olive oils (~106 [μg/(min·m2)]) at 197 °C in the laboratory. Cooking type can increase indoor particle concentrations by more than five times, while PM2.5 concentrations could be increased up to 3, 30, and 90 times respective of background during smoking, frying, and grilling, respectively [52]. In household kitchens, frying is generally the most particle-emitting activity during cooking [15]. In 2017, Li et al. [50] monitored the real-time mass and number concentration distribution of fume particles during frying with the use of four different oil types. They reported that the average PM2.5 mass concentration was 4.65–6.19 μg/m3 at the higher fume emission time (between 400 and 460 s). The order of maximum PM2.5 concentration was soybean (7.8 × 105) > corn (7.5 × 105) > rapeseed (6.8 × 105) > sunflower (5.7 × 105).



In 2013, Jørgensen et al. [53] studied the exposure of restaurant employees to PAHs, mutagenic aldehydes, and particles generated during the process of bacon frying. Their results showed that total PAHs were in the range of 270–300 ng/m3 in the air, with the level of particulate PAH higher when frying smoked bacon, compared to fresh bacon. The level of total particles was between 2.2 and 4.2 mg/m3, while the levels of trans, trans-2,4-decadienal were between 34 and 54 μg/m3 in the air. The mobility diameter at peak particle concentration ranged from 74.1 nm (frying fresh bacon on a gas stove) to 153.5 nm (frying bacon on an electric stove). The authors concluded that the cooking method that exposes the cook to the highest level of particles in the ultrafine range does not necessarily cause exposure to the highest levels of total particles, higher aldehydes, or PAHs.



A recent study by Sofuoglu et al. [54] showed that high levels of particulate matter exposure could occur during deep-frying with margarine, which is commonly used in small-scale establishments. While volatile organic compounds (VOCs) and aldehyde concentrations did not increase significantly during deep-frying with margarine, PM10 reached significantly increased levels—1.85- to 6.6-fold background. The average PM2.5 concentration during the monitoring activity ranged between 76 and 249 μg/m3; thus, PM exposures during deep-frying with margarine may cause health effects in chronically exposed cooks.



Preparing and cooking flour products, mainly in bakeries and pizzerias, is a source of significant PM concentration. Work by Karjalainen et al. [55] in a traditional Finnish bakery showed that micrometer- to nanometer-sized particulate matter ranged in concentration from 6.8–145 mg/m3, with medium values exceeding Finland’s 8 hr occupational exposure limit for inhalable flour dust (2 mg/m3).



In a recent study, Wallace et al. [56] hypothesized that UFPs, produced by the electric heating of stoves and empty metal cooking pans, are created from a surface film of semi-volatile organic compounds (SVOCs) absorbed from the surrounding air. Finally, they raised the possibility that a substantial portion of the UFP observed during cooking may arise from the release of SVOCs on the cooking surface, rather than from the cooking oil or food itself. However, further studies are needed to determine whether this is indeed an important contributor to UFP observed during cooking. In addition, both stove-wall and cooking-pot temperatures affect the concentration and size of particles emitted from biomass cooking stoves [57]. In particular, cooking-pot temperatures affect particle size distributions.



Cooking activities that require a longer time, more fuel, and intense heat lead to higher emission rates of PM. For instance, Wangchuk et al. [58] showed that activities related to liquor distillation have higher emission rates for PM2.5 than other cooking activities.



Tryneret al. [59] showed that cookstove operational modes influence aerosol formation and oxidation processes, thus changing the range of PM emissions. For instance, refueling and shut-down events accounted for 29% and 59% of the total mass of PM emitted, respectively, during the experiments.



The concentration of the PM during cooking and food preparation is strongly influenced by the type of ventilation. A proper exhaust hood can significantly reduce personal PM exposure. The correct positioning of cooking appliances assures thermal fume flow within the size of the exhaust hood and the best capturing performance. Thus, heavy-load cooking appliances must be positioned near the center of the cooking appliance line. Cooking appliances must be moved from the end to the middle of the hood, and the gap between the wall and the rear of the appliance must be reduced as much as possible. The front overhang of the hood must also be increased by pushing appliances toward the back. Moreover, adding diverse attachment components (e.g., a separation plate) can increase the capture and containment efficiency of the hood. In addition, the flow field is affected by the oblique angle of the hood’s set-up, and thus increasing the depth and height of the hood can improve ventilation. A detailed discussion of the effects of ventilation on particulate matter and health effects is outside of the focus of this article, and more information can be found in the recent review by Zhao et al. [60].
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Table 1. Comparison of PM concentration in different cooking environments and conditions. ND denotes not defined.
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	Location
	Urban or Rural
	Domestic/Restaurant
	Kitchen Type
	Stove Type
	Fuel Type
	PM Size [µm]
	Concentration Range (µg/m3)
	Mean/Median (µg/m3)
	Reference





	India; Fatehgarh Sahib

district located in south-eastern part of Punjab

state and lying between 30°25′00″ and 30°45′45″ N and 76°04′30″ and

76°35′00″ E.
	Rural
	Domestic
	Indoor kitchen with/out partition; outdoor enclosed kitchen; outdoor open-air kitchen; outdoor semi-open air kitchen.
	ND
	Agricultural residue; firewood; biogas; liquefied petroleum gas.
	2.5
	52.2–25,949
	1328.28
	[39]



	India; Kishannagar village in Mahbubnagar district of southern Telangana, (17.3850° N, 78.4867° E).
	Rural
	Domestic
	Indoor kitchen with partition; indoor kitchen without partition; separate enclosed kitchen outside the house and open kitchen (meaning open-air cooking).
	ND
	Biomass and LPG.
	1; 2.5; 10
	
	Biomass; Biomass and LPG; LPG, respectively: (PM10) 179.51 ± 21; 101.99 ± 21; 77.48 ± 9; (PM2.5) 102.95 ± 18; 45.77 ± 13; 26.51 ± 5; (PM1) 67.66 ± 12; 32.15 ± 9; 14.47 ± 5.
	[42]



	Australia; Brisbane
	Urban
	Domestic
	ND
	ND
	ND
	Two size ranges: from

0.007 to 0.808 mm (called submicrometer particles for the purpose of this study) and from 0.5 to 20 mm (called supermicrometer particles).
	13–735
	Frying (median peak value: 745), grilling (718).
	[52]



	China; Beijing
	Urban
	Domestic
	ND
	Gas stove
	natural gas.
	2.5
	Stir-frying, pan-frying, deep-frying, steaming, and boiling were 680–990, 290–480, 140–240, 40, 80, respectively.
	ND
	[61]



	Bhutan
	Rural
	Domestic
	Mainly separately structured kitchen outside the main house.
	Traditional stoves, built mostly from mud; stone; tripod stove; and the simplest

open fire stove, where firewood can be fed from more than one direction.
	Biomass, LPG (1), and electricity (1).
	2.5
	1.5 × 103–2 × 105
	1 × 103
	[58]



