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Cooking emission samples collected in two residential kitchens were compared where towngas (denoted
as dwelling A) and liquefied petroleum gas (LPG) (denoted as dwelling B) were used as cooking fuels.
A total of 50 different volatile organic compounds (VOCs) were quantified during the 90 min cooking
periods. None of any carcinogenic compounds like formaldehyde, acetaldehyde or benzene are detected
in the raw fuels, confirming that those are almost entirely derived due to cooking activity alone. Alkenes
accounted for approximately 53% of the total measured VOCs collected at dwelling A, while alkanes
contributed approximately 95% of the VOCs at dwelling B during the cooking periods. The concentration of
aromatic hydrocarbons such as benzene and toluene also increased during the cooking periods. The total
amount of carbonyls emitted from the cooking processes at dwelling A (2708 ug) is three times higher
than that at dwelling B (793 p.g). Acetaldehyde was the most abundant carbonyl at the dwelling A but its
emission was insignificant at the dwelling B. Carcinogenic risks on chronic exposure to formaldehyde,
acetaldehyde, and benzene for housewives and domestic helpers were evaluated. Formaldehyde accounts
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for 68% and close to 100% of lifetime cancer risks at dwelling A and B, respectively.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

A number of volatile organic compounds (VOCs) have been
detected and their concentrations were much higher in indoor
environment (i.e., residential area or working offices) than those
of outdoor due to existence of indoor pollution sources [1]. The
VOCsin adomestic environment originate from a variety of sources,
including the utilization of consumer products (e.g., detergents and
air fresheners), adhesives, furnishing and clothing, building mate-
rials, and incense burning [2,3].

Cooking processes can generate large quantities of harmful
products, such as particulate matter (PM) [4], polycyclic aromatic
hydrocarbons (PAHs) [5], VOCs [6] and carbonyls [7] when food
is fried, stir-fried, or grilled using cooking oil at a high temper-
ature. These pollutants have adverse health impacts on the city
population and actively participate in atmospheric reactions [8].
Many studies have evaluated the amounts and chemical composi-
tions of the fine PM emitted during food cooking processes [9-11].
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Relatively less investigation of gaseous emissions from cooking
activities has been done. Mugicaetal. [6] reported the non-methane
organic compounds (NMOC) composition of cooking emissions
from restaurants, tortillerias, rotisseries and fried food places in
Mexico. The results indicated that cooking emission is an impor-
tant indoor pollution source of NMOC under crowded conditions in
closed places. Another study [12] measured the emission rates of
VOCs from commercial-scale meat charbroiling operations which
ethylene, formaldehyde, and acetaldehyde were found to be the
predominant products. In Hong Kong, Lee et al. [13] has investi-
gated the indoor air quality (IAQ) of four restaurants, including a
Korean barbecue style restaurant, a Chinese hot pot restaurant, a
Chinese dim sum restaurant and a Western style canteen. The oper-
ations of pan-frying food and boiling food with soup in a hot pot
were demonstrated to generate considerable quantities of gaseous
pollutants. Moreover, it should be emphasized that the combustion
of cooking fuels can also release various hazardous materials. For
example, aromatic VOCs, mercury and trace metal were identified
from barbecue charcoal combustion [14-16]. Ellegard investigated
the association between exposure to air pollutants from cooking
fuels (wood, charcoal, electricity and liquefied petroleum gas (LPG))
and health aspects [17].
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Table 1
A summary of dishes prepared in the domestic kitchens in this study.
Dish Oils (amount) Ingredients (amount) Condiments (amount) Cooking styles Cooking duration Oil temp (°C)
(min)
Deep fried pork chops  Canola 0il (200mL)  Pork Chop (525+25g), egg Bread crumbs Deep-fry 27.943.7 164.0+2.9
(2 pieces) (124 £24.8 g), corn starch
(16.7 g), salt (3.3 g), sugar
(53¢g)
Curry chickens with Canola oil (50 mL) Chicken (500425 g), potato Curry powder (11.5g), corn  Stir-fry and boil 28.4+3.6 133.7+£8.8
potatoes (350¢g), water (2004+100mL)  starch (5.6g), salt (4.0g),
sugar (5.3 g)
Stir fried beefs with Canola oil (50 mL) Lean beef (150 g), Chinese Sugar (prepare +cook)? Stir-fry 8.1+1.1 1435+14.4
vegetables cabbage (300 g), water [7.4g(=5.3+2.1g)], corn
(50mL) starch (prepare + cook)?
[5.6g(=2.8+2.8g)], soy
sauce (2mL), salt (2.7 g)
Stir fried Choy Sum® Canola oil (50 mL) Choy SumP (600 g) Salt (4.0g) Stir-fry 7.8+18 1348+11.4
Steamed fish Canola oil (15mL) Fish (350+50g), ginger Soy sauce (15mL), salt Stream 11+1.8 97.1+0.7
(50g), onion (10g) (2.7g)
Red and green carrots None Red carrot (450 g), green Salt (13.3g) Boil 90 N.AC

with pork soup carrot (375425 g), pork

(450g), water (2.5L)

2 Condiments were used in both food preparation step and cooking processes.
b A common vegetable available in Hong Kong market.
¢ No oil was used to prepare this dish.

