
Atmos. Chem. Phys., 15, 3773–3783, 2015

www.atmos-chem-phys.net/15/3773/2015/

doi:10.5194/acp-15-3773-2015

© Author(s) 2015. CC Attribution 3.0 License.

Atmospheric oxidation of isoprene and 1,3-butadiene: influence of

aerosol acidity and relative humidity on secondary organic aerosol

M. Lewandowski1, M. Jaoui2, J. H. Offenberg1, J. D. Krug1, and T. E. Kleindienst1

1US Environmental Protection Agency, National Exposure Research Laboratory,

Research Triangle Park, NC 27711, USA
2Alion Science and Technology, Inc., PO Box 12313, Research Triangle Park, NC 27709, USA

Correspondence to: M. Lewandowski (lewandowski.michael@epa.gov)

Received: 5 September 2014 – Published in Atmos. Chem. Phys. Discuss.: 28 November 2014

Revised: 5 March 2015 – Accepted: 18 March 2015 – Published: 8 April 2015

Abstract. The effects of acidic seed aerosols on the forma-

tion of secondary organic aerosol (SOA) have been examined

in a number of previous studies, several of which have ob-

served strong linear correlations between the aerosol acidity

(measured as nmol H+m−3 air sample volume) and the per-

cent change in secondary organic carbon (SOC). The mea-

surements have used several precursor compounds represen-

tative of different classes of biogenic hydrocarbons includ-

ing isoprene, monoterpenes, and sesquiterpenes. To date, iso-

prene has displayed the most pronounced increase in SOC,

although few measurements have been conducted with an-

thropogenic hydrocarbons. In the present study, we examine

several aspects of the effect of aerosol acidity on the sec-

ondary organic carbon formation from the photooxidation of

1,3-butadiene, and extend the previous analysis of isoprene.

The photooxidation products measured in the absence

and presence of acidic sulfate aerosols were generated ei-

ther through photochemical oxidation of SO2 or by nebuliz-

ing mixtures of ammonium sulfate and sulfuric acid into a

14.5 m3 smog chamber system. The results showed that, like

isoprene and β-caryophyllene, 1,3-butadiene SOC yields lin-

early correlate with increasing acidic sulfate aerosol. The ob-

served acid sensitivity of 0.11 % SOC increase per nmol m−3

increase in H+ was approximately a factor of 3 less than

that measured for isoprene. The results also showed that the

aerosol yield decreased with increasing humidity for both

isoprene and 1,3-butadiene, although to different degrees. In-

creasing the absolute humidity from 2 to 12 g m−3 reduced

the 1,3-butadiene yield by 45 % and the isoprene yield by

85 %.

1 Introduction

The role of aerosol acidity in increasing the formation of sec-

ondary organic aerosol (SOA) in the atmosphere continues

to be a topic of considerable debate. Field studies at ground

level have indicated that increases in ambient secondary or-

ganic carbon (SOC) due to ambient acidity are likely sub-

tle. Zhang et al. (2007) examined increases of SOA species

in the Pittsburgh area under acidic conditions, and found at

most a 25 % increase in ambient SOA from the Pittsburgh

area that could be attributed to acid catalyzed effects. In an-

other study from the SEARCH network, Tanner et al. (2009)

report low apparent impacts on aerosol acidity at the rural

sites at Yorkville, GA, and Centreville, AL, where biogenic

hydrocarbons and anthropogenic oxidants from nearby urban

centers might be expected to produce relatively high levels

of aerosol acidity in the presence of the oxidation products

of biogenic hydrocarbons.

Most laboratory studies that aimed at addressing the im-

pact of aerosol acidity on SOA concentrations have focused

on isoprene. Emissions of isoprene (C5H8) from vegetation

constitute the greatest worldwide source of nonmethane hy-

drocarbons (Guenther et al., 1995). SOC formation from iso-

prene has been shown to increase in the presence of sulfate

acidity in smog chamber experiments (Edney et al., 2005;

Surratt et al., 2007), with a variety of organosulfate com-

pounds detected in the aerosol phase (Surratt et al., 2008,

2010).

The effect of acidity to produce organosulfates has been

studied mainly for aerosols with strong biogenic inputs. Sur-

ratt et al. (2007) initially showed that sulfate esters were
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formed in the aerosol products from photooxidations of iso-

prene and α-pinene in the presence of acidic seed aerosol.

These products were then compared to those found in am-

bient aerosol collected at ground sites in the southeastern

US (i.e., the SEARCH network) and found to be similar to

the laboratory aerosol (Jaoui et al., 2008). Additional studies

(Froyd et al., 2010) showed that products of isoprene oxida-

tion could render a single organosulfate compound (IEPOX-

sulfate), which comprised up to 3 % of the organic aerosol

mass under some conditions in the free troposphere.

On a broader basis, laboratory studies have readily shown

that acidic sulfate aerosol produces increased organic aerosol

yields from the products of biogenic and anthropogenic oxi-

dation systems (e.g., Jang et al., 2002). Since the initial stud-

ies, efforts have been undertaken to quantify the magnitude

of the aerosol acidity effect. Surratt et al. (2007) investi-

gated the effect of sulfate acidity on photooxidation prod-

ucts from the isoprene/NOx system. They found that sec-

ondary organic carbon increases linearly with aerosol acid-

ity, [H+]air, an acidity measure that gives its air concen-

tration (nmol m−3) rather than an aerosol pH. Offenberg et

al. (2009) extended this same analysis to examine the acid-

ity effects on monoterpenes (α-pinene) and sesquiterpenes

(β-caryophyllene). For α-pinene aerosol products, the ef-

fect of acidity was found to be independent of organic car-

bon mass present and was a factor of 8 lower than the ef-

fect for isoprene. The β-caryophyllene aerosol products, by

contrast, showed an effect similar to that for isoprene and a

factor of 5 higher than that for α-pinene. Analysis by Chan

et al. (2011) confirmed the presence of organosulfate com-

pounds in β-caryophyllene SOA formed under these condi-

tions. Zhang et al. (2012) performed acidity experiments for

2-methyl-3-buten-2-ol (MBO), a compound structurally re-

lated to isoprene. MBO was shown to be less influenced by

acidity than isoprene or β-caryophyllene, but more affected

than α-pinene. However, this comparison is complicated by

the fact that the MBO experiments were conducted under dry

conditions using the photolysis of hydrogen peroxide to gen-

erate OH radicals; in contrast, Surratt et al. (2007) and Offen-

berg et al. (2009) relied upon NOx photochemistry conducted

at 30 % relative humidity to generate their data.

Concentrations of the isoprene SOA tracer products, 2-

methylthreitol and 2-methylerythritol, have also been found

to rise with increased aerosol sulfate acidity. These results

suggested that particle-phase reactions could contribute to

the increased isoprene aerosol yields and compound concen-

trations. Mechanisms for C5 and C10 organosulfate formation

in the atmosphere have been proposed (Surratt et al., 2008).

Subsequent studies by Paulot et al. (2009) gave strong ev-

idence that the atmospheric formation of isoprene sulfates

under conditions of low nitrogen oxides involved a stable

gas-phase C5-hydroperoxide epoxide. Once uptake of the

epoxide into acidified aerosol occurs, inorganic sulfate nu-

cleophiles were able to convert the epoxide to organosulfates,

and hydrolysis led to the formation of the 2-methyl tetrols,

depending on the competitive rates of different nucleophiles

in the aerosol. However, a recent study by Lin et al. (2013)

reports measurements made in Chapel Hill, NC, an area im-

pacted by anthropogenic oxidant emissions, that show epox-

ide formation also occurs through NOx channel reactions.