	India; West

Bengal
	Rural
	Domestic
	Kitchen space with at least a roof, kitchen without any artificial ventilation, or chimney set-up, and cooking occurs on traditional earthen-cook stoves.
	ND
	Mixed biomass fuels (dung, crop residues, husk, firewood) predominated with cow-dung cake.
	2.5
	
	974
	[7]



	Burkina Faso; Nouna
	Urban
	Domestic
	ND
	Three-stone and charcoal stoves.
	Wood and charcoal.
	0.1–10
	29–2656
	2537
	[43]



	Nepal; Bhaktapur
	Urban
	Domestic
	ND
	ND
	LPG, wood.
	2.5
	19.37–1384.44
	118.46
	[40]



	South Korea
	ND
	Domestic
	ND
	ND
	ND
	2.5; 10.0
	PM2.5: 13.24 (SD 13.54)–96.25 (36.62); PM10: 16.95 (SD 18.76)–127.01 (57.36).
	ND
	[49]



	China; Lanzhou (36° N; 103°40′ E)
	Urban
	Domestic
	ND
	ND
	ND
	2.5
	Heating season: 48~279; non-heating: 9~388
	125 ± 51 (heating season), and 80 ± 67 (non-heating season)
	[62]



	Northern Taiwan
	Urban
	Domestic
	ND
	Gas stove
	Gas
	0.101–10
	PM10, PM2.5, PM1, and PM0.1 up to around 500, 100, 50, and 5 mg/m3, respectively; PM18: 163 to 2680.
	ND
	[63]



	Bangladesh; Dhaka, India; Chennai, China; Nanjing, Colombia; Medellín, Brazil; Sao Paulo; Egypt; Cairo, Iraq; Sulaymaniyah, Ethiopia; Addis Ababa, Nigeria; Akure, Malawi; Blantyre, Tanzania; Dar es Salaam, Kenya; Nairobi.
	Urban
	Domestic
	Variable
	Variable
	Natural gas, LPG, charcoal, kerosene, electric, ethanol.
	2.5; 10.0
	1–1653
	9–254
	[15]



	Honduras; La Esperanza, Department of Intibucá,
	Rural
	Domestic
	Variable
	30 households with a traditional cookstove and 17 households with just a cookstove
	Gathered wood, including split logs and sticks, as the primary fuel; burning small sticks of a local wood called ocote (a species of pine) and corncobs to start the fire.
	2.5; UFP (<0.6)
	11–1467
	180
	[64]



	Pakistan; Sindh.
	Rural
	Domestic
	ND
	Traditional stove using biomass; improved stove using biomass; LPG stove.
	Biomass, LPG.
	2.5
	Biomass: 4.2–4930; LPG (4.2–2580)
	Biomass: 531; LPG 69.9
	[45]



	USA; San Francisco Bay Area of California
	Urban
	Domestic
	ND
	Gas stove (cooktop, oven bottom burner, and broiler top burner, as available).
	Natural gas
	0.006–2.5
	ND
	ND
	[65]



	India, Udaipur
	Urban and rural
	Domestic
	Separated from other rooms.
	Traditional three-stone cookstove.
	Biomass (e.g., wood)
	2.5
	335–101,920
	9835
	[62]



	Canada; Halifax and Edmonton
	Urban
	Domestic
	ND
	The cooktop fuel type (78% electric, 22% gas) was in general agreement with the responses from the nationwide Canadian Human Activity Pattern Survey 2 (84% electric, 16% gas).
	8% electric, 22% gas.
	2.5
	ND
	ND
	[66]



	Portugal, Aveiro
	Urban
	Domestic
	ND
	Gas; electric.
	Gas, electricity.
	2.5
	ND
	14–30
	[67]



	China; Beilin District (within second ring road area) of Xi’an
	Urban
	Restaurant
	All kitchens were separated from the dining areas,

while the kitchen doors were kept open all the time.
	Gas stove
	Natural gas, except electricity, was used for two Western fast-food restaurants.
	2.5
	41.5–280
	139
	[68]



	China; Shanghai
	Urban
	Restaurant
	ND
	ND
	
	2.5
	325–693
	ND
	[69]



	USA; San Francisco Bay Area
	Urban
	Restaurant
	ND
	ND
	ND
	2.5; <0.010
	1.5–454
	36.3
	[70]



	Northwestern China
	Urban
	Restaurant
	ND
	Gas and electric stove.
	Gas or electric.
	2.5
	ND
	41.5–280
	[68]



	Portugal; Aveiro
	Urban
	Restaurant
	ND
	Gas; electric.
	Gas; electric.
	2.5
	ND
	27–127
	[71]



	China; Hong Kong
	Urban
	Restaurant
	ND
	Gas and electric stove.
	Town gas; electric.
	2.5
	ND
	177.4 ± 50.6 to 711.5 ± 222.6
	[72]



	China; west of

Lijiang city in Yunnan, at roughly 2700 m elevation in the Hengduan Mountains (N 2652¢, E10006¢).
	Rural
	Domestic
	Some kitchens enclosed, while others have windows or 20–50 cm gaps between the wall and ceiling.
	Stoves consisting of an enclosed combustion chamber with a small sliding metal door for adding fuelwood.
	Biomass
	2.5
	Average personal 24 h PM2.5 exposure among participants ranged from 9 to 492 ug/m3 in summer and 22 to 634 ug/m3 in winter.
	
	[73]










3.2. Chemical Composition


Cooking fumes are a source of volatile organic compounds (VOCs), PM, carbonyl compounds, PAHs, and heavy metals [74]. Organic matter (OM) is the predominant component in cooking-emitted PM2.5 [68]. There are over 300 different classes of organic compounds found in cooking fumes, including VOCs [75], airborne carbonyls [76], particle-bounded monocarboxylic acids, dicarboxylic acids, alkanes, esters, and PAHs [61,69]. Black carbon (BC) is a constituent of PM and one of the by-products of the incomplete combustion of carbon-based fuels. Emissions of BC are correlated with other pollutants such as volatile organics, secondary organics, and poly-aromatic hydrocarbon [77]. Importantly, BC acts as a carrier of toxic chemicals of varying toxicity levels [78]. Studies conducted by Saito et al. [79] showed that most PAHs present in cooking fumes are absorbed onto PM, especially particles with aerodynamic equivalent diameters of less than 0.43 μm. In this review, we present data on the chemical composition of particulate matter, and thus only inorganic and organic matter bound and/or absorbed on PM were analyzed.



In 2019, Bilsback et al. [74] analyzed the production of 120 gas- and particle-phase constituents—including organic carbon, EC, UFPs (10−100 nm), inorganic ions, carbohydrates, and volatile/semivolatile organic compounds (e.g., alkanes, alkenes, alkynes, aromatics, carbonyls, and PAHs) produced by 26 stove/fuel combinations during the Firepower Sweep Test (Table S2). On average, organic aerosol constituted the largest fraction of PM2.5 emitted for all stoves, and the emissions ranged from improved wood stoves were 72−81% lower (510−578 mg/MJd), charcoal stoves were 86−87% lower (611−620 mg/MJd), and fossil fuel stoves were >99% lower (709−710 mg/MJd) than with the three-stone fire. On average, the highest inorganic ion emissions came from biomass stoves that were tested with pre-processed fuels (e.g., charcoal and pellets).



