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lack of authentic standards for the
quantification of biogenic secondary organic
aerosol markers†

Daniel J. Bryant, *a Alfred W. Mayhew, a Kelly L. Pereira,‡a

Sri Hapsari Budisulistiorini, a Connor Prior,b William Unsworth, b

David O. Topping,c Andrew R. Rickard ad and Jacqueline F. Hamiltona

Liquid chromatography coupled to electrospray ionisation high resolution mass spectrometry is an

extremely powerful technique for both targeted and non-targeted analysis of organic aerosol. However,

quantification of biogenic secondary organic aerosol species (BSOA) is hindered by a lack of

commercially available authentic standards. To overcome the lack of authentic standards, this study

proposes a quantification method based on the prediction of relative ionisation efficiency (RIE) factors to

correct concentrations obtained via calibration using a proxy standard. RIE measurements of 89

commercially available standards were made relative to cis-pinonic acid and coupled to structural

descriptors. A regularised random forest predictive model was developed using the authentic standards

(R2 = 0.66, RMSE = 0.59). The model was then used to predict the RIE’s of 87 biogenic organic acid

markers from a-pinene, limonene and b-caryophyllene without available authentic standards. The

predicted RIE’s ranged from 0.27 to 13.5, with a mean ± standard deviation of 4.2 ± 3.9. 25 markers

were structurally identified in chamber samples and ambient aerosol filter samples collected in

summertime Beijing. The markers were quantified using a cis-pinonic acid calibration and then corrected

using the predicted RIE factors. This resulted in the average BSOA concentration decreasing from 146 ng

m−3 to 51 ng m−3, respectively. This change in concentration is highlighted to have an impact on the

types of average aerosol metrics commonly used to describe bulk composition. This study is the first of

its kind to use predicted ionisation efficiency factors to overcome known differences in BSOA

concentrations due to the inherent lack of authentic standards in aerosol chemistry.
Environmental signicance

Organic aerosol is a major contributor to particulate matter concentrations and is made up of an extremely complex mixture of thousands of different
compounds. Due to this complexity and an inherent lack of authentic standards, understanding aerosol composition and individual compound concentrations
is extremely challenging. Signicant differences in ionisation efficiencies have been observed between biogenic secondary organic aerosol compounds, when
using electrospray ionisation techniques. These differences lead to signicant uncertainties in organic aerosol composition and quantication. A predictive
relative ionisation efficiency model allows for these differences to be considered, in turn leading to more reliable composition and concentration results.
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1 Introduction

PM2.5 (particulate matter less than 2.5 mm in diameter) is
considered to be one of the most dangerous forms of air
pollution with respect to human health, made up of a complex
mixture of different compounds from a range of natural and
anthropogenic sources.1 Organic aerosol (OA) makes up
a signicant portion of PM2.5,2,3 and consists of thousands of
individual compounds, comprised of multiple chemical func-
tionalities from a variety of sources.1 A key subset of OA is
biogenic secondary organic aerosol (BSOA) which can be
formed during the oxidation of biogenic volatile organic
compounds (BVOCs) emitted from vegetation.4–9 In less
Environ. Sci.: Atmos., 2023, 3, 221–229 | 221
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polluted regions BSOA can represent between 23 and 50% of
organic aerosol mass,10–14 and has been shown to contribute
signicantly even in urban areas.15,16

One of the challenges in analysing OA is the number of
chemical degradation pathways available for precursor VOCs and
the subsequent range of products that can be formed, with one
precursor having the potential to create 10 s of different
compounds.17,18High resolutionmass spectrometry (HRMS) with
electrospray ionisation (ESI) sources have become an extremely
versatile technique for improving our understanding of complex
environmental samples.19 ESI is a so ionisation technique
allowing for the molecular identication of thousands of indi-
vidual species.20,21 However a species' ability to be ionised is
highly structurally specic,22 meaning the relative contribution
of sample is hard to determine. Many previous studies have used
direct injection techniques, without prior separation by liquid
chromatography.23–26Direct injection allows for the identication
of 1000 s of different molecular formulae within one sample.
However, due to a lack of isomer identication, quantication of
individual compounds is not possible. Most studies use data
visualisation techniques such as van Krevelen and Kendrick
mass diagrams, and other chemical metrics such as average O : C
and H : C ratios to draw conclusions about the aerosol compo-
sition, ageing and sources.18,21,26–31

However, these chemical metrics are based on signal
response, not quantied concentrations, and as such assume
all species ionise with equal efficiency. While semi-quantitative
information can be obtained for samples of similar chemical
speciation, ionisation efficiencies can vastly differ resulting in
data bias and misinterpretation as shown by Pereira et al., 2021
and references therein. Targeted analysis and quantication
using authentic standards overcomes these issues. However,
due to the sheer number of compounds present in OA and
inherent lack of authentic standards, proxy standards are
routinely used where equivalent analyte ionisation efficiencies
are assumed.32,33,70 However, the use of proxy standards still
assumes all species in one functionality group or retention time
window have the same ionisation efficiency.