In these reactions, methylacryloylperoxy nitrate (MPAN), an

intermediate stable product from isoprene oxidation, reacts

with OH radicals, leading to methyl acrylic epoxide (MAE).

While considerable effort has been expended studying

acidic effects of biogenic precursors, far less effort has been

made to examine such effects on hydrocarbons having an an-

thropogenic origin. An interesting anthropogenic compound

for consideration is 1,3-butadiene (C4H6). The main source

of this compound is from automotive exhaust emissions, al-

though additional sources from cigarette smoke, evaporative

emissions of gasoline, and from biomass combustion have

been reported (Anttinen-Klemetti et al., 2006; Dollard et

al., 2001; Eatough et al., 1990; Hurst, 2007; Pankow et al.,

2004; Penn and Snyder, 1996; Sorsa et al., 1996; Thornton-

Manning et al., 1997; Ye et al., 1998). It has been classified

as a hazardous compound in the 1990 Clean Air Act Amend-

ments (US EPA, 1996), a carcinogenic and toxic pollutant,

and a genotoxic chemical in humans and other mammals

(Acquavella, 1996; US EPA, 2002). With respect to aerosol

formation, 1,3-butadiene is also of interest as a structural ana-

log for isoprene. SOA formation from 1,3-butadiene has been

examined in a number of recent studies (Angove at al., 2006;

Sato, 2008; Sato et al., 2011; Jaoui et al., 2014), although

with only limited consideration of the effects of aerosol acid-

ity.

The main focus of the present study is to explore some

additional aspects of the role of acidic sulfate aerosol in the

formation of SOA from isoprene and 1,3-butadiene. For iso-

prene, we examine the increase in SOA using acidic sulfate

derived from the photooxidation of SO2 to see if the results

are consistent with those using nebulized acidic sulfate seed

aerosol. In addition, we have measured the extent to which

the isoprene analog – 1,3-butadiene – also shows an increase

in SOA formation in the presence of acidic aerosol. The re-

sults are then compared to biogenic compounds previously

studied to determine the relative magnitudes of the effect.

In addition, this study attempts to extend the analysis over a

broader range of humidities in an effort to assess the impact

of aerosol water content on acidity-influenced SOA forma-

tion. In the previous studies by Surratt et al. (2007) and Of-

fenberg et al. (2009), all measurements were conducted at a

single humidity level (30 % relative humidity), while Zhang

et al. (2012) examined only dry conditions. Extending these

studies to a wider range of hydrocarbons and across a more

realistic range of humidities should provide data of greater

atmospheric relevance and contribute to further development

of acidity-influenced SOA chemistry in air quality models.
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2 Experimental

Secondary organic aerosol was generated in a 14.5 m3 fixed-

volume, Teflon-coated reaction chamber. The chamber used a

combination of UV-fluorescent bulbs that provided radiation

from 300 to 400 nm with a distribution similar to that of so-

lar radiation to the extent that can be achieved with UV bulbs

(Kleindienst et al., 2006). The reaction chamber was oper-

ated as a continuous stirred tank reactor having a residence

time of 4 h, to produce a constant, steady-state aerosol dis-

tribution that could be repeatedly sampled at different seed

aerosol acidities.

To supply isoprene and 1,3-butadiene, high-concentration

gas mixtures were produced in high-pressure cylinders di-

luted with nitrogen (N2). Tank concentrations were ap-

proximately 2000 ppm for isoprene and 4500 ppm for 1,3-

butadiene. The hydrocarbons, NO, and SO2 (when used)

were added through flow controllers into the inlet manifold,

where they were diluted and mixed prior to introduction into

the chamber. Inorganic aerosol was added to the chamber

by nebulizing dilute aqueous solutions of ammonium sul-

fate and/or sulfuric acid (TSI, model 9302, Shoreville, MN),

with the total sulfate concentration of the combined solution

held constant in order to maintain stable inorganic concen-

trations in the chamber. The seed aerosol stream then passed

through a 85Kr neutralizer (TSI, Model 3077, Shoreville,

MN) and equilibrated to the computer-controlled relative hu-

midity designated for a particular experiment. To change the

acidity of the seed aerosol, the ratio of the ammonium sulfate

and sulfuric acid solutions was changed to produce a constant

aerosol sulfate concentration (typically ∼ 30 µg m−3) across

the range of acidities used.

Concentrations of isoprene and 1,3-butadiene in the in-

let manifold and chamber were measured using a gas chro-

matograph with flame ionization detection (Hewlett-Packard,

model 5890 GC). NO and NOy were measured with a TECO

model 42C (Franklin, MA) oxides of nitrogen chemilumi-

nescent analyzer, SO2 was monitored by pulsed fluorescence

detection (TECO, model 43A), and O3 was measured with

a chemiluminescent ozone monitor (Bendix model 8002,

Lewisburg, WV). Temperature and relative humidity were

measured with an Omega digital thermo-hydrometer (model

RH411, Omega Engineering, Inc., Stamford, CT).

Aerosol samples were collected on 47 mm Teflon mem-

brane filters (Pall Corporation, Ann Arbor, MI) for determi-

nation of the particulate sulfate concentration (in select ex-

periments) and the aerosol hydrogen ion concentration per

unit volume of air sampled, or [H+]air, expressed as nmol

H+m−3. Aerosol produced in the chamber was collected at

a rate of 10 to 20 L min−1 over a period of approximately

4 h. Filters were extracted by sonication for 30 min using

10 mL of distilled, deionized water in a 50 mL polypropy-

lene vial. Extracts were analyzed for sulfate (SO2−
4 ) ions us-

ing a Dionex DX500 ion chromatography system equipped

with an electrical conductivity detector. Anion analysis was

conducted using a Dionex IonPac AS14A column and an iso-

cratic 4 mM sodium carbonate / 0.5 mM sodium bicarbonate

eluent.

For [H+]air determination, the extracts were allowed to

cool to room temperature and the pH of each extract was

measured with a temperature-compensated Oakton 300 se-

ries pH/conductivity meter (OAKTON Instruments, Vernon

Hills, IL). The [H+]air was calculated by dividing the mea-

sured aqueous concentration of hydrogen ions by the vol-

ume of air collected, as described by Surratt et al. (2007).

While this method provides a simple, easily repeatable mea-

sure of bulk acidity, it does not fully capture the actual acid-

ity of individual aerosol particles, which is more likely to

be of physical significance in these chemical systems. It is

also of limited value in experiments where the relative hu-

midity is varied, as the extraction of the collected aerosol

effectively masks the effects of changing particulate liquid

water concentrations. Further limitations of the [H+]air mea-

surement techniques have been described in detail in Hen-

nigan et al. (2015). While a number of methods have been

developed to measure aerosol liquid water content directly

or estimate it through the use of thermodynamic models

such as ISORROPIA (Fountoukis and Nenes, 2007) or AIM

(Wexler and Clegg, 2002), liquid water measurements were

not available for this study, and insufficient aerosol compo-

sitional information was collected for accurate use of ther-

modynamic modeling. Nevertheless, in the absence of a true

aerosol pH measurement, the [H+]air approach appears to

provide a useful, if limited, surrogate measure under suffi-

ciently constrained experimental conditions.