3.2.1. Organic Constituents of Particulate Matter


Recently, Xu et al. [68] characterized PM2.5-bound organic compounds and associated potential cancer risks from cooking. Alkanols, alkanes, monocarboxylic acids, dicarboxylic acids, and PAHs were analyzed in the most popular types of restaurants in north-western China. The mean concentration of total quantified organic compounds (ΣPM_O) ranged from 1.1 to 32 × 103 ng/m3, with the highest values in the barbecue-type restaurants. The ΣPM_O accounted for an average of 11% of PM2.5. Hexadecanoic acid (C16) and 1-hexadecanol (C16) were used as tracers of stir-frying and steaming, while 1-undecanol (C11), 9-fluorenone, and indeno [1,2,3-cd] pyrene were markers of grilling and deep-frying. The estimated carcinogenic risks for the restaurants using different oils in high-temperature cooking (e.g., barbecuing and deep-frying) exceeded 2.6–4.2 times the international safety limit.



Among different cooking methods, grilling has the highest temperature and thus generates dominant cooking-fume emissions compared with other food-preparation methods [80]. During the grilling process, the carbohydrates or sugars (including oligosaccharides, disaccharides) present in the food undergo water hydrolysis. Continued heating leads to degradation reactions, where the rings of sugar open up and generate new molecules, i.e., aldehydes and acids [81], which further react with amino acids forming VOCs and/or chain-like molecules.



Aldehyde formation pathways from oils are not well understood. Recent studies by Takhar et al. [82] suggested that gaseous aldehyde emissions are driven by radical-mediated autoxidation reactions, and thus the chemical composition of cooking oils directly influences the reaction. For instance, antioxidants present in canola oil inhibit aldehyde emissions. Overall, antioxidants can suppress peroxy radical formation in oils with more C=C double bonds (canola oil), while oils with fewer C=C double bonds (sunflower and olive oil) can promote aldehyde formation. Katragadda et al. [83] studied the influence of oil types on volatile aldehyde emissions produced from heated cooking oils. They showed that the emission of volatile aldehyde compounds was much higher when using extra virgin olive oil.



Complexed carbon nanostructures (CNs) can be spontaneously formed during high-temperature food processing or baking (200–250 °C) through self-assembling or the polymerization of partially combusted lipids, proteins, and other macromolecules with synthetic food additives. Such complexed nanostructures may lead to potential health risks and/or adverse health effects. A recent study by Al-Hadi et al. [84] identified and characterized nanostructures isolated from bread crusts. Their results showed that bread crusts contain complexed CNs, with moderate toxic effects in the human mesenchymal stem cells at a high dose (400 μg/mL).



The emission of PAHs in cooking fumes depends on the cooking method and the ingredients present in the food (Table 2). In general, cooking meat produces more PAHs than frying vegetables. In meat cooking, palmitic acid, stearic acid, oleic acid, and cholesterol are the most concentrated compounds, next to oxidation products such as nonanal and 2-octadecanone dominant in cooking with seed oils. Pei et al. [69] reported that oleic acid was the most abundant organic species in emissions from Sichuan-style and Italian restaurants, while linoleic acid was demonstrated as a marker for Shanghai-style cuisine.



Additives are widely applied in different cooking methods. Of note, the synergistic and/or additive effect of spices as additives and different cooking methods can lead to the formation of a specific aroma. Thermal processes during cooking catalyze a wide range of complex chemical reactions involving lipid oxidation and pyrolysis reactions, thiamine degradation, proteolysis reactions, the Maillard reaction, and Maillard–lipid interactions [85]. Torkmahalleh et al. [86] studied the effect of additives on PM2.5 and total particle number emissions during the heating of cooking oils. Their results showed that sea-salt addition reduces the PM2.5 concentration by 86–91% and total particle number by 45–53% compared with the control group. Recent results presented by Liu et al. [79] showed that the application of garlic powder, white pepper, mixed spices, and salt significantly reduce the emissions of total particle mass concentration (TPM) during meat grilling by 32.87%, 65.07%, 56.01%, and 47.86%, respectively.



Xu et al. analyzed PM2.5-bound organic compounds, namely alkanols, alkanes, monocarboxylic acids, dicarboxylic acids, and PAHs in the emissions in different cuisine restaurants in China [68] (Table 2 and Table S2). The mean concentration of total quantified organic compounds (ΣPM_O) in different restaurants ranged between 1112 and 32,016 ng/m3, and the highest mean value was observed in the Chinese barbecue restaurants. ΣPM_O accounted for an average of 11% of PM2.5 mass. Cooking, stir-frying, steaming, and boiling produced hexadecanoic acid (C16) and 1-hexadecanol (C16), while 1-undecanol (C11), 9-fluorenone, and indeno [1,2,3-cd]pyrene were produced during grilling and deep-frying, and could be used as potential markers of these processes. Of note, the PAH diagnostic ratios were characteristic of different cuisine types.



In 2022, Fadel et al. [87] (Table 3) published a study focusing on the chemical profiles of PM2.5 generated by a non-road diesel generator, wood burning, and different cooking activities (Table 2 and Table S2). The characterization included the carbonaceous fraction (organic carbon/elemental carbon; OC/EC), water-soluble ions (Table 3), elements, and organic species (in particular n-alkanes, polycyclic aromatic hydrocarbons, carboxylic acids, levoglucosan, dioxins, furans, and dioxin-like polychlorinated biphenyls). Carbonaceous matter was the main component of PM2.5, with a mass contribution to PM2.5 of 49% for cooking activities, 53% for wood burning, 66% for beef grilling, 72% for chicken grilling, and 74% for diesel generator. Importantly, diagnostic ratios and indexes of organic compounds revealed significant differences between the PM2.5 sources. For instance, the water-soluble ions had the highest contribution in the cooking activities and the lowest contribution during the chicken grilling.



The OC/EC ratio is an essential tool to precisely differentiate combustion sources or even meat type. For instance, chicken grilling has a much higher OC/EC ratio (621) than beef grilling (45) due to the difference in fat content. In general, food products with high fat percentages generate higher OC emission rates.



Wood burning emits five times more PAHs than other sources (e.g., charcoal that has more complete combustion). In addition, the volatilization and the pyrolysis of the volatile matter during the production of charcoal, and its low water content, could also lower the content of aromatic compounds. Low PAH concentrations were observed for the different cooking profiles and were mostly generated during grilling activities with coal combustion, in which ashes are rich in 4-ring PAHs with fluoranthene and pyrene (Table 2).



