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ABSTRACT

Use of a Chemical Mass Balance model is one ofvtbenost commonly used approaches to
estimating atmospheric concentrations of cookimgs®. Such models require the input of
chemical profiles for each of the main sources routing to particulate matter mass and there is
appreciable evidence from the literature that mby the mass emission but also the chemical
composition of particulate matter varies accordmthe food being prepared and the style of
cooking. In this study, aerosol has been sampleld laboratory from four different styles of
cooking, i.e. Indian, Chinese, Western and Africaoking. The chemical profiles of molecular
markers have been quantified and are used indilyowéhin a Chemical Mass Balance model
applied to air samples collected in a multi-ethamea of Birmingham, UK. The model results give
a source contribution estimate for cooking aer@goth is consistent with other comparable UK
studies, but also shows a very low sensitivityhaf inodel to the cooking aerosol profile utilised.
survey of local restaurants suggested a wide rahgeoking styles taking place which may explain

why no one profile gives an appreciably betteinfithe CMB model.

Keywords: Chemical Mass Balance model; cooking aerosolyrcgapportionment; molecular

markers
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INTRODUCTION

More studies are published almost daily on the@apportionment of airborne particulate matter
(PM), usually expressed as mass concentrationmatlparticle size range, typically Bior PMy.
Such studies are an essential pre-requisite tdetaelopment of cost-effective mitigation options
for PM. While it has long been known that cookprgcesses are a source of airborne PM, the
capability to estimate concentrations by aerosadsspectrometry (AMS) has led to cooking
aerosol featuring as a contributor to many soupg®dionment estimates (e.g. Mohr et al., 2009;
2012; Allan et al., 2010). Identification of theoking organic aerosol (COA) factor in most AMS
studies is dependent upon recognition of a temigabture (Lanz et al., 2007), often with
characteristic mass spectral features also besapresable (Mohr et al., 2009). However, some
recent studies have cast doubt upon the attribatidine COA factor to food cooking as the sole
source, and have concluded that other sources Isage@ntribute to this factor (Hayes et al., 2013;

Dall'Osto et al., 2015).

Chemical Mass Balance (CMB) models provide an @dtieve means of estimation of cooking
aerosol (Schauer et al., 1996; Robinson et ab6RMmut the number of studies is relatively few,
and some attribute relatively small contributiomg€ooking aerosol (e.g. Yin et al., 2010). The
study by Yin et al. (2015) was unique in makingraat comparison of cooking aerosol derived
from a CMB model with an estimate derived from ditaueous measurements by AMS, with
application of Positive Matrix Factorization (PMi©) identify source-related factors and quantify
their contributions. A comparison of estimate4fhour average concentrations derived from the
two techniques revealed a close correlatiér 0.80), but a considerably higher estimate frben t
AMS data (y) than from CMB (x), with a regressiaquation of y = 2.24x — 0.33 ugin Various
possible explanations for the discrepancy were ek by Yin et al. (2015), the most plausible
appearing to be that cooking organic aerosol iect@dd with close to 100% efficiency by the AMS,
rather than the normally assumed efficiency of 58&6punting for a possible over-estimation of

3
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the AMS method by a factor of two. Such high aditen efficiencies for particles from cooking
are reported by Pandis (2016). However, the CMBehapproach has weaknesses, and is liable to
give incorrect source contribution estimates ifdldepted source profile input to the model does

not well match that in the actual emissions fromtboking source.

It is clear from the literature on the speciatidrc@oking emissions, reviewed recently by Abdullahi
et al. (2013), that some emission profiles mayedifubstantially between different methods (e.g.
boiling versus frying) and styles (e.g. Chinesesusrindian) of cooking. In this study, we have
measured source profiles from the cooking of a remob dishes characteristic of different cooking
styles and have used them in a CMB model to testithaty to the input profile. There are many
cooking styles used around the world, and to satmgla all would not be feasible. Consequently,
we have selected four types of national cuisinectvlare very common in the United Kingdom, as

well as in other parts of the world.