Carbonyl compounds have received more attention due to their
potential adverse health effects on human and their important
roles in atmospheric chemistry which can act as precursors to free
radicals, ozone, and peroxyacyl nitrates [7]. A few studies have
documented that cooking oils and combusting fuel under heating
emitted a variety of hazardous airborne agents, such as benzene
and carbonyls [18-21]. Ho et al. [7] have quantified 13 carbonyls
in cooking exhausts from 15 commercial kitchens with various
cooking styles. Formaldehyde was found to be the most abundant
carbonyl with a contribution ranging from 12% to 60% to the total
carbonyls. Schauer et al. [18] measured the emission rates of 14
alkanals (C;-C4 and Cg-Cy5), three dicarbonyls (C;-Cy4), seven 2-
alkanones (Cg9—Cy5 and Cyg), and three 2-alkenals (C3, Cqg, and Cq1)
from frying vegetables in seed oils. Similar study [19] reported
the emissions of seven alkanals (C;-C; and Cg), eight 2-alkenals
(C3-Cqp), and 2,4-heptadienal from heating canola oil and olive oil
in cooking fumes using direct gas chromatographic (GC) analysis
method.

Hong Kong is one of the most densely populated cities in the
world. More than 70% people live in a small apartment with an area
averagely <70 m? [22]. Due to limited landscapes, tall commercial
and residential buildings are closely developed which blocks natu-
ral winds and leads inefficient exhausts and dilution from indoor to
outdoor environment. As a result, any residential emission sources
such as cooking process and incense burning would affect the IAQ
in Hong Kong. In addition, unlike Western open-kitchen, the tradi-
tional residential kitchen is a close-door design. Toxic substances
emitted from cooking would greatly affect the health of household
cookers, mainly housewives and maids.

Toxicologists found that many hazardous airborne species emit-
ted during cooking processes are potential human carcinogens [23].
Compared to other countries, the rate of lung cancer in Chinese
women was relatively high [13,24]. The VOCs emissions from oils
heated in woks are mutagenic in several in vitro short-term test
systems and consistent positive associations are found between the
risk of lung cancer and a variety of indices of exposure to indoor air
pollution arising from Chinese-style cooking [25]. However, most
of the studies only focused on commercial cooking exhausts. The
emission profiles of residential cooking emissions are uncertain
owing to many distinct differences between commercial and res-
idential kitchens, such as ventilation systems, air exchange rates
and cooking styles [26]. To our best knowledge, few studies are
carried out on investigating the emission profiles of VOCs and

carbonyls from residential cooking processes, especially in Hong
Kong.

In this study, the emission profiles of VOCs and carbonyls from
cooking processes were determined in two residential kitchens
using towngas and LPG as cooking fuels, respectively. Six typical
local-style dishes were prepared inside the kitchens during the
sampling. The amount of receipts and ingredients and the chef
adopted are the same in the cross-sectional study. The lifetime
cancer risks related to formaldehyde, acetaldehyde, and benzene
exposure via inhalation for housewives and maids during cooking
activities were evaluated as well.

2. Experimental
2.1. Sampling locations

Two typical dwellings in Hong Kong were selected in this study.
Dwelling A, for a family of five members, is an apartment with a
total flat area of 70 m2. Its kitchen is equipped with a 4-head stove,
which towngas was used as cooking fuel. The kitchen volume is
17.6 m3. Dwelling B is a two-resident apartment with a flat area
of 48 m2. Its kitchen is equipped with a 2-head stove and LPG was
used as cooking fuel. The kitchen volume is 11.7 m3. No other indoor
emission sources were found in the apartments and kitchens.

2.2. Sample collections and analysis

Sampling was conducted inside the kitchens. The sampling
probes for collection of VOCs and carbonyls were directly placed
0.5m above the cooking appliance. The air exchange rate was
determined which has been discussed in Section 3.3. Four cook-
ing emission samples plus background and field blank samples
were collected at each dwelling on four sampling days. Six com-
mon local-style dishes were prepared during the sampling periods,
including (1) deep fried pork chops, (2) curry chickens with pota-
toes, (3) stir fried beefs with vegetables, (4) stir fried Choy Sum
(a common vegetable in Hong Kong), (5) steamed fish and (6)
red and green carrots with pork soup. A summary of the dishes
is shown in Table 1. The dishes prepared in this study covered
the major domestic cooking styles in Hong Kong such as deep-fry,
stir-fry, steam and boil. The quantities of foods were designed to
serves as dinner for a family of six members. All ingredients and
condiments were purchased from a local supermarket and their



346 Y. Huang et al. / Journal of Hazardous Materials 186 (2011) 344-351

amounts used were measured and consistent at each dwelling on
every sampling date. Two stoves were used at the same time dur-
ing the cooking periods. One stove was for boiling the soup (Dish
6) while the other one was for preparing other dishes (Dish 1-5).
In order to have the best control of consistency between the two
dwellings, the chef and the cooking times for every dish were
the same. Electronic thermographs were taken to measure the
oil temperature every time before the ingredients being poured
into wok or pan. The total cooking times for the six dishes were
90 min. Background sample was collected at the same flow rate
for 90 min inside the kitchen before the cooking activities were
carried out. Trace VOCs in the LPG and towngas fuels were quanti-
tatively detected by a GC/MS (6890 GC/5973 MS, Hewlett Packard,
Palo Alto, CA) with the U.S. EPA TO-14 method [27]. In the LPG, no
VOCs other than major components of pentane and butane were
measured above detection limit. Our result is consistent with the
findings of Mugica et al. [6]. However, a few VOCs were detected
only as impurities in the towngas, including nonane (CgHyg), 5-
isopropylidene-1,3-cyclopentadiene (CgHig), 2,6-dimethyloctane
(C1oHz2), 1,2,3-trimethylbenzene (CgHi;), decane (CigH33), and
undecane (Cy1Hag).