Carboxylic acids were the most abundant organic species of cooking activities, accounting for 24% of the OM mass during general cooking activities, while accounting for 19% in beef grilling and 11% in chicken grilling. During food processing at a high temperature, sugar degradation, pyrolysis of proteins and amino-acids, and the degradation of fats take place. These processes lead to the generation of free fatty acids, glycerol, and glycerides.



Levoglucosan or 1,6-anhydro-β-D-glucopyranose is a molecular marker of biomass burning, while it originates from the pyrolysis of cellulose. It is the most abundant organic molecule during wood burning (17% of the OM mass); thus, the levoglucosan/OC ratio is frequently used to distinguish softwood and hardwood burning.



Alves et al. [67] showed the presence of PAHs and plasticizers bound to PM2.5 generated in domestic kitchens in Aveiro, Portugal. Total concentrations in the kitchens of eight phthalate plasticizers and one non-phthalate plasticizer [bis(2-ethylhexyl) adipate] ranged from 44 to 171 ng/m3, 3 to 12 times more concentrated than in outdoor air. On the contrary, PAH concentrations were much higher in the outdoor environment. Scanning electron microscopy—energy dispersive spectroscopy (SEM-EDS) analysis showed that soot masses are formed by ultrafine aggregates of spherical particles, composed predominantly of carbon, oxygen, and sulfur, which is typical of combustion.
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Table 2. Comparison of the most studied organic components of particulate matter in different food preparation conditions.
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Compound Name

	
Classification

	
Max. Concentration

	
Unit

	
Food Preparation Description

	
Reference






	
acenaphthene

	
PAHs

	
1.6 ± 1.4

	
ng m−3

	
seven different cuisine types

	
[68]




	
0.006 ± 0.004

	
mg g−1

	
general cooking activities

	
[87]




	
2

	
μg g−1

	
poultry cooking and grilling

	
[71]




	
12.5 ± 13.1

	
ng m−3

	
seven different cuisine types

	
[68]




	
0.672

	
μg g−1

	
poultry cooking and grilling

	
[71]




	
0.101

	
ng m−3

	
general cooking activities

	
[67]




	
anthracene

	
30.5 ± 4.7

	
ng m−3

	
seven different cuisine types

	
[68]




	
10.5

	
μg g−1

	
poultry cooking and grilling

	
[71]




	
0.0473

	
ng m−3

	
general cooking activities

	
[67]




	
benz[a]anthracene

	
0.001 ± 0.000

	
mg g−1

	
sets of duplicate cooking samples were collected using the five most-used types of oil

	
[88]




	
9.1 ± 11.5

	
ng m−3

	
seven different cuisine types

	
[68]




	
0.02 ± 0.01

	
mg g−1

	
general cooking activities

	
[87]




	
20.1

	
ug g−1

	
poultry cooking and grilling

	
[71]




	
0.194

	
ng m−3

	
general cooking activities

	
[67]




	
benzo[a]pyrene

	
13.5 ± 8.9

	
ng m−3

	
seven different cuisine types

	
[68]




	
0.001 ± 0.000

	
mg g−1

	
sets of duplicate cooking samples were collected using the five most-used types of oil

	
[88]




	
0.009 ± 0.005

	
mg g−1

	
general cooking activities

	
[87]




	
10.7

	
μg g−1

	
poultry cooking and grilling

	
[71]




	
0.668

	
ng m−3

	
general cooking activities

	
[67]




	
benzo[b]fluoranthene

	
18.8 ± 15.3

	
ng m−3

	
seven different cuisine types

	
[68]




	
0.002 ± 0.000

	
mg g−1

	
sets of duplicate cooking samples were collected using the five most-used types of oil

	
[88]




	
0.03 ± 0.02

	
mg g−1

	
general cooking activities

	
[87]




	
20.5

	
μg g−1

	
poultry cooking and grilling

	
[71]




	
0.83

	
ng m−3

	
general cooking activities

	
[67]




	
benzo[e]pyrene

	
10.5 ± 6.9

	
ng m−3

	
seven different cuisine types

	
[68]




	
0.001 ± 0.000

	
mg g−1

	
sets of duplicate cooking samples were collected using the five most-used types of oil

	
[88]




	
28.5

	
μg g−1

	
poultry cooking and grilling

	
[71]




	
0.665

	
ng m−3

	
general cooking activities

	
[67]




	
benzo[g,h,i]perylene

	
0.002 ± 0.001

	
mg g−1

	
sets of duplicate cooking samples were collected using the five most-used types of oil

	
[88]




	
1.05

	
ng m−3

	
general cooking activities

	
[67]




	
20.3 ± 17.2

	
ng m−3

	
seven different cuisine types

	
[68]




	
9.5

	
μg g−1

	
poultry cooking and grilling

	
[71]




	
benzo[k]fluoranthene

	
5.5 ± 3.2

	
ng m−3

	
seven different cuisine types

	
[68]




	
0.02 ± 0.01

	
mg g−1

	
general cooking activities

	
[87]




	
4.75

	
μg g−1

	
poultry cooking and grilling

	
[71]




	
0.813

	
ng m−3

	
general cooking activities

	
[67]




	
cholesterol

	
lipid; alcohols; sterols; and other compounds with OH group

	
260.8 ± 117.1

	
ng m−3

	
seven different cuisine types

	
[68]




	
0.979

	
μg g−1

	
poultry cooking and grilling

	
[71]




	
chrysene

	
PAHs

	
11.1 ± 6.6

	
ng m−3

	
seven different cuisine types

	
[68]




	
0.001 ± 0.000

	
mg g−1

	
sets of duplicate cooking samples were collected using the five most-used types of oil

	
[88]




	
0.02 ± 0.01

	
mg g−1

	
general cooking activities

	
[87]




	
37.9

	
μg g−1

	
poultry cooking and grilling

	
[71]




	
0.33

	
ng m−3

	
general cooking activities

	
[67]




	
dibenzo[a,h]anthracene

	
7.6 ± 2.4

	
ng m−3

	
seven different cuisine types

	
[68]




	
1.34

	
μg g−1

	
poultry cooking and grilling

	
[71]




	
0.122

	
ng m−3

	
general cooking activities

	
[67]




	
docosane (n-C22)

	
alcanes

	
0.40 ± 0.14

	
mg g−1

	
general cooking activities

	
[87]




	
24.8 ± 14.1

	
ng m−3

	
seven different cuisine types

	
[68]




	
docosanoic acid (C22)

	
carboxylic acids

saturated fatty acids

	
27.8 ± 12.8

	
mg g−1

	
general cooking activities

	
[87]




	
137.4 ± 111.5

	
ng m−3

	
seven different cuisine types

	
[68]




	
dodecanoic acid (C12)

	
4.42 ± 4.18

	
mg g−1

	
general cooking activities

	
[87]