EXPERIMENTAL

Sampling from Cooking Experiments

Cooking on a gas or electric hotplate took placa irailer located on the University of

Birmingham campus. At a vertical distance of agpmately 61 cm above the cooking fume source
the aerosol entered a 70 cm diameter steel exarabtod through which air was drawn at 495-500
m® hl. From the hood, the sampled air passed aloneghdiicting of 20 cm diameter from which

it was sub-sampled isokinetically through a staislsteel probe at 30 L mimwith aerosol particle
collection on a 47 mm quartz (Whatman GF/A) filt&amples were used for characterisation of
source profiles, with no estimation of emissiortdas. For full details, please see the

Supplementary Information.
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The cooking styles and food options selected aserd®d in Table 1. Six samples were taken for
each cooking style, with individual sample colleatiasting from the start to end of the cooking

cycle.

Table 1: Cooking styles and food options selected.

Cooking style | Dish Method

Chinese Chicken kun pao with rice Stir fry
Western Chicken, eggs and chips Deep fry
Indian Chicken tikka masala with rice Stew

African Chicken in tomato stew with rice and planta | Deep frying, stew

Sampling in the Atmosphere

Air sampling took place in a measurement staticeraged by Birmingham City Council on
Stratford Road, Birmingham, UK. The location, ttige with that of local restaurants appears in
Figure 1. A list of local restaurants, togethettwtheir predominant cuisine and distance from the
sampler appears in Table S2. Air sampling tookelasing a Digitel high volume sampler
operated at 500 L mihwith a PMsinlet. Quartz fibre filters (15 cm) were pre-beka 500°C for

5 hours to reduce the blank, and exposed for 24shiauhe air sampler. Samples were collected
between 10-18 December 2014 and 9-18 January Jedi5further details, please see the

Supplementary Information.
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Figure 1: Map of Stratford Road showing restaurants and sagplte.
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Chemical Analysis of Samples

After sampling, circles of 1.5 cm diameter weregtaky punch from the Digitel quartz filters and
analysed for elemental (EC) and organic (OC) caxbitim a Sunset Laboratory thermal-optical
analyser using transmission for pyrolysis correcand the EUSAAR 2 temperature protocol
(Cavalli et al., 2010). Subsequently, prior toragtion, the filters were spiked with isotopically
labelled standards including octacosane-d58, hexatitane-d74, dibenz(a,h)anthracene-d14, aaa-
20R-cholesterol-d4, heptadecanoic acid-d33, cherels®,2,3,4,4,6-d6 and levoglucosan-U13C6.
The filters were extracted with dichloromethanei¢gy followed by methanol (twice) according to
the method of Yin et al. (2010), which is basedruBbeesley et al. (2004). Organic acids were
derivatised according to the method of Podlech 199d Aldai et al. (2005), and sterols
derivatised by the method of Yue and Fraser (208l4as described previously by Yin et al.

(2010). One field blank was collected and analyse@ach six field samples.

After drying, preconcentration and blowing downlwititrogen, the extracts were split in three
aliquots for either a) direct analysis, b) derisation with 2M trimethylsilyldiazomethane (TMS-
DM) in diethyl ether (for analysis of acids) ordgrivatisation with N,O-bis (trimethylsilyl)
trifluoroacetamide/trimethylchlorosilane (BSTFA-TNBE (for sterols). Analysis was by GC-MS
using an Agilent Technologies 6890N gas chromafadgend 5973N MSD fitted with a HP-5MS
column (30 m; 0.25 mm dia; 0.25 um thickness).il€alion was with natural standards, using the

internal deuterated standards to correct for regove

Chemical Mass Balance (CMB) Modelling

Chemical Mass Balance modelling used the USEPAoe&2 CMB model, in a manner
following that outlined by Pant et al. (2014), stimate contributions to PM-OC. The source
profiles adopted were these described in Yin g28110) and Yin et al. (2015). The UK-derived

road traffic profile derived by Pant et al. (20I#pm a twin-site study was employed. The various
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cooking source profiles derived in this study weaeh used individually in model runs and the
CMB model outputs were used to assess the qudlftyto the atmospheric composition
measurements. In all cases, the profiles deriked £ooking with gas were used, as this is more
widely used in local restaurants/take-aways, aradisis available and widely used in local domestic

properties.