Ideally, all species would have their own authentic standard
for quantication, and recently groups have started to synthe-
sise compounds such as organosulfates from isoprene and
monoterpenes,34–37 nitrooxy organosulfates from mono-
terpenes38 and organic acids from a range of monoterpenes.39–42

Kenseth et al., 2020 recently synthesised 6 a-pinene derived
carboxylic and dimer ester species and found large differences
between their ionisation efficiencies.39 The measured relative
response (RF) to cis-pinonic acid ranged from 0.46 to 35.65. The
large differences in response factors observed by this study
highlight the need to consider these differences in the quanti-
cation of species with similar functionalities and retention
time windows. However, two issues arise with this approach;
rstly, the time and expenses to synthesise different standards
limits the work to larger laboratories with synthesis facilities,
and secondly the sheer number of standards that would need to
be synthesised for the hundreds of identied compounds
makes this approach impractical.
222 | Environ. Sci.: Atmos., 2023, 3, 221–229
A species' ability to ionise in the ESI source, both in the
negative and positive modes, is highly dependent on its func-
tionality and structure as well as the ionisation conditions.22,43,44

This has led to the development of models that can predict how
well a compound can ionise based on structural descriptors or
properties relative to a standard compound.43,45–47 The RF, i.e.
how well a compound ionises in comparison to a reference
compound, is calculated as shown in eqn (1), where log RF(C1,C2)
is the log value of the ratio of the gradients for compounds C1 and
C2 across a concentration–response curve.43,46

log RFðC1;C2Þ ¼ log

0
@slope

�
½C1 �H��1

�

slope
�
½C2 �H��1

�
1
A (1)

This type of RF scale has been used to investigate the
structural or chemical features which affect a species' ability to
ionise in the ESI. Early studies focussed on measured or
calculated physical properties such as log P or pKa.48–52 Recent
studies have focussed on using computationally calculated
molecular ngerprints or structural descriptors to assess and
predict a species RF.46,47 Mayhew et al., 2020 measured RF's of
51 carboxylic acids which combined with structural ngerprints
were used to develop a Bayesian ridge regression model.47 The
model showed R2 and RMSE values in line with comparable
studies, without the need to measure or predict physical prop-
erties of compounds. Liigand et al., 2020 recently developed
a predictive machine learning model, which can predict the
RF's of species relative to benzoic acid based on their structure,
both in the positive and negative ionisation modes across
a range of solvent compositions.46 Their model used data
collected over a decade and contains RF measurements of 3139
and 1286 compound–solvent combinations in the positive and
negative modes respectively. Previously, to our knowledge only
one study has predicted RF factors for BSOA species.53 Zhang
et al., 2015 estimated the RF's of a range of a-pinene derived
organic acids54 based on a linear model developed by Kruve
et al., 2014.45 The predicted RF's ranged from 0.54 to 51.64, with
dimer species such as C16H26O6 having the largest predicted RF
values, in-line with the observations in Kenseth et al., 2020.

In this study we aim to establish an RF model and apply it to
improving our ability to reliably quantify BSOA markers. RF
measurements of 89 authentic organic compounds relative to
cis-pinonic acid were conducted in the negative ionisation
mode. These measurements were then coupled to predicted,
easily obtained chemical descriptors of molecular structure
from ChemDes55 as well as pKa and log P values to develop
a random forest model for the prediction of BSOA RF factors.
RF's were then predicted for previously identied BSOAmarkers
which were used to correct concentrations calculated from
a proxy cis-pinonic acid calibration of ambient samples
collected in summertime Beijing. Overall, this study is the rst
to apply a method for the prediction of BSOA ESI response
factors based on RF measurements, and as such provides
a basis for future studies to establish more reliable quantica-
tion methods.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparison between marker concentrations quantified by
a standard cis-pinonic acid calibration and corrected by the predicted
RF's in Table S3. cis-Pinonic acid is Pinene_183

Tag
Molecular
formula

PA concentration
(ng m−3)

RF concentration
(ng m−3)