	
239.4 ± 266.8

	
ng m−3

	
seven different cuisine types

	
[68]




	
dotriacontane (n-C32)

	
alcanes

	
0.46 ± 0.32

	
mg g−1

	
general cooking activities

	
[87]




	
11.0 ± 9.2

	
ng m−3

	
seven different cuisine types

	
[68]




	
eicosanoic acid (C20)

	
carboxylic acids

saturated fatty acids

	
7.9 ± 2.6

	
mg g−1

	
general cooking activities

	
[87]




	
172.8 ± 79.8

	
ng m−3

	
seven different cuisine types

	
[68]




	
fluoranthene

	
PAHs

PAHs

	
18.5 ± 10.7

	
ng m−3

	
seven different cuisine types

	
[68]




	
0.005 ± 0.001

	
mg g−1

	
sets of duplicate cooking samples were collected using the five most-used types of oil

	
[88]




	
0.02 ± 0.01

	
mg g−1

	
general cooking activities

	
[87]




	
53.2

	
μg g−1

	
poultry cooking and grilling

	
[71]




	
0.183

	
ng m−3

	
general cooking activities

	
[67]




	
fluorene

	
8.2 ± 5.4

	
ng m−3

	
seven different cuisine types

	
[68]




	
0.002 ± 0.000

	
mg g−1

	
sets of duplicate cooking samples were collected using the five most-used types of oil

	
[88]




	
7.52

	
μg g−1

	
poultry cooking and grilling

	
[71]




	
0.0219

	
ng m−3

	
general cooking activities

	
[67]




	
hexacosane (n-C26)

	
alcanes

	
0.39 ± 0.10

	
mg g−1

	
general cooking activities

	
[87]




	
15.8 ± 22.6

	
ng m−3

	
seven different cuisine types

	
[68]




	
hexadecane (n-C16)

	
0.07 ± 0.05

	
mg g−1

	
general cooking activities

	
[87]




	
2.5 ± 3.8

	
ng m−3

	
seven different cuisine types

	
[68]




	
98 ± 31

	
mg g−1

	
general cooking activities

	
[87]




	
33.6

	
ug g−1

	
poultry cooking and grilling

	
[71]




	
6731.3 ± 3279.7

	
ng m−3

	
seven different cuisine types

	
[68]




	
indeno [1,2,3-c,d]pyrene

	
PAHs

	
0.001 ± 0.001

	
mg g−1

	
sets of duplicate cooking samples were collected using the five most-used types of oil

	
[88]




	
25.3 ± 25.6

	
ng m−3

	
seven different cuisine types

	
[68]




	
6.45

	
μg g−1

	
poultry cooking and grilling

	
[71]




	
1.05

	
ng m−3

	
general cooking activities

	
[67]




	
levoglucosan

	
carbohydrates

	
225.9 ± 115.8

	
ng m−3

	
seven different cuisine types

	
[68]




	
14.2 ± 20.2

	
mg g−1

	
general cooking activities

	
[87]




	
linoleic acid (C18:2)

	
unsaturated fatty acids

	
6567.0 ± 5331.2

	
ng m−3

	
seven different cuisine types

	
[68]




	
37.1 ± 17.2

	
ng m−3

	
seven different cuisine types

	
[68]




	
naphthalene

	
PAHs

	
18.4 ± 15.5

	
ng m−3

	
seven different cuisine types

	
[68]




	
767

	
μg g−1

	
poultry cooking and grilling

	
[71]




	
1.93

	
ng m−3

	
general cooking activities

	
[67]




	
nonacosane (n-C29)

	
alcanes

	
0.89 ± 0.39

	
mg g−1

	
general cooking activities

	
[87]




	
26.7 ± 19.4

	
ng m−3

	
seven different cuisine types

	
[68]




	
nonadecane (n-C19)

	
0.07 ± 0.04

	
mg g−1

	
general cooking activities

	
[87]




	
8.2 ± 8.2

	
ng m−3

	
seven different cuisine types

	
[68]




	
octadecane (n-C18)

	
0.06 ± 0.09

	
mg g−1

	
general cooking activities

	
[87]




	
4.6 ± 5.1

	
ng m−3

	
seven different cuisine types

	
[68]




	
octadecanoic acid (C18)

	
carboxylic acids

saturated fatty acids

	
109 ± 48

	
mg g−1

	
general cooking activities

	
[87]




	
28.5

	
μg g−1

	
poultry cooking and grilling

	
[71]




	
3386.2 ± 2117.8

	
ng m−3

	
seven different cuisine types

	
[68]




	
oleic acid (C18:1)

	
unsaturated fatty acids

carboxylic acids

	
9820.7 ± 6106.8

	
ng m−3

	
seven different cuisine types

	
[68]




	
11.5

	
μg g−1

	
poultry cooking and grilling

	
[71]




	
perylene

	
PAHs

	
2.1 ± 2.2

	
ng m−3

	
seven different cuisine types

	
[68]




	
0.132

	
ug g−1

	
poultry cooking and grilling

	
[71]




	
0.314

	
ng m−3

	
general cooking activities

	
[67]




	
phenanthrene

	
16.0 ± 6.0

	
ng m−3

	
seven different cuisine types

	
[68]




	
0.006 ± 0.001

	
mg g−1

	
sets of duplicate cooking samples were collected using the five most-used types of oil

	
[88]




	
0.003 ± 0.003

	
mg g−1

	
general cooking activities

	
[87]




	
63.1

	
μg g−1

	
poultry cooking and grilling

	
[71]




	
0.0415

	
ng m−3

	
general cooking activities

	
[67]




	
pyrene

	
31.5 ± 24.1

	
ng m−3

	
seven different cuisine types

	
[68]




	
0.005 ± 0.002

	
mg g−1

	
sets of duplicate cooking samples were collected using the five most-used types of oil

	
[88]




	
0.02 ± 0.01

	
mg g−1

	
general cooking activities

	
[87]




	
40

	
μg g−1

	
poultry cooking and grilling

	
[71]




	
0.188

	
ng m−3

	
general cooking activities

	
[67]




	
retene

	
13.4 ± 6.3

	
ng m−3

	
seven different cuisine types

	
[68]




	
1.56

	
μg g−1

	
poultry cooking and grilling

	
[71]




	
0.136

	
ng m−3

	
general cooking activities

	
[67]




	
stigmasterol

	
lipid, alcohols, sterols, and other compounds with OH group

	
279.8 ± 181.1

	
ng m−3

	
seven different cuisine types

	
[68]




	
0.206

	
μg g−1

	
poultry cooking and grilling

	
[71]




	
tetracosane (n-C24)

	
alcanes

	
0.72 ± 0.13

	
mg g−1

	
general cooking activities

	
[87]




	
30.6 ± 13.1

	
ng m−3

	
seven different cuisine types

	
[68]




	
tetracosanoic acid (C24)

	
carboxylic acids,

saturated fatty acids

	
4.9 ± 4.2

	
mg g−1

	
general cooking activities

	
[87]