Measurements of particulate organic carbon were per-

formed with an on-line thermal optical transmittance carbon

analyzer using a parallel plate, carbon strip denuder (Sun-

set Laboratories, Tigard, OR; Birch and Cary, 1996) prior

to aerosol collection on the quartz filter within the instru-

ment. Other details of operation for the carbon analyzer on

the photochemical reaction chamber are described elsewhere

(Offenberg et al., 2007). The duty cycle for this measurement

was 0.75 h (i.e., 0.5 h sampling and 0.25 h analysis times, re-

spectively). All particulate carbon concentrations measured

during the interval of aerosol acidity filter collections were

averaged for comparison with the integrated measurements

of aerosol acidity.

Four different sets of experiments were performed, each

involving multiple stages: (1) an isoprene/NO experiment in

which different concentrations of SO2 were used to gener-

ate varied levels of aerosol acidity, (2) a 1,3-butadiene/NO

experiment in which different nebulizer solutions were used

to generate varied levels of aerosol acidity, (3) a pair of iso-

prene/NO experiments, one using a low-concentration am-

monium sulfate seed and the other using an acidic inorganic

component, in which the inorganic compositions were held

constant while the humidity levels were varied, and (4) a

comparable pair of 1,3-butadiene/NO experiments in which

humidity levels were systematically varied.
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In the isoprene/NO experiment (ER370), the initial mix-

ture of isoprene, NO, and SO2 was irradiated in the chamber

until the reaction mixture reached a steady-state concentra-

tion. For each of the three successive stages, the SO2 concen-

tration was progressively reduced and the reaction mixture

was allowed to equilibrate. In the final stage, SO2 was turned

off to generate a “base case” aerosol from the isoprene/NOx

reaction alone. In all cases, filter measurements were con-

ducted only after the steady-state condition was achieved.

For the 1,3-butadiene/NO experiment (ER444), an ammo-

nium sulfate solution was used to generate approximately

35 µg m−3 of inorganic aerosol to provide a base case. In

subsequent stages, the seed aerosol was made progressively

more acidic by reducing the proportion of ammonium sul-

fate and adding increasing fractions of sulfuric acid to the

solution. This approach offers two main advantages over the

SO2 oxidation method described above. First, it provides a

consistent level of inorganic sulfate aerosol at all stages; in

contrast, the SO2 oxidation produces variable inorganic con-

centrations, and effectively no inorganic content in the base

case without SO2 addition. Second, the addition of the seed

aerosol should have a negligible effect on the gas-phase rad-

ical chemistry, which may otherwise be affected by the con-

version of SO2 to sulfuric acid.

For the humidity studies, each hydrocarbon was exam-

ined with two different experiments. First, each hydrocar-

bon/NO system was tested at multiple humidity levels using

only a low concentration (1 µg m−3) ammonium sulfate seed

aerosol (ER666 for 1,3-butadiene, ER667 for isoprene). This

provided a base case for exploring the changes in SOC for-

mation and aerosol yield in the absence of significant aerosol

acidity. Relative humidities were varied between roughly 10

and 60 %, which corresponded to absolute humidities of ap-

proximately 2 to 14 g m−3. For isoprene, this base case ex-

periment was then repeated in the presence of a moderately

acidic sulfate aerosol, which was held constant across the full

range of humidities examined (ER662). For 1,3-butadiene, a

more acidic inorganic aerosol, generated using a solution in-

corporating a higher fraction of sulfuric acid solution to am-

monium sulfate solution, was employed (ER444).

3 Results and discussion

The experiments presented here support previous studies

suggesting that acidic aerosol can lead to increased SOA

formation from the photooxidation of isoprene under labo-

ratory conditions. Changing the source of the acidity from

nebulized inorganic aerosol to a more atmospherically rel-

evant photochemical conversion of SO2 into acidic sulfate

aerosol produced only a minor change in the resulting per-

cent increase in SOC per unit increase in [H+]air. In addition,

1,3-butadiene, a chemically similar compound released from

primarily anthropogenic sources, was also demonstrated to

produce higher concentrations of SOA under acidic condi-

tions. The humidity experiments further suggest that humid-

ity level, and likely aerosol liquid water content, can have a

substantial effect on SOA formation from isoprene and 1,3-

butadiene. Increasing humidity produces a notable reduction

in SOC formation in both the isoprene and 1,3-butadiene

photochemical systems. However, this reduction is more pro-

nounced in both systems in the presence of acidic inorganic

aerosols, and was most pronounced for the isoprene/NO sys-

tem.

3.1 Isoprene acidity variation

Data for the isoprene/SO2 acidity experiment are provided

in Table 1. For this experiment, the initial isoprene con-

centration was 8.4 ppmC, the initial NO was 0.37 ppm, and

the relative humidity averaged 30 % at 25 ◦C (6.5 g m−3 ab-

solute humidity, on average). SO2 ranged from near back-

ground to 0.23 ppm. Residual SO2 might have contributed

to the background [H+]air of 54 nmol m−3, although this

value is more likely due to aerosol-phase organic products

of isoprene oxidation, particularly organic acids. However,

in terms of the relative changes in percent OC increase, this

background value is of little consequence. Generating the

acidity with SO2 allows the [H+]air to achieve values in ex-

cess of 1500 nmol m−3, a value much greater than can be re-

liably maintained using nebulized solutions. However, unlike

nebulized aerosol, the concentrations of inorganic sulfate in

the product aerosol vary at each stage of the experiment, as

shown in Table 1. Sulfate concentrations were measured by

ion chromatography at each stage of this experiment.

With no added SO2 (stage ER370-9), the organic carbon

from the isoprene reaction resulted in 5.3 µgC m−3 of SOC

formed (corrected for chamber losses). Percent increases

over this base case value ranged from 62 to 459 % at the

highest acidity level (1524 nmol m−3). Figure 1 provides a

plot of the percent change in OC against the aerosol acid-

ity. Error bars for [H+]air are derived from the rated vari-

ability of the pH probe used, converted into nmol m−3 using

the sampling and extraction volumes employed. Error bars

on the OC concentrations are based on the variability in the

replicate semi-continuous OC measurements conducted dur-

ing each sampling period (typically, n> 20). As seen in the

figure, the relative increase in organic carbon correlated well

with increasing acidity, with an R2 of 0.985. The negative

intercept resulted from the small amount of acidity measured

under the condition without SO2, and the slope indicates a

0.31 % SOC increase per nmol m−3 of increased [H+]air.

Despite employing different mechanisms for generating

the acidic aerosol, the agreement in the data between this

study and Surratt et al. (2007) is excellent. The % SOC in-

crease appears to be quite consistent (0.31 for SO2 photoox-

idation vs. 0.32 via nebulization), suggesting that both path-

ways lead to comparable acid enhancements. The results also

suggest that variations in the inorganic aerosol loading do not

strongly impact the observed % SOC increase, at least under
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Table 1. Isoprene SOA as a function of sulfate acidity from the photooxidation of SO2.

Stage Initial SO2 SO−2
4

[H+]air OC OC increase SOC

(ppb) (µgC m−3) (nmol m−3) (µgC m−3) (%) yield

ER370-9 11∗ 0 54 5.3 0.0 0.002

ER370-8 55 8.7 324 8.6 62 0.003

ER370-7 88 15.3 457 10.9 105 0.004

ER370-4 136 31.1 912 16.8 214 0.006

ER370-1 231 59.2 1524 29.8 459 0.011

∗ Measurement subject to possible HC interference. No SO2 was added in stage ER370-9.
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Figure 1. A comparison of the sulfate acidity effect for isoprene

SOA. For Surratt et al. (2007) (open circles), the acidity was derived

from nebulized sulfate aerosol. In the present study (closed circles),

the acidity was derived from the photooxidation of SO2.

the range of conditions considered, which is consistent with

the results previously reported by Offenberg et al. (2009)

for α-pinene/NO acidity experiments conducted at different

SOC concentrations.