Lim_173a C7H10O5 71.9 14.4
Lim_187a C8H12O5 39.8 7.8
Pinene_185a C9H14O4 10.4 1.4
Pinene_183 C10H16O3 8.9 8.8
Bcary_253b C14H22O4 5.4 0.4
Bcary_197 C11H18O3 3.2 5.9
Lim_183 C10H16O3 2.3 8.4
Pinene_171a C8H12O4 2.1 3.6
Bcary_255a C13H20O5 2.0 0.2
Total 146.0 51.0
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2 Materials and methods
2.1 Instrument and data analysis

Samples were analysed using an Ultimate 3000 ultra-high pres-
sure liquid chromatography system (UHPLC, Thermo Scientic,
USA) coupled to a Q Exactive Orbitrap MS (Thermo Fisher
Scientic, USA) using data dependent tandemmass spectrometry
(ddMS2) with heated electrospray ionization source (HESI). The
UHPLC method uses a reverse phase, 2.6 mm, 100 × 2.1 mm,
Accucore column (Thermo Scientic, UK), held at 40 °C. The
mobile phase consisted of water (A) and methanol (B) both
Optima grade (Thermo Fisher Scientic) with 0.1% (v/v) of formic
acid (98% purity, Acros Organics). The injection volume was 4 mL.
The solvent gradient was held for one minute at 90 : 10H2O :
MeOH, then changed linearly to 10 : 90 over 24 minutes, return-
ing to 90 : 10 over 2 minutes and then held for 2 minutes, with
a ow rate of 300 mL min−1. The MS was operated in negative
mode, using full scan data dependant MS2. The scan range was
set between 50 and 750 m/z, with a mass resolution of 120 000.
The capillary and auxiliary gas temperatures were 320 °C. The
sheath and auxiliary gas ow rates were 45 arb. and 10 arb
respectively. The spray voltage was set to 4 kV. The number of
most abundant precursors for MS2 fragmentation was set to 10.
Data was analysed using TraceFinder 4.1 General Quan soware
(Thermo Fisher Scientic) using a targeted compound library of
both standards and BSOA species, with a mass accuracy of 3 ppm
for marker identication. All isotopic peaks were corrected with
the theoretical isotope correction factor within the soware.

2.2 Commercially available standards

RF measurements of 89 authentic standards relative to cis-
pinonic acid were conducted, as shown in Table S1.† All
commercial standards were of high purity (>95%) to reduce the
effect of purity on measured RF values. The standards were
prepared inmixtures of 50 : 50MeOH : H2O, where no compound
had the same retention time (RT) in order to reducematrix effects
which would affect themeasured RF. Themixtures were prepared
across a 7-point concentration gradient (5, 2.5, 1, 0.5, 0.25, 0.125,
0.0625 ppm, R2 > 0.95), with 3 replicate measurements per
concentration. However, some compounds reached limit of
detection before the lowest concentration. A 9-point cis-pinonic
acid calibration was run alongside the ambient PM2.5 samples
which was used for quantication (R2 > 0.99). 35 compounds
were common between this study and that conducted inMayhew
et al., 2020, using the same mass spectrometer but via direct
infusion. The 35 compounds showed a high correlation (R2 =

0.83) across the two methods, with an average difference in the
measured log RF's of 0.24 ± 0.42, highlighting the reliability of
these measurements. The errors in the measured log RF values
were small, on average 3.6% across the 89 standards based on the
standard error of the calibration slopes.

2.3 Pinic acid synthesis

Pinic acid (purity > 99%) was synthesised adapted from the
method outlined by Kenseth et al., 2020. The full experimental
procedure is given in the ESI.†
© 2023 The Author(s). Published by the Royal Society of Chemistry
2.4 Chamber samples

To identify the retention time of BSOA tracers from specic
precursors, BSOA was generated from a-pinene, limonene and
b-caryophyllene using an aerosol ow reactor as outlined in
Table 1 of Pereira et al., 2019.56 The generated BSOA was
collected using an electrical low-pressure impactor onto foil-
lined impactor plates and dissolved in 50 : 50 MeOH : H2O
(optima, LC-MS grade, Fisher Scientic, UK). Individual a-
pinene markers were isolated and collected based on their
retention times from generated BSOA mass using a HPLC-ion-
trap mass spectrometer coupled to an automated fraction
collector, using the method described in Finessi et al., 2014.57
2.5 Ambient samples: collection and extraction