Ambient volatile organic canister samplers (AVOCS) (Andersen
Instruments Inc. Series 97-300, Atlanta GA) were used to collected
VOCs into pre-cleaned and pre-evacuated 2-L stainless steel canis-
ters at a flow rate of 22 mL min~! for 90 min, which was identical to
the whole cooking duration. The sampling flow rates were checked
in the field before and after each run using a certificated flow meter
(BIOS, model DryCal DC-Lite, Butler, NJ). After the sampling, the
filled canisters were safely shipped to the laboratory of the Univer-
sity of California, Irvine (UCI) for analyses of carbon monoxide (CO),
carbon dioxide (CO,), methane (CH4), and non-methane hydro-
carbons (NMHCs) within two weeks. The stability of the target
compounds was demonstrated by preparing a purified air filled
canister injected with a known amount of certified gas mixture.
A close to 100% recovery was shown for each of the target com-
pounds. This demonstrates the VOCs are stable in such shipping
and storage methods.

Carbon monoxide analyses were carried out using a hydro-
gen gas methanizer upstream of a gas chromatograph (HP 5890)
equipped with a flame ionization detector (FID) and a 3 m molec-
ular sieve column. Methane was also analyzed using an HP 5890
GC equipped with an FID detector. The samples were injected into
an 1/8-in. stainless steel 0.9 m column packed with 80/100 mesh
Spherocarb. The analytical system used to analyze NMHCs, halocar-
bons and alkyl nitrates involved the cryogenic pre-concentration
of 1520+ 1 cm? (STP) of air sample in a stainless steel tube filled
with glass beads (1/8-in. diameter) and immersed in liquid nitrogen
(=196°C). A mass flow controller with a maximum allowed flow of
500 mL min~! controlled the trapping process. The trace gases were
revolatilized using a hot water bath and then reproducibly split
into five streams directed to different detector/column combina-
tions. Electron capture detectors (ECD, sensitive to halocarbons and
alkyl nitrates), flame ionization detectors (FIDs, sensitive to hydro-
carbons), and quadrupole mass spectrometer detectors (MSD, for
unambiguous compound identification, selected ion monitoring)
were employed. The first column-detector combination (abbrevi-
ated as “DB5ms/MSD”) was a DB-5ms column (J&W; 60 m, 0.25 mm
LD, 0.5mm film thickness) output to a quadrupole MSD (HP-
5973). The second combination (“DB1/FID”) was a DB-1 column
(J&W; 60m, 0.32mm LD., 1 mm film thickness) output to a FID
(HP-6890). The third combination (“PLOT-DB1/FID”) was a PLOT
column (J&W GS-Alumina; 30 m, 0.53 mm I.D.) connected in series
to a DB-1 column (J&W; 5m, 0.53 mm LD., 1.5 mm film thickness)
and output to an FID. The fourth combination (“Restek1701/ECD”)
was a RESTEK 1701 column (60 m, 0.25mm I.D., 0.50mm film
thickness) which was output to an ECD. The fifth combination

(“DB5-Restek1701/ECD”) was a DB-5 (J&W; 30m, 0.25mm LD.,
1 mm film thickness) column connected in series to a RESTEK 1701
column (5m, 0.25 mm I.D., 0.5 mm film thickness) and output to an
ECD.The DB5ms/MS, DB1/FID, PLOT-DB1/FID, Restek1701/ECD, and
DB5-Restek1701/ECD combinations received 10.1%, 15.1%, 60.8%,
7.2%, and 6.8% of the sample flow, respectively.

Additional analytical details and the measurement detection
limit, accuracy, and precision vary by compound and were quan-
tified by Colman et al. [28]. Briefly, the detection limit is 5 ppbv
for CO and CO,, 0.01-10 pptv for halogenated hydrocarbons, and
3 pptv for other NMHCs (CHy is always above its detection limit).
The accuracy of our measurements is 5% for CO and CO,, 1% for CHy,
2-20% for halogenated hydrocarbons and 5% for other NMHCs. The
measurement precision is 2% for CO and CO,, 2% for CHy, 1-5% for
halogenated hydrocarbons, and ranges from 0.5% to 5% for other
NMHCs.