Attempting to expand the SO2 experiment to incorporate

additional humidity conditions revealed a further challenge

for the use of SO2 vs. nebulization of sulfate aerosols in these

acidity experiments. Changes to the chamber humidification

also resulted in changes in the amount of SO2 converted

to aerosol-phase acidic sulfate, with higher humidity result-

ing in lower aerosol sulfate concentrations. Nebulized sul-

fate aerosols, in contrast, appear to retain stable aerosol sul-

fate concentrations and [H+]air levels under variable humid-

ity conditions. This limitation could potentially be overcome

through the use of a direct measure of acidity in aerosol par-

ticles. However, given the inherent limitations of the [H+]air

measurement, the nebulization approach provides a cleaner

evaluation of the effects of humidity on SOC formation. For

this reason, the remainder of the experiments presented will

focus on nebulized inorganic sulfate for the generation of

aerosol acidity.

3.2 1,3-butadiene acidity variation

Data for the 1,3-butadiene acidity experiment are provided

in Table 2. For these experiments, the initial 1,3-butadiene

and NO concentrations were 6.8 ppmC and 0.34 ppm, respec-

tively. The first acidity condition once the reaction started

was the base case of pure ammonium sulfate, which rendered

an [H+]air of 48 nmol m−3. The next condition used a nebu-

lizer solution of nominally one-third sulfuric acid and two-

thirds ammonium sulfate to give an [H+]air of 259 nmol m−3;

the third case was a nominal one-third ammonium sulfate

and two-thirds sulfuric acid solution giving an [H+]air of

666 nmol m−3; and the last case used a sulfuric acid solu-

tion only for an [H+]air of 963 nmol m−3. The aerosol sulfate

concentration was measured as approximately 35 µg m−3 for

the ammonium sulfate nebulization prior to the start of pho-

tochemistry; previous measurements have shown that sul-

fate concentrations remain stable as the ammonium sul-

fate/sulfuric acid ratio of the nebulizer solution is varied. The

1,3-butadiene consumed by the reaction ranged from 4.9 to

5.2 ppmC and averaged 5.03 ppmC.

Organic carbon concentrations increased with increasing

acidity at the fixed relative humidity of 30 % (at an aver-

age temperature of 22 ◦C) from the base case of 22.6 to

44.7 µgC m−3 at the highest acidity condition. SOC concen-

trations and percent increases from the base case (ammonium

sulfate) for the four stages are given in Table 2. The % SOC

increases monotonically with sulfate acidity up to nearly a

100 % increase at the highest acidity condition. The yield

determined as [SOC] /1[1,3-butadienecarbon] was calculated

for each condition and found to increase from 0.009 at the

lowest acidity condition to 0.019 at the highest. Since 1HC

remained nearly constant over the entire experiment, the in-

crease in yield was essentially equivalent to the increase in

SOC, that is, a factor of 2.

Figure 2 provides a plot of the percent change in organic

carbon vs. the [H+]air for 1,3-butadiene SOA at 30 % relative

humidity. As seen in the figure, the relative increase in or-

ganic carbon correlated well with increasing acidity, with an

R2 of 0.967. The negative intercept resulted from the small

amount of acidity measured in the base case with the ammo-

nium sulfate nebulizer solution. The plot shows an increase

of 0.112 % SOC for each nmol m−3 increase in [H+]air.
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Table 2. Conditions and OC data for 1,3-butadiene photooxidation with the nebulized inorganic aerosol. For each stage, the initial 1,3-

butadiene was 6.8 ppmC, initial NO was 0.34 ppm, and relative humidity was 30 % (6.1 g m−3 absolute humidity).

Stage [H+]air OC OC 1HC SOC

(nmol m−3) (µgC m−3) % increase (ppmC) yield

ER444-1 48 22.6 0.0 5.0 0.009

ER444-2 259 28.3 25 5.0 0.012

ER444-3 666 41.6 84 5.2 0.016

ER444-4 963 44.7 98 4.9 0.019
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Figure 2. Aerosol acidity effect for 1,3-butadiene/NO, relative

to previously published data (Surratt et al., 2007; Offenberg et

al., 2009). All experiments were conducted with nebulized sulfate

aerosol at 30 % relative humidity.

Figure 2 also compares the results from the 1,3-butadiene

system with similar acidity measurements from this labora-

tory. Superimposed on the sulfate acidity effect from 1,3-

butadiene SOA products are measurements made for three

biogenic hydrocarbons previously studied: isoprene (Surratt

et al., 2007), α-pinene, and β-caryophyllene (Offenberg et

al., 2009). In those studies, SOA formation from isoprene,

β-caryophyllene, and α-pinene was found to correlate with

aerosol acidity as linear relationships with different slopes.

From the present work, the 1,3-butadiene case also follows

the same trend with a slope larger than that of α-pinene and

smaller than that of β-caryophyllene. In all five of these stud-

ies, a relative humidity of 30 % was used.

Table 3 further summarizes all the data from these [H+]air

variation experiments. [H+]air and absolute OC concentra-

tions are given as ranges for the individual studies. For most

of the experiments, Fig. 2 shows the relationship between the

percent change in SOC concentration compared to the “neu-

tral” base case. All data from experiments with isoprene, α-

pinene, and β-caryophyllene are from prior studies in this

laboratory (Surratt et al., 2007; Offenberg et al., 2009) and

use a chamber relative humidity of 30 %. Table 3 also in-

cludes data for the MBO experiment described by Zhang

et al. (2012), where SOA was produced under conditions

of low NOx with the aerosol generated through RO2+HO2

and RO2+RO2 reactions. Unlike the other experiments pre-

sented in Table 3, the MBO experiment was conducted under

dry conditions (less than 3 % relative humidity).

Overall, the sulfate acidity effect follows the order (from

greatest to least effect) isoprene, β-caryophyllene, MBO,

1,3-butadiene, and α-pinene. However, the exact placement

of MBO in this range is somewhat questionable given the

dramatic differences in experimental conditions used in that

study (low NOx chemistry and dry conditions) compared

to the others. In comparing the relative sensitivity of iso-

prene and 1,3-butadiene to sulfate acidity, there is about a

factor of 3 difference in the % SOC response to increasing

[H+]air despite the general structural similarity of the com-

pounds. This could represent a substituent effect that influ-

ences the sensitivity of the gas-phase precursors to reaction

by the acidic sulfate nucleophile, but further organic anal-

ysis of the aerosol-phase constituents would be required to

examine this possibility in detail. Although recent studies

have compared the reaction pathways and products formed

for 1,3-butadiene oxidation vs. isoprene oxidation (Jaoui et

al., 2014), these studies did not focus on acid-influenced re-

actions or organosulfate formation.

3.3 Isoprene humidity variation

Table 4 provides the initial conditions for the two iso-

prene/NO experiments designed to examine changes in SOC

formation and yields resulting from changes in humidity.