	
62.5 ± 46.6

	
ng m−3

	
seven different cuisine types

	
[68]




	
tetradecanoic acid (C14)

	
carboxylic acids, saturated fatty acids

	
5.65 ± 3.87

	
mg g−1

	
general cooking activities

	
[87]




	
8.95

	
μg g−1

	
poultry cooking and grilling

	
[71]




	
770.3 ± 683.6

	
ng m−3

	
seven different cuisine types

	
[68]




	
triacontane (n-C30)

	
alcanes

	
0.26 ± 0.09

	
mg g−1

	
general cooking activities

	
[87]




	
10.3 ± 8.0

	
ng m−3

	
seven different cuisine types

	
[68]




	
tricosane (n-C23)

	
0.65 ± 0.40

	
mg g−1

	
general cooking activities

	
[87]




	
28.5 ± 21.5

	
ng m−3

	
seven different cuisine types

	
[68]




	
β-sitosterol

	
lipid, alcohols, sterols, and other compounds with OH group

	
803.2 ± 398.1

	
ng m−3

	
seven different cuisine types

	
[68]




	
0.367

	
μg g−1

	
poultry cooking and grilling

	
[71]










3.2.2. Inorganic Constituents of Particulate Matter


Water-soluble ions have the highest share of PM2.5 in general cooking activities (17%), accounting for more than 85% of the ionic mass of sulfate, nitrate, and ammonium ions.



The recent studies of Zhou et al. [89] confirmed that indoor cooking and smoking were the main sources of Cd, Cr, Mn, Ni, Pb, Sb, V, and Zn, as well as stable carbon isotopes in indoor dust.



PM2.5-bound heavy metals were analyzed by Dai et al. [76] in restaurant kitchens creating different cuisines in north-western China during December 2011 to January 2012 (namely, Szechuan hotpot, Hunan, Shaanxi noodle, Chinese barbecue, Chinese vegetarian, Korean barbecue, Italian, and Indian). Pb was the most abundant element in all restaurants (>60%), followed by Hg (~20%), Cr, Ni, and Co. Cd was detected in the samples collected in the Indian restaurant, while no As or Se were detectable in all restaurants. There was no significant difference in the metal concentrations, mass per capita, or elemental compositions among the four restaurants. Higher Ni concentrations and compositions were found in the smoking dining units (i.e., Hunan and Chinese barbecue restaurants), most probably due to the Ni presence in the stainless-steel kitchen utensils and cookware. Other anthropogenic factors, e.g., cooking fuels, could contribute to the emissions of the metallic elements such as Hg [90]. However, no additional chemical tests (e.g., flame or emission tests and coating examinations) have been conducted on both cookware or fuels due to study limitations in a real-world environment.



In 2013, Taner et al. [91] studied the metal content in cooking fumes in 14 restaurants in Kocaeli (the second largest city in Turkey). All of the metal contents (except for Mn) were higher for fine particles (PM2.5) than coarse particles (PM > 2.5), and V, Se, Zn, Cr, As, Cu, Ni, and Pb were the major trace elements identified in the PM2.5. Of note, the Se, As, Cd, and V contents were highly enriched (enrichment factor; EF > 100). Charcoal combustion, indoor activities, crustal components, and road dust were the main factors determining the sources of PM2.5. Overall, the PM2.5 total hazard quotient was 4.09, which is four times greater than the acceptable limit (i.e., 1.0). In addition, the PM2.5 excess lifetime cancer risk was 1.57 × 10−4, which is higher than the acceptable limit of 1.0 × 10−6. Among all the carcinogenic elements present in the PM2.5, the cancer risks resulting from Cr and As exposure were the highest (i.e., 1.16 × 10−4 and 3.89 × 10−5, respectively).



The complete qualitative analysis of organic and inorganic compounds bound to PM generated during indoor cooking activities is presented in Table S2. Moreover, the sampling and analysis methods are briefly described. Of note, the concentration of the organic and inorganic compounds is quantified in relation to the air-sampling volume or to the mass of particulate matter. The lack of standards in the quantification method prevent direct data comparison.
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Table 3. Comparison of the most studied inorganic components of particulate matter in different food preparation conditions.
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Compound Name

	
Max. Concentration

	
Unit

	
Food Preparation Description

	
Reference






	
Aluminum

	
16.7 ± 5.9

	
mg g−1

	
general cooking activities

	
[87]




	
Ammonium ion

	
35.0 ± 18.7

	
mg g−1

	
general cooking activities

	
[87]




	
Antimony

	
0.02 ± 0.01

	
mg g−1

	
general cooking activities

	
[87]




	
Arsenic

	
0.006 ± 0.001

	
mg g−1

	
sets of duplicate cooking samples were collected using the five most-used types of oil

	
[88]




	
Arsenic

	
0.006 ± 0.001

	
mg g−1

	
general cooking activities

	
[87]




	
Bismuth

	
0.002 ± 0.001

	
mg g−1

	
general cooking activities

	
[87]




	
Cadmium

	
0.001 ± 0.000

	
mg g−1

	
sets of duplicate cooking samples were collected using the five most-used types of oil

	
[88]




	
0.002 ± 0.001

	
mg g−1

	
general cooking activities

	
[87]




	
0.004

	
μg m−3

	
general cooking activities

	
[92]




	
Calcium

	
1.9 ± 1.0

	
mg g−1

	
sets of duplicate cooking samples were collected using the five most-used types of oil

	
[88]




	
43.8 ± 39.34

	
mg g−1

	
general cooking activities

	
[87]




	
Calcium ion

	
31.8 ± 15

	
mg g−1

	
general cooking activities

	
[87]




	
Cerium

	
0.03 ± 0.02

	
mg g−1

	
general cooking activities

	
[87]




	
Chloride

	
0.25 ± 0.08

	
mg g−1

	
sets of duplicate cooking samples were collected using the five most-used types of oil

	
[88]




	
Chloride ion

	
12.1

	
mg g−1

	
general cooking activities

	
[87]




	
Cobalt

	
0.007 ± 0.006

	
mg g−1

	
general cooking activities

	
[87]




	
Copper

	
0.014 ± 0.006

	
mg g−1

	
sets of duplicate cooking samples were collected using the five most-used types of oil

	
[88]




	
0.10 ± 0.06

	
mg g−1

	
general cooking activities

	
[87]




	
0.188

	
μg m−3

	
general cooking activities

	
[92]




	
Chromium

	
0.064 ± 0.019

	
mg g−1

	
sets of duplicate cooking samples were collected using the five most-used types of oil

	
[88]




	
0.092

	
μg m−3

	
general cooking activities

	
[92]




	
Iron

	
1.1 ± 0.1

	
mg g−1

	
sets of duplicate cooking samples were collected using the five most-used types of oil

	
[88]




	
7.56 ± 4.16

	
mg g−1

	
general cooking activities

	
[87]




	
9.82

	
μg m−3

	
general cooking activities

	
[92]