An acidified 2,4-dintrophenylhydrazine (DNPH) cartridges
(Waters Sep-Pak DNPH-silica, Milford, MA) equipped with a Desert
Research Institute (DRI) standard carbonyl sampler was used to
collect carbonyls from the cooking emissions [29]. Carbonyls react
with DNPH to form hydrazones which are analyzed using high
pressure liquid chromatography (HPLC) with a ultra-violet (UV)
detector. It has been established that ozone could lead to sam-
pling artifacts in the determination of airborne carbonyls [30-32].
An ozone scrubber (Waters) was thus positioned upstream of the
DNPH-silica cartridge. The flow rate passing through the DNPH-
silica cartridge with the ozone scrubber was measured by the BIOS
flow meter before and after the sampling. The samples were col-
lected at a flow rate of 1L min~! for 90 min. After the sampling
completed, the DNPH-silica cartridges were capped and wrapped
in pouches provided by Waters and stored in a refrigerator at 4°C.
Trace carbonyls in the LPG and town gas fuels were measured. In
each raw fuel sample, no carbonyls were measured at quantifiable
ranges.

Chemical analysis of DNPH-silica cartridges was carried out at
Hong Kong University of Science and Technology (HKUST) within
two weeks after samples were collected. Each DNPH-silica car-
tridge was eluted with 2.0 mL of acetone-free acetonitrile (HPLC/GC
grade, Mallinckrodt Laboratory Chemicals, Phillipsburg, NJ) to a vol-
umetric flask. Test has been done to demonstrate that no more
DNPH and its derivatives remained in the cartridge after the 2 mL
elution. Certified calibration standards of 15 DNPH-carbonyl hydra-
zones were purchased from Supelco (Bellefonte, PA) and diluted
into concentration ranges of 0.05-5.0mgmL-! for formaldehyde
and 0.05-2.0mgmL-! for the other carbonyls. Linearity was indi-
cated by a correlation of determination (r2) of at least 0.999. The
samples and standards were analyzed by injecting 20 L of the
solutions to an HP gradient HPLC 1100 system (Santa Clara, CA)
equipped with a photodiode array detector (DAD). The column for
separation was a 4.6 x 150 mm Hypersil ODS 5 pm reversed phase
column (Alltech, Deerfield, IL) at room temperature. The mobile
phase consisted of two solvent mixtures: mixture A, 60:30:10 (v/v)
of water/acetonitrile/tertahydrofuran; mixture B, 40:60 (v/v) of
water/acetonitrile. The gradient program was 100% A for 1 min,
followed by a linear gradient from 100% A to 100% B in 10 min.
The flow rate was 1.5mLmin"! for the first 15 min, increased to
1.7 mLmin~! in 2 min, and maintained at this flow until the end of
the analysis. Absorbance at 360 nm was used for quantification of
the DNPH-carbonyl derivatives. The Limit of Detection (LOD) was
done by analyzing a minimum of seven replicates of a standard
solution containing the analytes ata concentration of0.02 mg mL~1.
It is estimated using the equation:

LOD=t(n—1,1—a=99%) x S, (1)

where t((n—1, 1 —a=99%) is the Student’s t-distribution value at
n—1 degrees of freedom, and S is the standard derivation of the



Y. Huang et al. / Journal of Hazardous Materials 186 (2011) 344-351 347

Table 2
Carcinogenic potency factors for selected VOCs in the Integrated Risk Information
System (IRIS)?.

Volatile organic compounds Carcinogenic potency factor (mgkg~' day—1)!

Formaldehyde 0.045
Acetaldehyde 0.0077
Benzene 0.029
2 [34].

replicates. The LODs of the target carbonyls ranged from 0.002 to
0.010mgmL-!, which can be translated to 1.8-11.7 ng with the
assumption of a sampling volume of 0.09 m3.

2.3. Health risk calculation

The carcinogenic risks on chronic exposure to the VOCs and car-
bonyls were assessed in this study. The risk estimation with a cancer
endpoint is expressed in terms of the probability of developing can-
cer from a lifetime of continuous exposure to a VOC or carbonyl.
Chronic daily intake (CDI) of a carcinogenic contaminant was con-
trolled by various factors, such as exposure frequency, exposure
duration, and the body weight of the receptor. The equation used
to calculate CDI in the unit of mgkg~1day~! is:

C, x IR x ET x EF x ED
BW x AT x 365 ’

CDI = (2)
where C, is the contaminant concentration (mgm~=3), IR is the
inhalation rate (m3 h—1), ET is the exposure time (h day—1), EF is the
exposure frequency (dayyear—!), ED is exposure duration (year),
BW is the body weight (kg), and AT is the average lifetime (year).
The United States Environmental Protection Agency (U.S. EPA) sug-
gests standard values for the average body weight and the amount
of air breathed per day for adults and children [33]. For adults,
the exposures were converted to a daily dose by assuming 20 m3
inspired air per day and average body weights of 70 kg for men and
60 kg for women.

The lifetime cancer hazard risk (R) is calculated using the equa-
tion:

R = CDI x PF, 3)

where PFis the cancer potency factor in the unit of kg day~! mg~1 of
a specific cancer substance. The values of PF are obtained from the
Integrated Risk Information System (IRIS) developed by U.S. EPA
[34]. Table 2 shows the PF values for formaldehyde, acetaldehyde,
and benzene.

3. Results and discussion
3.1. Volatile organic compounds

Forty-five VOCs were identified and quantified in the residential
kitchen samples. These compounds include CO, CO,, CHy, 16 C5-C;
saturated hydrocarbons, 13 C;-Cs unsaturated hydrocarbons, and
13 Cg—Cg aromatic hydrocarbons. Table 3 summarizes average con-
centrations of the VOCs in the background and cooking samples
collected at the two dwellings.