In the base case experiment (ER667), the reaction was

conducted in the presence of only a low concentration

(∼ 1 µg m−3) of inorganic aerosol produced through the neb-

ulization of a 10 mg L−1 ammonium sulfate solution. The rel-

ative humidity was then changed in stages from 9 to 49 %

in ∼ 10 % increments (at an overall average temperature of

28 ◦C). At each stage, the chamber was allowed to equi-

librate before a complete set of [H+]air, SOC, and 1HC

measurements was made. Measured [H+]air values aver-

aged 54 nmol m−3 over the course of the experiment, a level

consistent with previous non-acidified isoprene/NO systems

(both Surratt et al., 2007, and ER370 reported above). In

addition, a comparable experiment (ER662) was conducted
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Table 3. Summary of the normalized yields for sulfate acidity effect for precursor hydrocarbons studied to date. SOA formed in the presence

of NOx at 30 % relative humidity, except where indicated.

SOA precursor [H+]air [OC] Normalized Reference

(nmol m−3) (µgC m−3) OC changea

1,3-butadiene 48–963 22.6–44.7 0.11 This work

Isopreneb 54–1524 5.3–29.8 0.31 This work

Isoprene 32–517 12.2–31.1 0.32 Surratt et al. (2007)

α-pinene (low OC) 68–1229 8.0–11.6 0.044 Offenberg et al. (2009)

α-pinene (high OC) 153–1014 40.5–55.3 0.039 Offenberg et al. (2009)

β-caryophyllene 112–1147 10.0–34.0 0.22 Offenberg et al. (2009)

2-methyl-3-butene-2-ol (MBO)c 125–1590 6.5–21.9 0.14 Zhang et al. (2012)

a % SOC change per [H+]air;
b acidity generated from SO2 photooxidation; and c experiment conducted in the absence of NOx under dry

conditions.

Table 4. Reaction conditions for humidity variation experiments.

Exp. Hydrocarbon Inorganic HC NOx Temp. Humidity Humidity

(ppmC) (ppm) (◦C) (%) (g m−3)

ER667 Isoprene Low conc (NH4)2SO4 8.2 0.35 28–29 9–49 2.6–13.1

ER662 Isoprene 1/2 (NH4)2SO4, 1/2 H2SO4 7.0 0.29 27–28 8–44 2.2–11.3

ER666 1,3-butadiene Low conc (NH4)2SO4 7.1 0.42 25–26 11–60 2.5–13.6

ER444 1,3-butadiene 1/3 (NH4)2SO4, 2/3 H2SO4 6.9 0.34 22–23 10–62 1.9–12.3

using a moderately acidic inorganic aerosol generated via

nebulization of a mixed ammonium sulfate and sulfuric acid

solution. In this experiment, duplicate measurements were

made at steady-state relative humidity levels of 8, 28, 44,

and 18 %. The overall average temperature over the course of

the experiment was 27 ◦C. In this experiment, the measured

[H+]air values averaged 275 nmol m−3. Based upon previ-

ous isoprene acidity experiments, this modest level of sulfate

acidity would be expected to produce an increase in SOC of

approximately 50–75 % at a relative humidity of 30 %.

Figure 3 provides a plot of the measured SOC levels as

a function of humidity for these two isoprene systems. Due

to temperature differences between these experiments (and,

more importantly, the 1,3-butadiene experiments described

below), measures of chamber relative humidity have been

converted into absolute humidity (g H2O m−3) to provide a

common basis for all four experiments. Error bars on the hu-

midity axis are determined from the variability in absolute

humidities calculated on a 5 min basis throughout the sam-

pling periods. It is unclear whether relative humidity or ab-

solute humidity is of greater physical significance in the sys-

tems under consideration. A direct measure of aerosol liquid

water content would likely be a more appropriate metric than

either relative or absolute humidity for this study. However,

no method for the analysis of aerosol liquid water content

was available for these experiments.

For the base case experiment, the SOC values range

from a high of 13.3 µgC m−3 at the lowest humidity level

(2.6 g H2O m−3) to just over 3 µgC m−3 at the higher hu-
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Figure 3. A comparison of the effects of humidity variation on

isoprene/NO SOC formation. In ER667 (open circles), only a

low-concentration ammonium sulfate seed aerosol was present. In

ER662 (closed circles), a moderately acidic sulfate aerosol was gen-

erated via nebulization.

midities (10.4 to 13.1 g m−3). The reason for this reduc-

tion in SOC formation is not entirely clear. Gas-phase NOx

and O3 concentrations do not appear to change signifi-

cantly as a function of humidity level, as does the con-

centration of isoprene consumed in the reactions. This sug-

gests that early generation gas-phase oxidation reactions are

probably not altered significantly by changing humidifica-
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tion. Changes in the aerosol liquid water content may af-

fect the gas-particle partitioning of later-generation isoprene

oxidation products, or increased water content may affect

particle-phase organosulfate formation or the formation of

oligomeric species (Pye et al., 2013). Further analysis of gas-

and particle-phase organic constituents is required to further

investigate this effect.

For the acidified experiment, SOC declined from above

30 µgC m−3 at the lowest humidity level (2.2 g m−3) to

around 4 µgC m−3 under the highest humidity condition

(11.3 g m−3). Although the absolute humidities considered in

the two experiments do not correspond precisely, the percent

increase in SOC for the acidic experiment vs. the base case

ranges from approximately 140 % at the lowest humidity lev-

els, to approximately 65–75 % in the mid-range (where these

experiments best overlap with the previous SOC vs. [H+]air

studies), to virtually no statistical difference between SOC

levels above approximately 11 g H2O m−3. Figure 4 provides

SOC yield curves for these two isoprene/NO scenarios. Error

bars on the SOC yields incorporate variability in the repli-

cate measurements of both the inlet and chamber hydrocar-

bon concentration as well as in the semi-continuous OC mea-

surements throughout each sampling period. As in the ex-

periments described in the previous sections, the humidity

changes performed here had a minimal impact on the mea-

sured 1HC. As a result, the isoprene/NO yield plots follow

essentially the same pattern as that seen for SOC formation

in Fig. 3.

These results suggest that humidity can have a profound

effect on the acid-derived enhancement of SOC formation

from isoprene. Although the range of conditions explored

is limited (only a single bulk acidity level; only a partial

range of relative humidities; and only a comparatively nar-

row temperature range, by atmospheric standards), the data

imply that, under some circumstances, high humidity (or

perhaps a high aerosol water content) can essentially sup-

press enhanced SOC formation from isoprene photochem-

istry. These results also reinforce the fundamental weakness

of the [H+]air measurement as a surrogate for acidity levels

in actual aerosol particles. Although the bulk acidic potential

of the systems, as measured by [H+]air, does not change sig-

nificantly over the range of humidities considered, the result-

ing changes in the SOC concentrations suggest that the pH in

aerosol particles may be changing significantly due to varia-

tions in aerosol liquid water content, solution ionic strength,

or other factors not effectively captured by the [H+]air mea-

surement.