Ambient PM2.5 samples were collected in the summer of 2017 (24/
05/2017–30/05/2017) at the Institute of Atmospheric Physics (IAP)
in Beijing, China (Table S4†). This sampling was part of the
Sources and Emissions of Air Pollutants in Beijing (AIRPOLL-
Beijing) project, as part of the wider Atmospheric Pollution and
Human Health in a Chinese Megacity (APHH-Beijing) pro-
gramme.57 Quartz lters (Whatman QMA, 10′′ by 8′′) were pre-
baked at 500 °C for 5 hours and wrapped in foil before use. The
samples were collected using a HiVol sampler at a ow rate of 1.33
m3 min−1. The samples were then stored at −20 °C before use. A
38.44 cm2 cutting was taken from the lter and cut into roughly 1
cm2 pieces. 8 mL of MeOH (Optima LC-MS grade) was then added
to the lter pieces and sonicated for 45 min under ice. The extract
was then removed and ltered through a 0.22 mm syringe lter
(Millipore) into a new vial. 2 mL (2 × 1 mL) of MeOH was then
added to the lter pieces and extracted through the 0.22 mm lter
and combined with the rest of the extract. The combined extract
was then reduced to near dryness using a solvent evaporator,
before being reconstituted in 50 : 50 MeOH :H2O. Triplicate
recovery tests showed an almost complete recovery of cis-pinonic
acid (99 ± 15.6%, n = 3) from the lter.
2.6 Model development

Commercially available authentic standards were analysed
alongside cis-pinonic acid within mixtures for RF calculation
Environ. Sci.: Atmos., 2023, 3, 221–229 | 223
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Table 2 Comparison of average aerosol metrics weighted by the
number of markers, cis-pinonic acid calibration derived concentra-
tions and RF corrected concentrations. O : C – oxygen to carbon
ration, H : C – hydrogen to carbon ratio, DBE – double bond equiva-
lent, C – number of carbons, H = number of hydrogens, O – number
of oxygens, MF – average molecular formula

Metric Number
cis-Pinonic
acid calibration RF calibration

O : C 0.43 0.61 0.48
H : C 1.55 1.48 1.53
DBE 3.22 3.05 3.01
C 10 8.1 8.84
H 15.6 12.1 13.65
O 4.0 4.7 4.0
MF C10H15.6O4 C8.1H12.1O4.7 C8.8H13.7O4.0
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and to allow correction for inter-day variability in instrument
sensitivity. All standards contained a carboxylic acid or alcohol
functional group but spanned a wide range of structures and
other functionalities. The species eluted across a wide range of
retention times, from highly polar species such as malic acid
eluting within the rst minute, to less polar species such as
dodecanoic acid eluting at the end of the elution gradient. cis-
Pinonic acid, the reference compound eluted around 8minutes.
The gradient of calibration curves of the 89 standards were
determined by linear regression. The calculated log RF values of
the species, given in Table S1† ranged from −2.84 to 1.75,
covering four orders of magnitude. Several basic parameters
were correlated with the measured log RF including mass, RT,
number of carbon and oxygen atoms as well as the O : C and H :
C ratios, however no correlation (R < 0.1) was observed. On
average, the lowest RF values were observed for species eluting
before 6 minutes, and aer 15 minutes, with the highest
between 9 and 12 minutes. Matrix effects were investigated
using the same method as in Bryant et al., 2021 using cis-
pinonic acid to determine if signal suppression was occurring
due to the highly complex nature of the samples.32 However, no
signicant matrix effect was observed for cis-pinonic acid, but
further work is required for a range of different acid species.
These measured log RF values were then combined with over
3000 predicted chemical structural descriptors predicted from
the ChemDes platform for computing molecular descriptors
and ngerprints (molecular descriptors were taken from the
Chemopy, CDK, RDKit, Pybel and PaDEL open-source
packages).55

Several data cleaning steps were undertaken before model
development. Firstly, non-numeric descriptors and descriptors
containing only one value were removed resulting in 1766
descriptors. Descriptors with a pairwise correlation greater than
R2 = 0.8 were then removed, in-line with previous studies,46

resulting in 224 descriptors using the “ndCorrelation” func-
tion from the Caret R package.58 The remaining descriptors
were then correlated to the log RF values of the standards, and
those with an R greater than 0.3 were selected (Table S2†). Two
descriptors were removed (“fr_nitro_arom_nonortho” and
“fr_phenol”), due to their lack of applicability to functionalities
of the organic acid markers being studied here. pKa and log P
were also predicted using ChemDraw Prime 18.1 soware,
based on previous studies highlighting their importance to the
ionisation efficiencies of compounds.47 The pKa had a correla-
tion of R = 0.32 towards log RF, but limited correlations were
observed for log P (R < 0.1), however a more accurate model was
obtained with the inclusion of log P. The predicted pKa and log P
values were combined with the remaining descriptors, giving 18
descriptors for model development. Several predictive models
were developed using the Caret R package58 including random
forest, Bayesian ridge regression and linear regression, with
regularised random forest (RRF) being the best performing
based on the lowest RMSE. Regularised random forest models
work in the same way as random forest models but reduce
model complexity by disregarding features that share informa-
tion. The number of trees used in the random forest was opti-
mised to 100 trees, and mtry (the number of variables available
224 | Environ. Sci.: Atmos., 2023, 3, 221–229
for splitting at each tree node) was optimised to 10. The RMSE
and R2 values were calculated by default by the built-in func-
tionality of the Caret R package. The nal model was chosen
based on minimising the RMSE.