It is noted that the concentrations of few compounds were
higher in the background samples than those in the samples
collected during cooking periods. Along these pollutants, their
background concentrations are generally within or very close to
the derivation of the mean sample concentrations. This proves that
they are negligible in the cooking emissions. Exceptional cases are
n-hexane, m-ethyltoluene, o-ethyltoluene, 1,3,5-trimethylbenzene
and 1,2,4-trimethylbenzene at dwelling B. Much higher concentra-
tions were found in the background samples. Certainly, the cooking

processes would not update or consume these compounds in the
air. The phenomenon can be explained by the variations of sampling
and analysis because only one background sample was collected.

It is not surprise that combustion products such as CO and CO,
had sharp rise in concentrations during the cooking periods. Com-
bustion of fuels (i.e., towngas and LPG) over cooking stoves is their
major source. CO,, a complete combustion product, had its con-
centrations elevated by a similar magnitude at the two dwellings.
However, a different trend has been observed for the incomplete
combustion products of CO. Its net increase was 175,543 pg at
dwelling A versus a much higher values 0f 599, 443 g at dwelling B.
The increase of CO may represent insufficient oxygen for the cook-
ing fuel combustions. LPG, used at dwelling B, is a fraction from
refining of petroleum mainly consisting of propane and butane [6].
The major constituents compositions of towngas used in dwelling
A are much smaller molecules, including hydrogen (49%), CH4
(28.5%), CO, (19.5%), and CO (3%) [35]. Fig. 1 shows the compo-
sitions of the cooking fuels used in this study. It is expected that
complete combustion of LPG would be more difficult than that of
towngas. Direct evaporation of the cooking fuel is also proved as
another source of the VOCs released during the cooking period.
The concentration of CH4 increased at dwelling A but no any rise
was found at dwelling B. The different emissions in CO might also
be caused by the working conditions of the burners in the two
kitchens. For the NMHCs, unsaturated hydrocarbons were the most
abundant VOC species accounting for 53% of the total VOCs detected
at dwelling A during the cooking processes, followed by saturated
and aromatic hydrocarbons. At dwelling B, alkane was the most
abundant species accounting for 95% of the total identified VOCs,
followed by unsaturated and aromatic hydrocarbons.

Ethene was the most abundant unsaturated hydrocarbon with
the net weight increases of 2255 and 2058 g at dwelling A and
B, respectively, during the cooking periods. As reported by Schauer
etal., the non-methane C;-C;9 VOC emissions from meat charbroil-
ing consisted of 10.5% ethene, which was the highest one among
other detected species [12]. This is consistent with findings in our
study. Significant contribution increases in ethyne were also found
at the two dwellings. Mugica et al. [6] interpreted that the pres-
ences of C; hydrocarbons, including ethane, ethene and ethyne,
are the results of incomplete combustion products of meat, grease
and charcoal used in restaurants, instead of combustion of cooking
fuels. Their experiment demonstrated that the combustions of LPG
contributed little to the existence of C, hydrocarbons.

For the saturated hydrocarbons, ethane, n-pentane, n-butane, i-
butane and n-octane, in descending order, were the five dominant
species in dwelling A while n-butane, i-butane, propane, ethane and
i-pentane, in descending order, were dominant in dwelling B during
the cooking period. Incomplete combustions of meat and grease are
possible explanations for the high contributions of alkanes in the
samples. Schauer et al. [12] reported the emission rate of ethane,
~663 mg kg1 of meat cooked, was the highest along the VOCs from
meat charbroiling. Other emission rates of propane, n-butane and
pentane were 190, 107 and 87 mgkg~1, respectively, from meat
charbroiling. Evaporation loss of cooking fuel is another source of
alkanes. Sharp increases in abundances of propane, n-butane, and
i-butane were found at dwelling B as they are the major compo-
nents in the cooking fuel of LPG. The increases in abundances of
propane, n-butane, and i-butane were insignificant at dwelling A.
However, some species such as n-pentane, n-heptane, n-octane, 2-
methylhexane and 3-methylhexane had slightly higher increasesin
abundances at dwelling A than that of dwelling B. Trace amounts
of impurities in the different fuels may cause the small variations.