3.4 1,3-butadiene humidity variation

Conditions for the two 1,3-butadiene/NO experiments for ex-

amining changes due to humidity variations are presented

in Table 4. As described above, the base case experiment

(ER666) was conducted in the presence of ∼ 1 µg m−3 of

ammonium sulfate aerosol. The relative humidity was then

0.000

0.005

0.010

0.015

0.020

0.025

0 2 4 6 8 10 12 14

S
O

C
 Y

ie
ld

Absolute Humidity, g m-3

Isoprene, seed only Isoprene, Acidic Aerosol

1,3-Butadiene, seed only 1,3-Butadiene, Acidic Aerosol

Figure 4. SOC yields for isoprene/NO and 1,3-butadiene/NO as

a function of absolute humidity. In ER667 (isoprene, open cir-

cles) and ER666 (1,3-butadiene, open diamonds), only a low-

concentration ammonium sulfate seed aerosol was present. In

ER662 (isoprene, closed circles) and ER444 (1,3-butadiene, closed

diamonds), an acidic sulfate aerosol was present.

changed in stages from 10 to 60 % in increments of roughly

10 % each, at an overall average temperature of 22 ◦C. This

was compared with an additional experiment (ER444) em-

ploying an acidic inorganic aerosol nebulized from solution,

with measurements made at steady-state relative humidity

levels of 31, 50, 10, and 62 %, at an overall average tem-

perature of 25 ◦C. The nebulizer solutions used in ER444

used higher levels of sulfuric acid relative to ammonium sul-

fate that the isoprene experiment described above (ER662).

This produced a more acidic inorganic aerosol, with mea-

sured [H+]air values of 718 nmol m−3 on average observed

for the 1,3-butadiene acidic aerosol experiment.

Figure 5 provides a plot of the measured SOC levels

as a function of humidity for these two 1,3-butadiene sys-

tems. For the base case experiment, the SOC values range

from a high of 45.1 µgC m−3 at the lowest humidity level

(2.5 g H2O m−3) to 24.7 µgC m−3 at the higher humidity

(13.6 g m−3). For the acidified experiment, SOC declined

from 60.3 µgC m−3 at the lowest humidity level (1.9 g m−3)

to 31.1 µgC m−3 under the highest humidity (12.3 g m−3).

The range in SOC enhancement from the base case to the

acidified case is far lower than that observed in the isoprene

system, ranging from approximately 35 % at low humidity

to 25 % at high humidity. These enhancements are somewhat

lower than would be expected for this level of acidity based

on the data presented in Fig. 2. SOC yield curves, provided

in Fig. 4, follow this same trend, as the 1HC shows only

minimal variation with humidity.
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Figure 5. A comparison of the effects of humidity variation on

isoprene/NO SOC formation. In ER666 (open diamonds), only a

low-concentration ammonium sulfate seed aerosol was present. In

ER444 (closed diamonds), an acidic sulfate aerosol was generated

via nebulization.

These results are markedly different from those seen for

isoprene/NO, both in terms of the level of SOC enhancement

under the acidic condition and the extent to which the SOC

enhancement declines with increasing humidification. It is

not clear which factors are driving this difference in behav-

ior. Part of the difference likely derives from structural dif-

ferences between the two molecules, as was described above

with respect to the SOC vs. [H+]air studies. Additionally,

the higher level of [H+]air used for the 1,3-butadiene exper-

iment may be partially offsetting the impact of increasing

humidity, as more aerosol liquid water would be needed to

reduce actual particle acidity under these conditions. Other

factors, such as the relative hygroscopicity of isoprene and

1,3-butadiene SOA, may also be contributing. Additionally,

the temperature difference between the two experiments, al-

though relatively small (approximately 3 ◦C on average) may

be sufficient to introduce differences in the gas-particle par-

titioning between the two experiments. Further experimenta-

tion is needed to attempt to better understand which aspects

of these aerosol systems are physically significant for acti-

vation or deactivation of these acid-influenced reaction path-

ways, in order to determine if these pathways are ultimately

important to SOA formation in the ambient atmosphere.

4 Summary

These experiments support previous studies suggesting that

acidic aerosol can lead to increased SOA formation from

the photooxidation of isoprene under laboratory conditions.

Changing the source of the acidity from nebulized inorganic

aerosol to a more atmospherically relevant photochemical

conversion of SO2 into acidic sulfate aerosol gives nearly

identical results as previous nebulized sulfate aerosol experi-

ments. In addition, 1,3-butadiene, a chemically similar com-

pound released from primarily anthropogenic sources, was

also demonstrated to produce higher concentrations of SOA

under acidic conditions, albeit to a lesser extent than was seen

with isoprene. The humidity experiments further suggest that

aerosol liquid water content can have a substantial effect on

SOA formation from isoprene and 1,3-butadiene. Increasing

humidity produces a notable reduction in SOC formation in

both the isoprene and 1,3-butadiene photochemical systems,

which is more pronounced in both systems in the presence of

acidic inorganic aerosols, and was most pronounced for the

acidified isoprene/NO system.

In the isoprene/NO photochemical systems examined in

this study, SOC enhancement due to the presence of acidic

inorganic aerosol was observed to be negligible at absolute

humidity levels above approximately 11 g H2O m−3. This

lower SOC enhancement at elevated humidities may explain,

in part, the difficulties in detecting increased SOA formation

under acidic conditions in field studies of ambient air masses,

particularly in humid climates like the southeastern US. This

work suggests that a more detailed understanding of the role

of humidity and of aerosol liquid water content is likely re-

quired in order to accurately predict the impact of acidity-

influenced oxidation chemistry on overall SOA yields. While

the data presented here may suggest that enhanced SOA

formation via acid-influenced pathways is more constrained

than previous studies may have suggested, it does still appear

to represent a viable pathway for additional SOA formation

from a number of precursor hydrocarbons, which may need

to be incorporated into air quality models in order to accu-

rately estimate secondary PM concentrations in certain loca-

tions.

While these experiments are suggestive, they also include

a number of shortcomings that need to be addressed in fu-

ture work. Perhaps the most significant is the use of absolute

humidity and [H+]air as surrogate measures of aerosol liquid

water content and aerosol pH. Determination of the effective

pH in the aerosol particles through the application of ther-

modynamic models, such as ISORROPIA or AIM, should

provide a more realistic assessment of actual acidity than the

[H+]air approach, provided adequate gas and particle compo-

sition data are obtained experimentally. However, even these

models generally account for only the influence of inorganic

species, while the presence of isoprene SOA products has

been reported as also contributing significantly to water up-

take on ambient aerosols (Guo et al., 2014). This suggests

that, for laboratory experiments with high organic aerosol

concentrations, particularly from isoprene-related parent hy-

drocarbons, direct measurements of aerosol liquid water con-

tent may be required.

Additionally, the relative humidity experiments presented

here consider predominantly systematic increases in relative

humidity. As some phenomena related to aerosol liquid wa-

ter content are known to display hysteresis, such as deliques-
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cence of sulfate aerosols, further testing is needed to deter-

mine if the overall trends in OC vs. humidity are subject

to hysteresis as well. Experiments incorporating descending

relative humidities and larger humidity steps are warranted,

particularly along with the inclusion of liquid water content

measurements. Further examination of the mixing state and

phase of the generated aerosols would also likely be of value,

given that the available interfacial area could affect interac-

tions between H+, sulfate, and SOA, which may in turn affect

organosulfate formation or other pathways to increased SOA

yield.

Finally, further research is needed to examine changes in

organic composition triggered by the effects considered in

this work. In particular, the mechanism through which hu-

midity level affects OC production from isoprene, even un-

der non-acidified conditions, could be important to the se-

lection of appropriate SOC yields in air quality models. A

further examination of the similarities and differences be-

tween acid-influenced OC formation in the isoprene and 1,3-

butadiene systems would also likely be valuable. A more rig-

orous organic analysis of product distributions may help re-

veal why isoprene appears to be significantly more sensitive

to acidic conditions than 1,3-butadiene at low humidity lev-

els, and whether this difference is due to structural effects

related to the additional methyl group affecting gas-phase

chemistry, particle-phase organosulfate formation, or due to

other phenomena, such as differences in volatility and parti-

tioning of oxidized intermediates. A more detailed compar-

ison of isoprene and 1,3-butadiene organic chemistry under

acidic conditions may help with the development of more ac-

curate mechanisms for inclusion in air quality models.