RESULTS AND DISCUSSION

Measurement of Source Profiles

The mass concentrations of particles collectecherfilter using the gas hotplate ranged from+81
12 (s.d.) pg i for African cooking to 36& 83 pg nT for Chinese cooking. The range for the
electric hotplate was similar, from 9919 pg n¥ for Indian cooking to 47@& 263 g it for

Chinese cooking. The mean concentrations of tharmc compounds analysed appear in Table S3
for the gas hotplate and Table S4 for the elebiiplate. Each cooking experiment was replicated
four times and an example of the range of conctotrmof alkanes and PAH appears in Table S5.
If may be seen that relative standard deviatioriadi’idual compounds were typically in the range
of 10-20% for alkanes and 30-50% for PAH. TablesBéws source profiles for gas cooking
expressed as pg (ug OF)Total concentrations of the groups of compouagisear in Table 2

which shows that Chinese cooking exceeds the atiwking styles for all groups of compounds, in
some cases by a substantial margin. African cap&mits the least, in all but one compound class.
Correlations between cooking styles were testedimihe alkane, PAH and acid classes, with the
results expressed as Spearman’s rho from ranklabore appearing in Table S7. Correlations are
typically low (< 0.20) to modest (0.5-0.7) withef higher. In particular, the acids group tend to
correlate strongly between cooking styles (Tableg vith many correlations > 0.80. The
coefficient of divergence, defined as in Liu andiit®mn (2011) describes the similarity between
datasets, with values occupying a range from Oih, xero indicating total similarity and one a

high degree of difference. The values obtainecapm Table S8.
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Table 2: Total concentrations of compounds (alkane, PAetp§ glyceride and acids) at cooking

source (ug/r).

(ng/m) INDIAN |WESTERN |AFRICAN |CHINESE
Total n-alkanes 12.41 11.66 4.67 12.99
Total PAH 5.35 9.31 2.92 12.74
Total acid 6.65 9.87 6.83 21.61
Total sterols 1.18 0.94 0.37 1.34
Total monoglyceride 3.38 10.33 1.48 11.52

Normalisation by the concentration of organic carf©C) gives a better test of similarity of
profiles, and regression plots between cookingestgppear in Figure S5. There is sufficient co-
linearity between the profiles that each was useslseparate run of the model, rather than
attempting to include multiple profiles in one roithe model. It may be seen from Table S2 that
the restaurants in the locality serve a varietgus$ine, with Indian restaurants being the most
common. The population of the area is also culyudaverse, with a substantial community with

ethnic origins in the Indian sub-continent.

Concentrations of organic carbon were apportiongtie model, with four primary sources

showing a good fit: woodsmoke, dirt/soil, trafind cooking aerosol. The criterion used for model
fitting were thex-squared andfvalues, the ratio of the source contribution aaddard error (),

and the ratio of calculated to measured conceatrati he contributions of the four sources
according to the cooking style used in the modpkapin Figure 2, and show little sensitivity to

the input source profile for cooking. There isegke unaccounted mass of OC, labelled in the
figure as “other”, which we believe is comprisedimhaof secondary organic carbon, which is
known to make a substantial contribution to OC Ktdites (Harrison and Yin, 2008; Yin et al.,

2010; Pio et al., 2011).
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Figure 2: Average source contribution estimates for OC aliogrto style of cooking source
profile.

Average values of -squared and ffor the model fits appear in Table 3, and shovsigaificant
difference for the compositional profiles testétkamination of results for individual days showed
differences not only between the day-to-day appontient to sources, but also the source
contribution estimates obtained when using diffeseuirce profiles for cooking (see Figure S6).
However, variations in the model fit as revealeq byquared and’ values within a day according
to source profile were fairly minor (Table 3). Ttiay with greatest variation showed a rangé of r
for the different cooking styles of only 0.02, whas the variation between days (of 0.67 to 0.94)
was far greater. Similarly there was more daydg-dariation iny -squared than in the within-day

values for cooking styles.

Table 3: Quality of fit parameters for CMB model accordiagstyle of cooking source profile.

Cooking profile West Indian Chinese African
R’ 0.80t0.08 (n=14)| 0.860.08 (n=14)| 0.780.07 (n=10)| 0.860.08 (n=13)
X-squared 0.09:0.02 (n=14)| 0.080.02 (n=14)| 0.090.01 (n=10)| 0.080.02 (n=13)
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The measured concentration for P\n the days of sampling averaged 686 (s.d.) pig m.