Owing to the small dataset size, leave one out cross valida-
tion (LOOCV) was used to test the predictive capabilities of the
model. LOOCV uses each compound in the data set once as
a test set, with the other (n − 1) compounds as the training set.
Full details of the model development and the dataset con-
taining the predicted descriptors can be found at https://
github.com/djb96/Response_factor_model.

As shown in Table 2, the 18 descriptors for model develop-
ment were those of structural descriptors surrounding acidity
and polarisation. Of the 18 descriptors, the most inuential
descriptors were MLFER_A and SpMAD_Dzp. MLFER_A
provides a description of the overall solute hydrogen bond
acidity and SpMAD_Dzp is a measure of a compound's polar-
izability. These specic descriptors were not identied as
important in Liigand et al., 2020, but other descriptors for
acidity/basicity were.
3 Results and discussion
3.1 Development of a RF predictive model

Fig. 1 shows the correlation between the measured and pre-
dicted log RF values for the 89 readily available standards. The
optimised model shows similar accuracy and linearity to
previous studies43,45–47,59,60 with an R2 of 0.66 and RMSE of 0.59.
The RMSE error means that if compound A is predicted to have
an RF 10 times higher (log RF = 1) than cis-pinonic acid (log RF
= 0), the actual RF would be in the range 2.6–38.9 (log RF = 1.0
± 0.59). Overall, the model performed similarly to previous
studies, although starts to perform poorly for compounds with
log RF's less than−1, as seen previously, likely due to the lack of
observations.46,47 Further work is needed to increase the RF
measurement database for more accurate model development
and optimisation.

Liigand et al., 2020 has previously developed this type of
machine learning quantitative ESI-LC-MS approach, using to
date, the largest compiled dataset of RF measurements. This is
© 2023 The Author(s). Published by the Royal Society of Chemistry

https://github.com/djb96/Response_factor_model
https://github.com/djb96/Response_factor_model
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ea00074a


Fig. 1 Comparison between measured log RF (log RFM) and predicted
log RF (log1 RFp) produced by a RRF model. All log RFM and log RFP
values are given in Table S1† for the standards used in this study. The
solid black line is 1 : 1 i.e. would represent perfect predictions of the
measured values. The blue dotted lines represent 2× RMSE from the
1 : 1 line. The grey vertical lines represent predicted log RF ± RMSE.
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a complex dataset, spanning an array of different solvent
compositions, ionisation modes and instruments. The model
presented here is the rst to predict BSOA RF factors based on
an experimentally derived predictive model. The model was
built for the purpose of quantifying BSOA compounds in a set
solvent mixture, and only on one instrument, meaning the
dataset could be less complex. This study therefore highlights
a method for quantication of BSOA species without authentic
standards, without the need of large datasets which take a long
time to accumulate, using commercially available, low-cost
standards. This method also negates the need to perform
numerous standard calibrations for component quantication,
leading to faster throughput of samples. However, more
authentic BSOA standards are needed to further develop the
model and to validate the predicted values. Due to the lack of
commercially available authentic BSOA standards, predicted RF
values could not be compared to numerous measured RF's of
authentic standards. However, pinic acid was synthesised as
part of this study adapted from the procedure developed by
Kenseth et al., 2020. The RF of pinic acid was analysed across
the same concentration range as part of a mixture with cis-
pinonic acid. The measured log RF of pinic acid was 0.46,
considering the purity of the synthesised compound compared
to a predicted value of 0.86 ± 0.59 highlighting the relative
accuracy of the model and its ability to predict reliable RF
values. Further BSOA authentic standards are needed to fully
validate the predictive RF model.