	
Lanthanum

	
0.016 ± 0.008

	
mg g−1

	
general cooking activities

	
[87]




	
Lead

	
0.016 ± 0.005

	
mg g−1

	
sets of duplicate cooking samples were collected using the five most-used types of oil

	
[88]




	
0.55 ± 0.11

	
mg g−1

	
general cooking activities

	
[87]




	
0.052

	
μg m−3

	
general cooking activities

	
[92]




	
Magnesium

	
0.76 ± 0.30

	
mg g−1

	
sets of duplicate cooking samples were collected using the five most-used types of oil

	
[88]




	
3.71 ± 1.20

	
mg g−1

	
general cooking activities

	
[87]




	
Magnesium ion

	
0.9 ± 0.2

	
mg g−1

	
general cooking activities

	
[87]




	
Manganese

	
0.013 ± 0.005

	
mg g−1

	
sets of duplicate cooking samples were collected using the five most-used types of oil

	
[88]




	
0.13 ± 0.06

	
mg g−1

	
general cooking activities

	
[87]




	
Nickel

	
0.006 ± 0.002

	
mg g−1

	
sets of duplicate cooking samples were collected using the five most-used types of oil

	
[88]




	
0.30 ± 0.20

	
mg g−1

	
general cooking activities

	
[87]




	
Niobium

	
0.009 ± 0.004

	
mg g−1

	
general cooking activities

	
[87]




	
Nitrate

	
1.6 ± 0.0

	
mg g−1

	
sets of duplicate cooking samples were collected using the five most-used types of oil

	
[88]




	
22.2 ± 1.8

	
mg g−1

	
general cooking activities

	
[87]




	
Phosphate

	
0.83 ± 0.16

	
mg g−1

	
general cooking activities

	
[87]




	
Phosphorous

	
0.16 ± 0.02

	
mg g−1

	
sets of duplicate cooking samples were collected using the five most-used types of oil

	
[88]




	
Potassium

	
1.1 ± 0.0

	
mg g−1

	
sets of duplicate cooking samples were collected using the five most-used types of oil

	
[88]




	
17

	
mg g−1

	
general cooking activities

	
[87]




	
Potassium ion

	
3.1 ± 0.8

	
mg g−1

	
general cooking activities

	
[87]




	
Rubidium

	
0.007 ± 0.003

	
mg g−1

	
general cooking activities

	
[87]




	
Silver

	
0.17 ± 0.11

	
mg g−1

	
general cooking activities

	
[87]




	
Sodium

	
2.0 ± 1.0

	
mg g−1

	
sets of duplicate cooking samples were collected using the five most-used types of oil

	
[88]




	
13.5 ± 4.3

	
mg g−1

	
general cooking activities

	
[87]




	
Sodium ion

	
2.8 ± 1.2

	
mg g−1

	
general cooking activities

	
[87]




	
Strontium

	
0.11 ± 0.07

	
mg g−1

	
general cooking activities

	
[87]




	
Sulfate

	
1.8 ± 1.0

	
mg g−1

	
sets of duplicate cooking samples were collected using the five most-used types of oil

	
[88]




	
41.8 ± 19.5

	
mg g−1

	
general cooking activities

	
[87]




	
Sulfate ion

	
109 ± 58

	
mg g−1

	
general cooking activities

	
[87]




	
Titanium

	
1.05 ± 0.60

	
mg g−1

	
general cooking activities

	
[87]




	
Vanadium

	
0.24 ± 0.17

	
mg g−1

	
general cooking activities

	
[87]




	
Zinc

	
0.14 ± 0.06

	
mg g−1

	
sets of duplicate cooking samples were collected using the five most-used types of oil

	
[88]




	
10.296

	
μg m−3

	
general cooking activities

	
[92]




	
1.05 ± 0.57

	
mg g−1

	
general cooking activities

	
[87]











3.3. Sampling and Analysis


Household pollutant measurements that are time-weighted averages (TWAs for 8 or 24 h) underestimate rather than reflect properly personal exposure [73], because cooking activities are not spread across 8 or 24 h. Thus, it is better to measure personal exposures during the cooking period directly.



The investigation of air quality in the cooking area comprises qualitative and quantitative analysis of gases, vapors, and PM (Figure 3). The analysis can be made directly in the moment (e.g., particle mass concentration measurement) or samples need to be collected (e.g., with the use of filters) and then analyzed in the laboratory later (e.g., gas chromatography analysis of volatile organic compounds) (Figure 2, Table S2).



The PM emission characteristics (mass concentration and size distribution) can be measured in real-time by a DustTrak DRX aerosol monitor [73]. For instance, the TSI Model 8533 DustTrak-DRX aerosol monitor (St. Paul, MN, USA) has PM1.0, PM2.5, PM4.0, PM10, and total particle mass concentration inlets. However, the DustTrak aerosol monitor captures only a limited portion of PM mass concentration [51].



Recently, Deepthi et al. [42] characterized PM concentrations in varied fuel-kitchen set-ups followed by an estimation of respiratory dosage with the use of a 16-channel optical particle counter (Model 1.108, with a semiconductor laser as the light source, Grimm Labortechnik Ltd., Ainring, Germany). This counted both the number and mass distribution of particles ranging from 300 nm to 20 μm using light-scattering technology (single particle count).



In the studies of Baumgartner [73], which determined the emission of PM and VOCs during meat grilling in the presence of different additives, a JCH-2400 dual-channel constant current air sampler (Qingdao Juchuang Environmental Protection Group Co, Ltd., Qingdao, China) was applied to sample carbonyl compounds. The PM mass concentration and size distribution emitted from the grilled meat were analyzed using the light-scattering method [93]. The PM mass concentration and the size distribution of PM1.0, PM2.5, PM4.0, and PM10, as well as the total concentration, were measured using a DustTrak Aerosol Monitor (8533, TSI, St. Paul, MN, USA) equipped with an electrostatic prevention hose. The electrostatic prevention hose was installed at the sampling site to monitor the PM concentration.



The electrical low-pressure impactor (ELPI) is widely used for size distribution and density measurements of fine aerosol from wood combustion sources, urban/rural air, pharmaceutical aerosols, or motor vehicle exhaust emissions (Coudray et al., 2009; Glover and Chan, 2004; Held et al., 2008; Maricq et al., 2000). ELPI has a unique advantage to count particulate matter ranging from the nanoscale to microscale in real-time and collect PM on filters, which can be used for further qualitative and quantitative analysis. The particles pass through a unipolar corona charger, where particle surfaces are saturated with positive charges according to their Stokes diameters. Successively, the particles are impacted in different stages in relation to their inertia and aerodynamic diameters. Finally, the measured current values are recalculated into particle number concentrations. Mass concentration represents the total mass of all particles in each size range. Due to the dependence of the particle-charging efficiency on the Stokes diameter, the particle density must be provided.