Benzene, toluene, and ethylbenzene are the three dominant
aromatic hydrocarbons in the two kitchens. During the cook-
ing periods, their increases in abundances were much significant
at dwelling A than that of dwelling B. In addition, more other
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Table 3
Comparisons of VOCs concentrations affected by the cooking activities in the kitchens of the two dwellings.
Chemicals Dwellings A Dwellings B
(towngas) (LPG)
Background Cooking period Net weight Background Cooking period Net weight
concentration (pgm-3) concentration increased (g)? concentration concentration increased (jg)?
(ngm=3) (ngm3)
Mean SD Mean SD
CH4 837 1,797 222 16,889 805 783 234 -
co 330 10,304 824 175,543 2,764 36,824 7,163 599,443
CO, 1,736 14,905 702 231,786 3,629 18,007 1,941 253,066
Non-methane hydrocarbon (NHMC)
Alkane
Ethane 0.8 216 4.5 366 13.1 46.1 9.2 386
Propane 2.5 7.3 35 84.7 964.4 3050 4.1 24,398
i-Butane 2.6 10.7 32 143 994.8 3225 5.1 26,092
n-Butane 33 15.3 5.8 211 2049 6242 5.5 49,055
i-Pentane 2.6 34 2.5 14.6 bd 29.1 4.8 340
n-Pentane 13 16.9 4.2 274 3.9 12.1 2.8 96.2
n-Hexane 28.9 26.9 13.4 -b 271 4.6 1.0 -b
n-Heptane 6.0 13.7 1.6 135 2.2 3.8 0.5 183
n-Octane 0.3 8.1 23 137 24 43 0.8 21.8
n-Nonane 0.5 1.0 0.4 8.0 45 43 1.1 -b
Decane 1.7 1.9 0.4 4.2 6.3 8.2 35 224
2,3-Dimethylbutane 22.0 213 13.2 b 13 13 0.8 -b
2-Methylpentane 34.1 26.6 14.5 -b 14 1.6 0.8 22
3-Methylpentane 24.7 21.6 14.2 -b 0.9 0.9 0.7 b
2-Methylhexane 0.9 2.7 1.8 31.6 1.6 0.8 0.3 _b
3-Methylhexane 1.2 3.4 1.9 37.2 1.4 0.8 0.4 b
Alkenes
Ethene 1.4 130 30.5 2,255 67.2 243 334 2,058
Ethyne 0.6 329 9.3 568 6.3 25.0 2.90 219
Propene 0.3 26.6 7.2 462 62.7 177 26.9 1,333
1-Butene 0.2 11.2 29 193 25.5 48.4 10.2 268
i-Butene 0.6 1.6 0.5 16.9 35.1 79.2 15.3 515
trans-2-Butene 0.1 0.5 0.10 7.1 119 29.6 6.8 207
cis-2-Butene 0.1 03 0.05 33 9.2 183 4.5 107
1,3-Butadiene 0.1 13.8 20.5 241 2.1 53 1.7 36.9
1-Pentene 14 79.8 0.9 1381 17.2 7.1 0.9 -b
Isoprene 7.1 6.2 0.10 -b 24 2.7 0.7 4.0
trans-2-Pentene 0.1 0.7 0.06 9.7 0.4 0.3 0.3 -b
cis-2-Pentene 0.1 0.4 23 55 0.2 0.2 0.2 0.1
2-Methyl-2-butene 0.2 0.2 04 -b 04 0.2 03 -b
Aromatic hydrocarbons
Benzene 0.4 9.7 3.1 164 1.2 13 0.5 1.2
Toluene 293 40.2 134 192 235 27.6 3.2 48.0
Ethylbenzene 1.6 24 1.8 15.2 6.2 3.1 2.2 -b
m-Xylene 3.8 2.8 0.9 -b 6.5 2.7 1.8 -b
p-Xylene 12 12 0.8 -b 3.0 1.8 1.0 -b
o-Xylene 2.4 1.9 0.7 -b 5.0 2.6 0.7 -b
iso-Propylbenzene 0.05 0.10 0.07 0.8 0.7 0.3 0.3 -b
n-Propylbenzene 0.2 0.5 0.2 4.0 1.6 0.7 0.4 -b
m-Ethyltoluene 1.2 1.2 0.2 -b 7.5 2.9 0.6 -b
p-Ethyltoluene 0.07 0.08 0.08 0.3 0.4 0.2 0.2 -b
o-Ethyltoluene 0.6 0.6 0.2 b 2.8 1.1 0.1 -b
1,3,5-Trimethylbenzene 0.5 0.4 0.2 -b 33 0.9 03 -b
1,2,4-Trimethylbenzene 3.7 2.5 0.4 -b 18.6 6.2 1.5 -b
2 Net amount increased was calculated as the net concentration increased multiplied by the kitchen volume.
b The average concentration of the VOC in the cooking period was below its background sample.
Towngas LPG
W Hydrogen
M Methane W Propane
Carbon dioxide W Butane

= Carbon monoxide
% Trace VOCs

Fig. 1. Chemical compositions in raw cooking fuels: (a) towngas and (b) LPG.
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Table 4
Comparisons of carbonyls concentrations affected by the cooking activities in the kitchens of the two dwellings.
Chemicals Dwellings A (towngas) Dwellings B (LPG)
Background Cooking period Net amount Background Cooking period Net amount
concentration concentration increased (ug)? concentration concentration increased (jg)?
(rgm~?) (hgm™) (hgm™) (hgm™)
Mean SD Mean SD
Carbonyls
Formaldehyde 26.7 60.4 304 592 100 151 45 590
Acetaldehyde 8.7 65.9 36.1 1,007 5.6 4.5 3.5 -b
Acetone 52.1 49.9 18.7 -b bd bd bd -b
Acrolein bd 24.2 12.6 427 bd 17.7 6.7 207
Propionaldehyde bd 21.4 134 376 bd bd bd -b
Hexaldehyde bd 48.7 354 857 11.6 15.7 3.2 48.5
Sum of carbonyls 87.5 241 33.6 2,708 117 185 453 793

b The average concentration of the carbonyl in the cooking period was below its background sample.
2 Net amount increased was calculated as the net concentration increased multiplied by the kitchen volume.

aromatic hydrocarbons such as ethylbenzene, iso-propylbenzene,
n-propylbenzene and p-ethyltoluene were found to increase in
abundances at dwelling A. However, the abundances of aromatic
species except benzene and toluene did not increase at dwelling
B during the cooking periods. Our findings were equivalent to
previous reports that the emission of aromatic hydrocarbons was
negligible in the combustion of LPG [6]. The existences of benzene
and toluene at dwelling B can be ascribed to the ingredients adopted
during the cooking processes. The sources of relatively higher con-
tributions of aromatic hydrocarbon were uncertain at dwelling A.
Evaporation loss of impurities in the fuels was a possible cause.