Furthermore, Liigand et al., 2020 shows that these models
can be transferred between instruments, while each instrument
© 2023 The Author(s). Published by the Royal Society of Chemistry
and method would produce a specic RF value for a compound,
specic compounds have been shown to be effective at moving
the model across instruments. This suggests an aerosol
community model could be developed butmore work is needed.
An open-source database which has now been developed by the
Kruve group allowing for large amounts of RF measurements to
be compiled across instruments and laboratories.22 This would
allow for a generalised RF model to be produced for stand-
ardised RF factors of SOA species based on a set of dened
authentic standards.
3.2 Predicted BSOA RF factors

Several studies have previously investigated the formation of
organic acids in SOA derived from a-pinene, limonene and b-
caryophyllene.8,39,53,61–63 Table S3† contains the SMILES
formulae of 87 organic acid structures across 60 unique
molecular formulae previously proposed in these studies. One
of the main challenges of the quantication approach used in
this study is the need for structure elucidation. Where multiple
isomeric species are present, tandemmass spectrometry data is
essential to elucidate chemical structure although similar
precursor spectra may still be obtained.

The chemical descriptors for these structures were obtained
and using the optimised model described in Section 3.1 and the
log RF values were predicted. The predicted RF's ranged from
0.27 to 13.5, with an average of 4.2 ± 3.9 (mean ± SD). These
values are of similar magnitude to those measured by Kenseth
et al., 2020 and proposed by Zhang et al., 2015, however are
notably smaller.71 Due to the lack of intercomparison studies,
the cause of this deviation is unknown, but is likely due to
different instrument set ups and analysis. The a-pinene and b-
caryophyllene markers had similar average RF values of 5.2 ±

4.0 and 5.6 ± 4.5 respectively, while limonene markers had an
average of 2.4 ± 2.3. It should be noted that multiple isomers
are likely for most of the markers, however only selected
isomers which had previously proposed structures were used in
this study. For example, 10 isomeric structures of Lim_199
(C10H16O4) were proposed by Hammes et al., 2019.62 The average
RF of these 10 structures was 1.4 ± 1.7, with a range of 0.49–
4.80, highlighting the importance of structure conrmation for
quantication. The highest predicted RF value for the a-pinene
markers was 12.7 for Pinene_353a (C19H30O6) and, Pinene_353b
(C20H34O5), both of which are dimer species. This is in-line with
high RF values measured via authentic standards of 35.6 and
21.1 for Pinene 353a and 353b respectively by Kenseth et al.,
2020. Measured and predicted RIE values were not expected to
be the same due to the method specic nature of the values as
discussed earlier, but the RF values are in-line with one another.

The species in Table S3† were then targeted in the SOA
chamber samples generated from a-pinene, limonene and b-
caryophyllene precursors. Most of the a-pinene marker struc-
tures were conrmed via comparison to either authentic stan-
dards56 or matching product ion mass spectra with previous
studies.39,53 Comparatively less MS2 data was available for the
limonene markers, with far more isomers identied and
structures proposed. Several markers were authenticated via
Environ. Sci.: Atmos., 2023, 3, 221–229 | 225
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matching MS2 peaks to Witkowski et al., 2017.63 For the b-car-
yophyllene markers, only one species (b-caryophyllinic acid)
was authenticated via MS2. Several of the b-caryophyllene
markers identied in the chamber samples only had one
previously proposed structure, as such markers with only one
isomer were assumed to be the same structure. 25 markers were
added into a database containing accurate masses and reten-
tion times for targeted identication in the ambient samples.
3.3 Quantication of BSOA in summertime Beijing

To investigate the impact of using these predicted RF factors
has on the quantication of BSOA markers in the real atmo-
sphere, 26 markers, including cis-pinonic acid, were targeted in
ambient PM2.5 lter extracts collected in summertime Beijing,
China in 2017 as part of the APHH campaign.57 Of the 26 tar-
geted markers, 18 were identied in at least one of the samples,
while only 9 were identied in more than 40% of the samples,
with these used for further analysis (as shown in Table 1 and
Fig. 2). These markers were then quantied using a 9-point cis-
pinonic acid calibration (R2 > 0.99), with the time averaged
concentrations shown in Table 1. The total average concentra-
tion of the markers was 146 ng m−3, with cis-pinonic acid
contributing on average 6% of the mass. Using this method,
Lim_173a (C7H10O5) (Table 1) had the highest predicted
concentration, with a mean concentration of 71.8 ng m−3,
contributing 49% of the mass. The marker concentrations were
then corrected using the predicted RF factors as shown in Fig. 2.
The total marker concentration decreased to 51 ng m−3, rep-
resenting a decrease of a factor of 3 compared to quantication
by cis-pinonic acid. The ionisation efficiency of cis-pinonic acid
is low compared to many of the other BSOA compounds, most
Fig. 2 Concentration comparison for the 9 BSOA species identified in
the ambient samples, quantified by cis-pinonic acid, and then “cor-
rected” using the predicted RF's. The concentration of cis-pinonic acid
stayed the same due to having an RF of 1 (log RF = 0).