Acknowledgements. The US Environmental Protection Agency

through its Office of Research and Development funded and collab-

orated in the research described here under contract EP-D-10-070

to Alion Science and Technology. It has been subject to agency

review and approved for publication. Mention of trade names

or commercial products does not constitute an endorsement or

recommendation for use.

Edited by: F. Keutsch

References

Acquavella, J. F.: Butadiene epidemiology: a summary of results

and outstanding issues, Toxicology, 113, 148–156, 1996.

Angove, D. E., Fookes, C. J. R., Hynes, R. G., Walters, C. K.,

and Azzi, M.: The characterisation of secondary organic aerosol

formed during the photodecomposition of 1,3-butadiene in air

containing nitric oxide, Atmos. Environ., 40, 4597–4607, 2006.

Anttinen-Klemetti, T., Vaaranrinta, R., Mutanen, P., and Peltonen,

K.: Inhalation exposure to 1,3-butadiene and styrene in styrene-

butadiene copolymer production, Int. J. Hyg. Envir. Heal., 209,

151–158, 2006.

Birch, M. E. and Cary, R. A.: Elemental carbon-based method for

monitoring occupational exposures to particulate diesel exhaust,

Aerosol Sci. Technol., 24, 221–241, 1996.

Chan, M. N., Surratt, J. D., Chan, A. W. H., Schilling, K., Offen-

berg, J. H., Lewandowski, M., Edney, E. O., Kleindienst, T. E.,

Jaoui, M., Edgerton, E. S., Tanner, R. L., Shaw, S. L., Zheng, M.,

Knipping, E. M., and Seinfeld, J. H.: Influence of aerosol acid-

ity on the chemical composition of secondary organic aerosol

from β-caryophyllene, Atmos. Chem. Phys., 11, 1735–1751,

doi:10.5194/acp-11-1735-2011, 2011.

Dollard, G. J., Dore, C. J., and Jenkin, M. E.: Ambient concentra-

tions of 1,3-butadiene in the UK, Chem. Biol. Interact., 135, 177–

206, 2001.

Eatough, D. J., Hansen, L. D., and Lewis, E. A.: The chemical char-

acterization of environmental tobacco smoke, Environ. Technol.,

11, 1071–1085, 1990.

Edney, E. O., Kleindienst, T. E., Jaoui, M., Lewandowski, M., Of-

fenberg, J. H., Wang, W., and Claeys, M.: Formation of 2-methyl

tetrols and 2-methylglyceric acid in secondary organic aerosol

from laboratory irradiated isoprene/NOx/SO2/air mixtures and

their detection in ambient PM2.5 samples collected in the eastern

United States, Atmos. Environ., 39, 5281–5289, 2005.

Fountoukis, C. and Nenes, A.: ISORROPIA II: a computa-

tionally efficient thermodynamic equilibrium model for K+-

Ca2+-Mg2+-NH+
4

-Na+-SO2−
4

-NO−
3

-Cl−-H2O aerosols, At-

mos. Chem. Phys., 7, 4639–4659, doi:10.5194/acp-7-4639-2007,

2007.

Froyd, K. D., Murphy, S. M., Murphy, D. M., de Gouw, J. A., Ed-

dingsaas, N. C., and Wennberg, P. O.: Contribution of isoprene-

derived organosulfates to free tropospheric aerosol mass, P. Natl.

Acad. Sci. USA, 107, 21360–21365, 2010.

Guenther, A., Hewitt, C. N., Erickson, D., Fall, R., Geron, C.

Graedel, T., Harley, P., Klinger, L., Lerdau, M., McKay, W. A.,

Pierce, T., Scholes, B., Steinbrecher, R., Tallamraju, R., Taylor,

J., and Zimmerman, P.: A global model of natural volatile organic

compound emissions, J. Geophys. Res., 100, 8873–8892, 1995.

Guo, H., Xu, L., Bougiatioti, A., Cerully, K. M., Capps, S. L., Hite,

J. R., Carlton, A. G., Lee, S.-H., Bergin, M. H., Ng, N. L., Nenes,

A., and Weber, R. J.: Particle water and pH in the southeastern

United States, Atmos. Chem. Phys. Discuss., 14, 27143–27193,

doi:10.5194/acpd-14-27143-2014, 2014.

Hennigan, C. J., Izumi, J., Sullivan, A. P., Weber, R. J., and Nenes,

A.: A critical evaluation of proxy methods used to estimate the

acidity of atmospheric particles, Atmos. Chem. Phys., 15, 2775–

2790, doi:10.5194/acp-15-2775-2015, 2015.

Hurst, H. E.: Toxicology of 1,3-butadiene, chloroprene, and iso-

prene, Rev. Environ. Contam. T., 189, 131–179, 2007.

Jang, M. S., Czoschke, N. M., Lee, S., and Kamens, R. M.: Het-

erogeneous atmospheric aerosol production by acid catalyzed

particle-phase reactions, Science, 298, 814–817, 2002.

Jaoui, M., Edney, E. O., Kleindienst, T. E., Lewandowski, M., Of-

fenberg, J. H., Surratt, J. D., and Seinfeld, J. H.: Formation of

SOA from irradiated mixtures of isoprene, α-pinene, or toluene

in the presence of NOx and sulfur dioxide, J. Geophys. Res., 113,

D09303, doi:10.1029/2007JD009426, 2008.

Jaoui, M., Lewandowski, M., Docherty, K., Offenberg, J. H., and

Kleindienst, T. E.: Atmospheric oxidation of 1,3-butadiene: char-

acterization of gas and aerosol reaction products and impli-

Atmos. Chem. Phys., 15, 3773–3783, 2015 www.atmos-chem-phys.net/15/3773/2015/

http://dx.doi.org/10.5194/acp-11-1735-2011
http://dx.doi.org/10.5194/acp-7-4639-2007
http://dx.doi.org/10.5194/acpd-14-27143-2014
http://dx.doi.org/10.5194/acp-15-2775-2015
http://dx.doi.org/10.1029/2007JD009426


M. Lewandowski et al.: Atmospheric oxidation of isoprene and 1,3-butadiene 3783

cations for PM2.5, Atmos. Chem. Phys., 14, 13681–13704,

doi:10.5194/acp-14-13681-2014, 2014.

Kleindienst, T. E., Edney, E. O., Lewandowski, M., Offenberg, J.

H., and Jaoui, M.: Secondary organic carbon and aerosol yields

from the irradiations of isoprene and α-pinene in the presence of

NOx and SO2, Environ. Sci. Technol., 40, 3807–3812, 2006.

Lin, Y.-H., Zhanga, H., Pye, H. O. T., Zhang, Z., Marth, W. J., Park,

S., Arashiro, M., Cui, T., Budisulistiorini, S. H., Sexton, K. G.,

Vizuete, W., Xie, Y., Luecken, D. J., Piletic, I. R., Edney, E. O.,

Bartolotti, L. J., Gold, A., and Surratt, J. D.: Epoxide as a precur-

sor to secondary organic aerosol formation from isoprene pho-

tooxidation in the presence of nitrogen oxides, P. Natl. Acad. Sci.