3.2. Carbonyls

The average carbonyls concentrations determined in the back-
ground and cooking emission samples collected in the kitchens
were shown in Table 4. Any carbonyls excluded in the analyti-
cal list with U.S. EPA TO-11A method were not quantified in this
study [36]. At the dwelling A, three carbonyls, including formalde-
hyde, acetaldehyde and acetone, were found in the background
samples. Acetone was the most abundant carbonyl at an aver-
age concentration of 52.1 ugm~3. The average concentrations of
formaldehyde and acetaldehyde were 26.7 and 8.7 ug m—3, respec-
tively. During the cooking periods, three other carbonyls, including
acrolein, propionaldehyde and hexaldehyde, were detected. Signif-
icant concentration increases were also shown for formaldehyde
and acetaldehyde. Acetaldehyde was the most abundant carbonyl
emitted from cooking with a net increase of 57.2 wgm~3. Hex-
aldehyde, undetectable in the background, was the next abundant
carbonyl with an average concentration of 48.7 wg m—3. Other car-
bonyls, except for acetone, also had a range of 21.4-33.7 pgm—3
net increases. The concentrations of acetone remained unchanged.
This represents that the domestic cooking activity using towngas
as cooking fuel is unlikely a source of acetone.

Dwelling A (Towngas)

hexaldehyde

formaldehyde
26%

18%

propion-

acetaldehyde
31%
acrolein
13%

At the dwelling B, formaldehyde, acetaldehyde and hexalde-
hyde were detected in the background samples. Formaldehyde, at
an average of 100 wgm~3, was the most abundant carbonyl. The
location of dwelling B is near a heavy traffic roadside. Vehicular
emission is a possible source for the high abundance of formalde-
hyde in the background. During the cooking periods, in addition to
the three carbonyls, acrolein was detected as well. Formaldehyde
was the most abundant carbonyl in the cooking emission which
had a net increase of 50.4 g m—3. Acrolein was the next abundant
carbonyl which was in an average concentration of 17.7 pgm~—3.
Hexaldehyde had a small net increase of 4.1 wgm~3 as well. How-
ever, there was no significant change in the concentrations of
acetaldehyde. This demonstrates that the domestic LPG-cooking
activity is not a pollution source of acetaldehyde. The increase of
carbonyl concentrations during the cooking periods can be ascribed
to emissions from stir-frying vegetables (Choy Sum), and also to
stir-frying beefs with vegetables [37].

Fig. 2 compares the chemical compositions of the carbonyls
emitted from the cooking activities in the two dwellings. Six car-
bonyls were found at dwelling A while only three at dwelling B.
Formaldehyde was the dominant carbonyl at dwelling B which con-
tributed 69% to the total carbonyls. A much lower contribution of
formaldehyde, 18%, was found at dwelling A. Acetaldehyde was the
dominant carbonyl in the cooking emissions at dwelling A which
had a contribution of 31%, but it was not found at dwelling B. In
addition, our results indicate significant contribution of acrolein,
which were 13% and 25% at dwelling A and B, respectively. Frying
foods in seed oil is a major source of acrolein [18]. Hexaldehyde had
a contribution of 26% and 6% at dwelling A and B, respectively.

Table 4 also shows the net weights of carbonyls emitted from the
cooking activities. The values were calculated as the net concentra-
tion changes multiplied by the kitchen volumes. The total weight
of carbonyls emitted from the cooking at dwelling A is three times
higher than that of dwelling B. Even though the emission amounts
of formaldehyde were almost the same at the two dwellings, large

Dwelling B (LPG)

hexaldehyde
8%

formaldehyde
69%

acrolein
25%

Fig. 2. Carbonyls compositions in cooking emissions at two residential dwellings.
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Table 5

The estimated chronic dose intake (CDI) and lifetime cancer hazard risk in the two dwellings.

Chronic dose intake (mgkg~—" day~1)

Lifetime cancer hazard risk

Dwelling A Dwelling B Dwelling A Dwelling B
Formaldehyde 2.33x10°* 3.49 x 1074 1.05x 107> 1.57 x 1073
Acetaldehyde 3.96 x 1074 - 3.05x 1076 -
Benzene 6.43 x 10~° 5.71 x 107 1.86 x 106 1.66 x 108

discrepancies were found for other carbonyls. Acetaldehyde was
the highest emission carbonyl at the dwelling A with a net weight of
>1000 g, but its emission was not found in dwelling B. In addition,
the net weights of acrolein and hexaldehyde at the dwelling A were
2 and 18 times, respectively, higher than that of dwelling B. Higher
carbonyl emission values for towngas was possibly influenced by
the impurities or addicts in the fuels.