226 | Environ. Sci.: Atmos., 2023, 3, 221–229
likely because of it having a single isolated carboxylic acid and
carbonyl functionalities. This highlights that using cis-pinonic
acid as a proxy for quantication can lead to signicant over-
estimations in marker concentrations. Using the RF method,
Lim_173a was still the most abundant marker, but now only
contributed 28.2% (down from 49%) to the mass, while the
contribution from cis-pinonic acid increased to 17.4% up from
6%. This change in contributions could have important impli-
cations on conclusions from chamber and ambient studies. For
example, Thomsen et al., 2021 identied and quantied organic
acids formed from the oxidation of D3-carene and a-pinene
using proxy standards of cis-pinic acid, cis-pinonic acid and
diaterpenylic acid acetate.72 They found large contributions of
caric acid from D3-carene oxidation and large contributions of
dimer species from a-pinene oxidation. These large contribu-
tions however could be due to the differing ionisation efficien-
cies of the markers vs. comparatively lower ionisation
efficiencies of the proxy standards.

High resolution MS studies of aerosol composition generally
employ mass spectral data evaluation methods such as Van
Krevelen diagrams, double bond equivalents (DBE), average
oxidation states and average molecular formulae (MF) based on
the number of detected molecular formulae.18,20,27,64 For
example, Kundu et al., 2012 investigated the relative abundance
of compounds with different O : C and H : C ratios and found
a high abundance of high molecular weight functionalised
aliphatic compounds. These relative abundances when cor-
rected for by RF factors could be drastically different to that
proposed using the raw signal.65

To investigate the effect of RF factors on these evaluation
methods, the hydrogen to carbon (H : C) and oxygen to carbon
(O : C) ratios, DBE and averageMF were standardised by number,
proxy concentration (i.e. proportional to peak area) and RF cor-
rected concentrations as summarised in Table 2. First, the
average O : C and H : C ratios were calculated for the 9 markers.
O : C was calculated to be 0.43 based on the number of markers
but increased to 0.61 when the average was weighted by the cis-
pinonic acid derived concentrations and 0.48 when weighted by
the RF corrected concentrations. This is a signicant difference
considering relatively small differences in O : C ratios between
different grouped MF based on mass ranges65,66 and different
sources.23,26,67–69 A signicant shi in average MF was seen when
using the number of unique formulae identied (C10H15.6O4),
weighted by cis-pinonic acid calibration concentrations
(C8.1H12.1O4.7) and weighted by the RF corrected concentrations
(C8.8H13.7O4.0). Overall, this shows that even with a small number
of markers, the average MF can change, moving from C10 species
to C8/C9 depending on the weighting of the average. More work is
needed to understand the impact of different RFs when many
hundreds of compounds are used to calculate these metrics.

4 Conclusion

This study has outlined a preliminary method for the semi-
quantication of multi-functional biogenic organic acid
markers using electrospray ionisation, attempting to overcome
the lack of commercially available authentic standards. Based
© 2023 The Author(s). Published by the Royal Society of Chemistry
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on a method developed by Liigand et al., 2020, a predictive
random forest model was developed to predict the RF's of
a range of atmospherically important BSOAmarkers. The model
was validated by using a synthesised authentic pinic acid
standard, with a measured log RF value of 0.62 compared to the
predicted value of 0.86. RF values for the BSOA markers ranged
from 0.27 to 13.5, meaning that by using cis-pinonic acid as
a proxy calibrant, concentrations of individual BSOA compo-
nents could be underpredicted by a factor of 3.7 or over pre-
dicted by 13.5. Nine BSOA markers, including cis-pinonic acid,
were then quantied in 25 ambient Beijing PM2.5 samples. Time
averaged quantied compound concentrations decreased from
146.0 ng m−3 to 51 ng m−3 when calibrating using a standard
cis-pinonic acid calibration and then correcting using themodel
predicted RF factors. The effect of these factors was then
investigated on common aerosol evaluation methods, with
differences in O : C ratios of 0.61 vs. 0.48 for cis-pinonic acid
calibrated and RF corrected weighted average concentrations. A
geometric mean average RF value was calculated to be 4.2± 3.9,
highlighting the large variability in the predicted RFs, and
therefore its lack of reliability if used as a generalised RF. We
feel it is important to highlight the issues when assuming
a single response factor, whether that be from cis-pinonic acid,
or a “corrected” RF. Overall, this study highlights a need to
account for the differences in ionisation efficiencies when
investigating organic aerosol composition, due to the signi-
cant differences in calculated aerosol evaluation metrics, which
could inuence source contributions. Further work is needed to
develop this method to predict RF's without the need of struc-
ture elucidation and expand to include newly synthesised
organic compounds and the range of functional groups and gas
phase precursors. Previous studies have suggested the applica-
bility of transferring the predictive model between instruments,
suggesting an open-source aerosol community model could be
developed in the future.
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K. J. Rudzinski, G. Spólnik, W. Danikiewicz, W. Maenhaut
and M. Claeys, Atmos. Chem. Phys., 2016, 16, 7135–7148.