This was a period of unusually clean air for timeetiof year. The annual mean for the nearest
AURN (national network) station of Acocks Green Rivl, s was 12 pg i in 2014 and 9 pg thin
2015. The mean concentration of organic carbowriomed to cooking aerosol was 0.12 pg m
(using the Indian and African cooking source pesfjland 0.13 pg th(from the Western and
Chinese profiles). This converts to 0.21-0.23 piyjarganic matter, equivalent to the mass of
cooking aerosol particles, contributing 3.0-3.3%04 s mass. This figure compares with a mean
mass concentration of OC of 0.39 pg,requivalent to 0.69 pg fhof cooking aerosol, comprising
4.4% of PM s measured at North Kensington, London by Yin e{2015) using a CMB model.
The Stratford Road, Birmingham samples showed arage contribution from road traffic of 0.37
g m*to OC concentrations, equivalent to 0.64 |it)(®3%) of PMs. This compares with 0.73
ng m® of OC, equivalent to 1.26 pgh{8.0%) of PM s at London, North Kensington. These
results thus appear very consistent when allowanghfe relatively clean air period which was

sampled at Stratford Road, Birmingham.

Ots et al. (2016) have used AMS measurements ding@erosol to estimate a source strength,
from which concentrations across the UK have beedetted. Their model predicts a mean
concentration of COA in 2012 of 0.5 ug’rfor the model grid cell showing highest concerrat
The annual mean PM at Birmingham, Acocks Green in 2012 was 11 |iy rii the cooking
aerosol estimated for Stratford Road by CMB isestdly 11/6.9 to make it equivalent to mean
annual conditions for 2012, the concentration 8Qug n?® (taking the mean from all cooking
styles). Given the results of comparison of AM8 &MB by Yin et al. (2105) and the possible
over-estimation of COA by AMS by a factor of uptteo, discussed in detail by Ots et al. (2016),

the scaled concentration of 0.35 pg oompares well with the model estimate of 0.5 pg m
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CONCLUSIONS

Although the main purpose of this research wasmestimate the magnitude of cooking aerosol
concentrations, the comparison with earlier measargs from London (Yin et al., 2015) and with
the model results of Ots et al. (2016) show a gti@nsistency. This suggests that in recent years
in major UK cities, cooking aerosol represents al34d% of measured PM. The comparison

with the numerical model results of Ots et al. @0i% again suggestive of an over-estimation of
COA by the AMS-PMF technique relative to the CMBdrbresults, although in this case the ratio

is less than the two suggested by Ots et al. (284@) maximum.

The main objective of the research was to comga@stimates of cooking aerosol from the CMB
model using source profiles typical of our differenoking styles: Indian, Chinese, Western and
African. Despite some differences in the profikee CMB model results from each profile are
very similar. This may be because in a multi-etlsasmopolitan city such as Birmingham no one
cooking style is dominant, or because there ig@efft colinearity in the profiles that each le&ols

a similar estimate, whatever the predominant sooftee cooking. The evidence from a survey of
local restaurants is that they cater for a veryewahge of cuisine, which seems likely to be a

dominant factor in this case.
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343 Table 1: Cooking styles and food options selected.
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346 cooking source (Lg/th
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348 Table 3: Quality of fit parameters for CMB model accowglito style of cooking source profile.
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354 Figure 1: Map of Stratford Road showing restaurants and sagmplte.
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356 Figure 2:  Average source contribution estimates for OMading to style of cooking source
357 profile.
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SENSITIVITY OF ACHEMICAL MASSBALANCE MODEL FOR PM,5TO
SOURCE PROFILESFOR DIFFERING STYLES OF COOKING

AUTHORS: K.L. Abdullahi, J.M. Delgado-Saborit and Roy M. Harrison

HIGHLIGHTS

Chemical profiles of four cooking styles have been measured

Profiles show some marked differences

Each profile has been used in a CMB model

No single profile shows clearly a better fit in the model

Estimated cooking aerosol mass is consistent with other methods