Alternatively, PM mass concentration can be obtained using the gravimetric analysis and weighing the filters before and after the sampling. Prior to weighing, all filters must be equilibrated in a chamber at a temperature of 20–23 °C and relative humidity of 30–35% for at least 24 h [68].



Qualitative and quantitative analysis of PM-bound organic compounds such as alkanes (n-alkanes and branched alkanes), PAHs, organic acids (i.e., mono- and dicarboxylic acids), alkanols, and sugars can be made on quartz-fiber filters with solvent extraction–gas chromatography–mass spectrometry (SE-GC/MS) [68] or with the use of thermal extraction–gas chromatography−mass spectrometry (TEx-GC−MS) (e.g., the Gerstel TDSA2/TDS/Agilent 6890/5973 MS system). The TEx-GC−MS equipment and methodology have been described extensively elsewhere [94]. The morphology and aggregate formation propensity of UFP and PM can be investigated using electronic microscopy, namely SEM and transmission electron microscopy (TEM). The metal content of PM and UFP can be analyzed using X-rays (i.e., electron microscopy with X-ray probe) or inductively coupled plasma (ICP; namely ICP-OES or ICP-MS), but the latter requires a metal-content transfer from the filter into the solution before analysis.



Gaseous CO, CO2, and CH4 can be measured continuously using infrared and flame ionization detector analyzers (e.g., models 200, 300-HFID, and 300M-HFID, California Analytical; Orange, CA) [95]. The gas analyzers must be calibrated daily with zero and span checks before and after the measurements. At the same time, PM2.5 can be sampled isokinetically on quartz-fiber (Qf) and polytetrafluoroethylene (PTFE) membrane filters positioned in a parallel downstream of PM2.5 cyclones (University Research Glassware; Chapel Hill, NC). A second quartz filter can be placed downstream of the PTFE filter, in order to estimate the positive artifacts due to gas-phase adsorption of semi-volatile organics.



The correlation of cooking with general indoor dust can be studied using δ13C analysis [89]. Samples for δ13C analysis must be wrapped in tin cups, then an elemental analyzer–stable isotope mass spectrometer (e.g., Vario ISOPOTE Cube-Isoprime, Elementar) can be used for the determination of δ13C values in each sample.



Tests of cookstove emissions and thermal efficiency can be conducted using the water boiling test (WBT) protocol [96]. The test protocol includes three phases: a cold-start high-power phase, a hot-start high-power phase, and a low-power simmer phase, in that order. Filter sampling and real-time/online measurements must be conducted for each phase of the protocol.





4. Discussion


This systematic review highlights the growing interest in risks from particulate matter in the cooking environment. Despite this, data in the literature are still incomplete.



Among 55 analyzed studies, 18 experiments were conducted in laboratories, focusing on a few controlled PM sources. Thirty-seven studies occurred in the real cooking environment (twenty-three of which were in urban areas), and therefore were influenced by numerous factors (Figure 1) not considered in detail. Of note, a few studies conducted an outdoor PM analysis and reported the indoor baseline PM. Most of the ambient studies were conducted in Asia (16 studies), America, and Africa, while a few were conducted in Europe. The ambient studies were prevalently conducted in domestic conditions (22 studies).



Each study used a different sample number and time of sampling. The dimensions of the measured particulate matter ranged from nanometric (PM0.006) to micrometric (PM10), with a prevalence of micrometric PM (PM1.0, PM2.5, and PM10). Only eleven studies collected particulate matter to analyze chemical–physical properties, among which one study analyzed only inorganic components, while six studies exclusively analyzed organic matter. There were few electron microscopy studies of the PM morphology that could significantly influence the PM-related toxicity [97].



Table 1 shows a wide range of different sized PM concentrations; however, it is not possible to correlate the concentration to the exact factor, as each study was prepared in different experimental conditions. Furthermore, comparative analysis of PM chemical composition (Table 2 and Table 3) fails, as the available data are reported in different units referring to the mass of PM or sampled air volume.



Besides different experimental conditions among selected studies, general assumptions can be defined. Biomass fuel generates a higher PM concentration than clean fuel, for instance, LPG or ethanol. The overall PM generation related to cooking activities is higher during the winter, due to reduced natural ventilation (e.g., closed windows and doors). The time of cooking and temperature used for food processing are positively correlated with the PM concentration. The food ingredients and additives, as well as food processing type (e.g., boiling, steaming, smoking, frying, and grilling), not only influence PM concentration, but also chemical composition and morphology.



This systematic review shows that cooking generates significant quantities of PM, which has both organic and inorganic toxic constituents. The high variability of experimental protocols prevents exhaustive analysis of the main sources and factors determining PM size, concentration, and physico-chemical properties. Moreover, it is not clear whether different factors have additive or even synergistic effects on PM quantity and quality.



The data here indicate which sources and factors need to be considered during PM monitoring, how and for how long the samples should be collected, and the best practices for qualitative and quantitative PM analysis.




5. Limitations


This review has some limitations. The experimental data in the selected studies vary significantly, with different locations, methodologies, and exposure durations. Moreover, the selected studies focus on different PM sources and factors influencing PM generation. Any of the selected studies took all variables into experimental consideration.



We only used three electronic databases and included studies published in English. However, we believe we have covered the majority of high-quality studies on PM sources, chemical composition, and the best analytical techniques for sampling and chemical–physical analysis.



Quality assessment of the selected papers was based on subjective criteria and considered specific review criteria.




6. Conclusions


Most food preparation activities require fuel combustion, thus generating RSPM. Indoor environmental pollutants change with kitchen type, fuel type, and the indoor cooking location. Carbon monoxide, particulate matter (<2.5μm), black carbon, and UFPs are the main products of incomplete combustion. HAP from cooking with incomplete combustion contains health-damaging pollutants. These pollutants include metals (e.g., Cd, Cr, Mn, Ni, Pb, Sb, V, and Zn) and volatile organic compounds, mainly PAHs, which are absorbed and actively transported by RSPM. The exposure to particulate matter from cooking in the indoor environment is a major concern for worldwide public health. Investigations of air quality in the cooking area comprise qualitative and quantitative analyses of gases, vapors, and PM. Analyses can be made at the moment in real-time, or by sample collection and later laboratory experimentation.



This review provides evidence of the significant PM generation during cooking activities, and the presence of harmful organic and inorganic constituents of PM. The data available nowadays on the PM sources and factors influencing the physico-chemical properties of PM are incomplete, and do not permit data comparison among different studies. There is an urgent need to unify PM analysis protocols for better risk assessment in the future. The presented findings here could be used when choosing the best and exhaustive protocols for PM sampling and analysis.
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Figure 1. The main sources of indoor particulate matter (PM) generated during cooking, and factors influencing PM physico-chemical properties. 
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Figure 2. Flow of information through the different phases of this systematic review on occupational exposure to fine and ultrafine particulate matter during indoor cooking activities. 
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Figure 3. Flow diagram of sampling and qualitative and quantitative analysis of respirable suspended particulate matter (RSPM). 
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