10 N. H. Robinson, J. F. Hamilton, J. D. Allan, B. Langford,
D. E. Oram, Q. Chen, K. Docherty, D. K. Farmer,
J. L. Jimenez, M. W. Ward, C. N. Hewitt, M. H. Barley,
M. E. Jenkin, A. R. Rickard, S. T. Martin, G. McFiggans and
H. Coe, Atmos. Chem. Phys., 2011, 11, 1039–1050.

11 Q. Chen, D. K. Farmer, L. V. Rizzo, T. Pauliquevis,
M. Kuwata, T. G. Karl, A. Guenther, J. D. Allan, H. Coe,
M. O. Andreae, U. Pöschl, J. L. Jimenez, P. Artaxo and
S. T. Martin, Atmos. Chem. Phys., 2015, 15, 3687–3701.

12 S. H. Budisulistiorini, M. R. Canagaratna, P. L. Croteau,
W. J. Marth, K. Baumann, E. S. Edgerton, S. L. Shaw,
E. M. Knipping, D. R. Worsnop, J. T. Jayne, A. Gold and
J. D. Surratt, Environ. Sci. Technol., 2013, 47, 5686–5694.

13 S. H. Budisulistiorini, X. Li, S. T. Bairai, J. Renfro, Y. Liu,
Y. J. Liu, K. A. McKinney, S. T. Martin, V. F. McNeill,
H. O. T. Pye, A. Nenes, M. E. Neff, E. A. Stone, S. Mueller,
C. Knote, S. L. Shaw, Z. Zhang, A. Gold and J. D. Surratt,
Atmos. Chem. Phys., 2015, 15, 8871–8888.

14 W. Rattanavaraha, K. Chu, S. H. Budisulistiorini, M. Riva,
Y.-H. Lin, E. S. Edgerton, K. Baumann, S. L. Shaw, H. Guo,
L. King, R. J. Weber, M. E. Neff, E. A. Stone,
J. H. Offenberg, Z. Zhang, A. Gold and J. D. Surratt, Atmos.
Chem. Phys., 2016, 16, 4897–4914.

15 X. Ding, Q.-F. He, R.-Q. Shen, Q.-Q. Yu and X.-M. Wang, J.
Geophys. Res.: Atmos., 2014, 119, 11877–11891.

16 Q. Wang, X. He, X. H. H. Huang, S. M. Griffith, Y. Feng,
T. Zhang, Q. Zhang, D. Wu and J. Z. Yu, ACS Earth Space
Chem., 2017, 1, 562–571.

17 P. O. Wennberg, K. H. Bates, J. D. Crounse, L. G. Dodson,
R. C. McVay, L. A. Mertens, T. B. Nguyen, E. Praske,
R. H. Schwantes, M. D. Smarte, J. M. St Clair, A. P. Teng,
Environ. Sci.: Atmos., 2023, 3, 221–229 | 227

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ea00074a


Environmental Science: Atmospheres Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
D

ec
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 6

/2
3/

20
26

 3
:2

6:
30

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
X. Zhang and J. H. Seinfeld, Chem. Rev., 2018, 118, 3337–
3390.

18 I. Kourtchev, J.-F. Doussin, C. Giorio, B. Mahon,
E. M. Wilson, N. Maurin, E. Pangui, D. S. Venables,
J. C. Wenger and M. Kalberer, Atmos. Chem. Phys., 2015,
15, 5683–5695.

19 M. Glasius and A. H. Goldstein, Environ. Sci. Technol., 2016,
50, 2754–2764.

20 I. Kourtchev, R. H. M. Godoi, S. Connors, J. G. Levine,
A. T. Archibald, A. F. L. Godoi, S. L. Paralovo,
C. G. G. Barbosa, R. A. F. Souza, A. O. Manzi, R. Seco,
S. Sjostedt, J. H. Park, A. Guenther, S. Kim, J. Smith,
S. T. Martin and M. Kalberer, Atmos. Chem. Phys., 2016, 16,
11899–11913.

21 K. R. Daellenbach, I. Kourtchev, A. L. Vogel, E. A. Bruns,
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