USA, 110, 6718–6723, 2013.

Offenberg, J. H., Kleindienst, T. E., Jaoui, M., Lewandowski, M.,

and Edney, E. O.: Investigation of a systematic offset in the mea-

surement of organic carbon with a semi-continuous analyzer, J.

Air Waste Manage. Assoc., 57, 596–599, 2007.

Offenberg, J. H., Lewandowski, M., Edney, E. O., Kleindienst, T.

E., and Jaoui, M.: Influence of aerosol acidity on the formation

of secondary organic aerosol from biogenic precursor hydrocar-

bons, Environ. Sci. Technol., 43, 7142–7147, 2009.

Pankow, J. F., Luo, W., Tavakoli, A. D., Chen, C., and Isabelle, L.

M.: Delivery levels and behavior of 1,3-butadiene, acrylonitrile,

benzene, and other toxic volatile organic compounds in main-

stream tobacco smoke from two brands of commercial cigarettes,

Chem. Res. Toxicol., 17, 805–813, 2004.

Paulot, F., Crounse, J. D., Kjaergaard, H. G., Kürten, A., St. Clair,

J. M., Seinfeld, J. H., and Wennberg, P. O.: Unexpected epoxide

formation in the gas-phase photooxidation of isoprene, Science,

325, 730–733, 2009.

Penn, A. and Snyder, C. A.: 1,3-butadiene, a vapor phase com-

ponent of environmental tobacco smoke, accelerates arterioscle-

rotic plaque development, Circulation, 93, 552–557, 1996.

Pye, H. O. T., Pinder, R. W., Piletic, I. R., Xie, Y., Capps, S. L.,

Lin, Y. H., Surratt, J. D., Zhang, Z., Gold, A., Luecken, D. J.,

Hutzell, W. T., Jaoui, M., Offenberg, J. H., Kleindienst, T. E.,

Lewandowski, M., and Edney, E. O.: A significant source of iso-

prene aerosol controlled by acidity, Environ. Sci. Technol., 47,

11056–11064, 2013.

Sato, K.: Detection of nitrooxypolyols in secondary organic aerosol

formed from the photooxidation of conjugated dienes under

high-NOx conditions, Atmos. Environ., 42, 6851–6861, 2008.

Sato, K., Nakao, S., Clark, C. H., Qi, L., and Cocker III, D. R.:

Secondary organic aerosol formation from the photooxidation

of isoprene, 1,3-butadiene, and 2,3-dimethyl-1,3-butadiene un-

der high NOx conditions, Atmos. Chem. Phys., 11, 7301–7317,

doi:10.5194/acp-11-7301-2011, 2011.

Sorsa, M., Peltonen, K., Anderson, D., Demopoulos, N. A., Neu-

mann, H. G., and Osterman-Golkar, S.: Assessment of environ-

mental and occupational exposures to butadiene as a model for

risk estimation of petrochemical emissions, Mutagenesis, 11, 9–

17, 1996.

Surratt, J. D., Lewandowski, M., Offenberg, J. H., Jaoui, M., Klein-

dienst, T. E., Edney, E. O., and Seinfeld, J. H.: Effect of acidity

on secondary organic aerosol formation from isoprene, Environ.

Sci. Technol., 41, 5363–5369, 2007.

Surratt, J. D., Gomez-Gonzalez, Y., Chan, A. W. H., Vermeylen,

R., Shahgholi, M., Kleindienst, T. E., Edney, E. O., Offenberg,

J. H., Lewandowski, M., Jaoui, M., Maenhaut, W., Claeys, M.,

Flagan, R. C., and Seinfeld, J. H.: Organic sulfate formation in

biogenic secondary organic aerosol, J. Phys. Chem., 112, 8345–

8378, 2008.

Surratt, J. D., Chan, A. W. H., Eddingsaas, N. C., Chan, M., Loza,

C. L., Kwan, A. J., Hersey, S. P., Flagan, R. C., Wennberg, P.

O., and Seinfeld, J. H.: Reactive intermediates revealed in sec-

ondary organic aerosol formation from isoprene, P. Natl. Acad.

Sci. USA, 107, 6640–6645, 2010.

Tanner, R. L., Olszyna, K. J., Edgerton, E. S., Knipping, E., and

Shaw, S. L.: Searching for evidence of acid-catalyzed enhance-

ment of secondary organic aerosol formation using ambient

aerosol data, Atmos. Environ., 43, 3440–3444, 2009.

Thornton-Manning, J. R., Dahl, A. R., Bechtold, W. E., Griffith Jr,

W. C., and Henderson, R. F.: Comparison of the disposition of

butadiene epoxides in Sprague–Dawley rats and B6C3F1 mice

following a single and repeated exposures to 1,3-butadiene via

inhalation, Toxicology, 123, 125–134, 1997.

United States Environmental Protection Agency (US EPA): Locat-

ing and estimating air emissions from sources of 1,3-butadiene,

EPA-454/R-96-008, Office of Air Quality Planning and Stan-

dards, Research Triangle Park, NC, 1996.

United States Environmental Protection Agency (US EPA): Health

Assessment of 1,3-butadiene, EPA/600/P-98/001F, Office of Re-

search and Development, Washington, DC, 2002.

Wexler, A. S. and Clegg, S. L.:Atmospheric aerosol mod-

els for systems including the ions H+, NH+
4

, Na+, SO2−
4

,

NO−
3

, Cl−, Br− and H2O, J. Geophys. Res. 107, D144027,

doi:10.1029/2001JD000451, 2002.

Ye, Y., Galbally, I. E., Weeks, I. A., Duffy, B. L., and Nelson, P.

F.: Evaporative emissions of 1,3-butadiene from petrol-fuelled

motor vehicles, Atmos. Environ., 32, 2685–2692, 1998.

Zhang, H., Worton, D. R., Lewandowski, M., Ortega, J., Ru-

bitschun, C. L., Park, J.-H., Kristensen, K., Campuzano-Jost, P.,

Day, D. A., Jimenez, J. L., Jaoui, M., Offenberg, J. H., Klein-

dienst, T. E., Gilman, J., Kuster, W. C., de Gouw, J., Park, C.,

Schade, G. W., Frossard, A. A., Russell, L., Kaser, L., Jud, W.,

Hansel, A., Cappellin, L., Karl, T., Glasius, M., Guenther, A.,

Goldstein, A. H., Seinfeld, J. H., Gold, A., Kamens, R. M., and

Surratt, J. D.: Organosulfates as tracers for secondary organic

aerosol (SOA) formation from 2-methyl-3-buten-2-ol (MBO) in

the atmosphere, Environ. Sci. Technol., 46, 9437–9446, 2012.

Zhang, Q., Jimenez, J. L., Worsnop, D. R., and Canagaratna, M.: A

case study of urban particle acidity and its influence on secondary

organic aerosol, Environ. Sci. Technol., 41, 3213–3219, 2007.

www.atmos-chem-phys.net/15/3773/2015/ Atmos. Chem. Phys., 15, 3773–3783, 2015

http://dx.doi.org/10.5194/acp-14-13681-2014
http://dx.doi.org/10.5194/acp-11-7301-2011
http://dx.doi.org/10.1029/2001JD000451

	Abstract
	Introduction
	Experimental
	Results and discussion
	Isoprene acidity variation
	1,3-butadiene acidity variation
	Isoprene humidity variation
	1,3-butadiene humidity variation

	Summary
	Acknowledgements
	References