3.3. Health risk assessment

Compared with ingestion and dermal absorption, inhalation is
a major pathway for intake of VOCs by human. The World Health
Organization (WHO) guideline for indoor formaldehyde is a 30-min
average of 100 g m~3 (81.8 ppbv) [38]. The formaldehyde levels in
dwelling B surpassed the WHO guideline. The WHO guideline for
acrolein is a 30-min average of 50 wg m—3 (21.7 ppbv). The acrolein
levels in both dwelling A and dwelling B were >50% below the WHO
guideline. The acetaldehyde levels in either dwelling A or dwelling
B were also below the 24-h average tolerable concentration of
2000 wgm~3 (1.11 ppmv) set by WHO.

On the contrary, potential health risks for three organic com-
pounds, including formaldehyde, acetaldehyde and benzene, were
examined owing to their high abundancesin the residential cooking
emissions and carcinogenicity classified by U.S. EPA [34]. House-
wives and maids, groups of women who work in residential
kitchens daily, are thus our targets for the assessment.

Inhalation exposure is always related to exposure frequency,
duration, and activity pattern. They are all essential factors in cal-
culations of the chronic daily intake and the lifetime cancer hazard
risk. Few assumptions have been taken which suggested by U.S. EPA
in the relative carcinogenic assessment. The volume of air inspired
per day is 20m>day~! for a woman while the absorption factor
of the VOCs is 90%. A housewife spends 4h every day in her 40
housework-years. In addition, the average body weight of 60 kg
and average lifetime of 70 years are assumed for a woman. How-
ever, the health risk will be overestimated because no additional
ventilation system was turned on and all windows and doors in the
kitchens were closed during our sampling. The air exchange rate
(AER, a) in the kitchen was calculated based on CO, decay rates
using the equation of [39]:

1, G
a=_1In o (4)
where t is time, C; and Cp are concentrations of the CO, at times t
and 0, respectively. The estimated AER for the residential dwelling
was 4.13 +2.21 h~! assuming all the windows and door were open
and exhaust fan was in operation. The AER factor was taken in the
calculation of cancer risk. The chronic daily intake and the lifetime
cancer hazard risk for formaldehyde, acetaldehyde and benzene are
estimated in Table 5. The risk below one in a million (<1 x 10-6) is
usually considered under a concern level while the risk above 100
in a million (>1 x 10~4) represent instant actions or interventions
are necessary to protect human health [40]. Our results demon-
strate that formaldehyde has the highest cancer risk to women who
work in the residential kitchens. The lifetime cancer hazard risks
associated with formaldehyde in dwelling A and B are 1.05 x 10~
and 1.57 x 107, respectively. The risks associated with acetalde-

hyde in dwelling A is 3.05 x 10-5. Even though the estimated risks
of formaldehyde and acetaldehyde from exposure in the residen-
tial kitchens do not reach to an extremely danger level, their health
impactis not negligible. Benzene imposes less cancer risks as its rel-
atively lower abundances in the cooking emissions. The cancer risk
associated with benzene is 1.86 x 10~ in dwelling A, which is two
orders of magnitude higher than that in dwelling B (1.66 x 10-8).
Formaldehyde contributes most to lifetime cancer hazard risks in
the two residential kitchens, accounting for 68% and nearly 100%
for dwelling A (towngas) and dwelling B (LPG), respectively. In
dwelling A, the contribution ratio of benzene and acetaldehyde to
lifetime cancer hazard risks are 12% and 20%, respectively.

4. Conclusion

The concentrations of VOCs and carbonyls were measured at
significant levels in the dwellings during the cooking periods.
Unsaturated hydrocarbons were the most abundant VOC species
accounting for 53% of the total VOCs detected at dwelling A dur-
ing the cooking processes, followed by saturated and aromatic
hydrocarbons. At dwelling B, alkane was the most abundant species
accounting for 95% of the total identified VOCs, followed by unsat-
urated and aromatic hydrocarbons. Direct evaporation losses of
cooking fuels were found, which suggests better regulations of
household cooking appliances are needed. The contents of cook-
ing fuels either in towngas or LPG harm human health (such as CO)
and potentially could react with other VOCs to generate other toxic
and reactive chemicals. Incomplete combustion of meat and grease
is another source of the C; saturated and unsaturated hydrocar-
bons emitted from the cooking processes. The cooking processes
also generated high abundances of aromatic compounds such as
benzene and toluene. Different carbonyl emission profiles were
determined with using towngas and LPG as the cooking fuels.
Carcinogenic compounds such as formaldehyde, acetaldehyde and
benzene were significantly produced from the residential cooking
activities, which were not measured in the raw fuels. The lifetime
cancer hazard risks associated with formaldehyde in dwelling A
and B are 1.05 x 10> and 1.57 x 10>, respectively. Formaldehyde
contributes most to lifetime cancer hazard risks in the two residen-
tial kitchens, with the ratio of 68% and nearly 100% for dwelling A
(towngas) and dwelling B (LPG), respectively. Even though their
emissions from individual household kitchens were much less
than that from commercial restaurants or food manufacturers, the
potential health risks to housewives and maids who are exposed to
the emissions on a daily basis is not negligible. Regulations for the
toxic substances emission from the cooking activities, especially
for commercial cooking, should be taken in order to protect human
health and environment.
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