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ABSTRACT
Aerosols emitted from various anthropogenic and natural sources undergo constant physi-
cochemical transformations in the atmosphere, altering their impacts on health and climate.
This article presents the design and characteristics of a novel Photochemical Emission Aging
flow tube Reactor (PEAR). The PEAR was designed to provide sufficient aerosol mass and
flow for simultaneous measurement of the physicochemical properties of aged aerosols and
emission exposure studies (in vivo and in vitro). The performance of the PEAR was evaluated
by using common precursors of secondary aerosols as well as combustion emissions from a
wood stove and a gasoline engine. The PEAR was found to provide a near laminar flow pro-
file, negligible particle losses for particle sizes above 40nm, and a narrow residence time distri-
bution. These characteristics enable resolution of temporal emission patterns from dynamic
emission sources such as small-scale wood combustion. The formation of secondary organic
aerosols (SOA) in the PEAR was found to be similar to SOA formation in a smog chamber
when toluene and logwood combustion emissions were used as aerosol sources. The aerosol
mass spectra obtained from the PEAR and smog-chamber were highly similar when wood com-
bustion was used as the emission source. In conclusion, the PEAR was found to plausibly simu-
late the photochemical aging of organic aerosols with high flow rates, needed for studies to
investigate the effects of aged aerosols on human health. The method also enables to study
the aging of different emission phases in high time resolution, and with different OH-radical
exposures up to conditions representing long-range transported aerosols.
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1. Introduction

Atmospheric aerosols have direct and indirect effects
on climate (Myhre et al. 2009; P€oschl 2005;
Ramanathan et al. 1989). Furthermore, airborne par-
ticulates with an aerodynamic diameter below 2.5 mm
(PM2.5) have been associated with negative impacts on
human health in epidemiological and toxicological
studies (Happo et al. 2014; Laden et al. 2000; Maier
et al. 2008; Pope et al. 2004). The sources of atmos-
pheric aerosols can be of natural or anthropogenic
origin, however natural sources account for the major-
ity of atmospheric aerosol mass (Boucher 2015).

Despite this, the contribution of anthropogenic aero-
sols to the total ambient PM2.5 concentration can be
substantial, particularly within urban areas where
there is a concentration of traffic, industry, and energy
production. Physicochemical properties of primary
emissions undergo rapid changes as soon as they are
emitted into atmosphere, through reactions with
atmospheric oxidizing agents, such as OH, O3, and
NO3 radicals (Atkinson and Arey 2003), and changes
in aerosol dynamics, including coagulation/agglomer-
ation and partitioning between gas- and particle
phases (Asa-Awuku et al. 2009). The oxidation of
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organic vapors and inorganic gases, such as NOx and
SO2, leads to the formation of secondary organic aero-
sols (SOA) and inorganic aerosols, which are linked
to the majority of ambient aerosols (Jimenez et al.
2009) and can increase ambient PM mass concentra-
tions many times over (Huang et al. 2014).
Additionally, heterogeneous oxidation alters the chem-
ical composition of primary organic aerosol (POA),
forming aged POA (Kroll et al. 2015). Currently, one
of the main challenges for the assessment of the envir-
onmental impacts of anthropogenic aerosol emissions
is understanding their transformation in the atmos-
phere, which changes the chemical, physical, and
health-related properties of the emissions.

Previous investigators have studied the mechanisms
of SOA formation and the impact of aerosol aging on
physicochemical properties of aerosol particles, using
different emission sources and single precursors, and
both batch (Chirico et al. 2010; Chu et al. 2017; Tiitta
et al. 2016) and flow reactors (Ahlberg et al. 2017;
Jathar et al. 2017; Ortega et al. 2013). Batch reactors
and flow reactors are hereafter referred to as “smog
chambers” and oxidation flow reactors” (OFR)
respectively.

Smog chambers often consist of a Teflon bag sur-
rounded by ultraviolet (UV) lamps or are made of
metal with UV lamps placed inside. These systems are
typically used to simulate either photochemical or
dark ageing reactions at atmospherically relevant con-
ditions and with chamber residence times of the order
of a few hours to days. They are important tools for
atmospheric scientists in elucidating the effects of
various anthropogenic and natural emissions sources
in the atmosphere. However, oxidant exposures in
smog chambers are usually limited to maximum few
days of equivalent photochemical age, due to the lim-
ited experiment time and the usage of atmospherically
relevant oxidant concentrations. As a result, for
example average carbon oxidation states (OSC) of
organic aerosols are typically lower in smog chamber-
aged aerosols than in long-range transported aerosols
(Ng et al. 2010) and the potential total aerosol mass
(Kang, Root, and Brune 2007) may not be formed
within the reactions simulated in the smog chambers.
Furthermore, smog chambers are not able to address
SOA formation potentials for changing molecular
compositions of organic vapors during dynamic emis-
sions, such as car emissions during driving cycles
(Gullett, Oudejans, and Touati 2013) or batchwise log-
wood combustion (Czech et al. 2016), and are usually
stationary and therefore inappropriate for experiments
at different locations.

Mobile OFR typically have shorter residence times
than smog chambers, of the order of seconds to
minutes (Ezell et al. 2014; George et al. 2007; Kang,
Root, and Brune 2007; Keller and Burtscher 2017;
Simonen et al. 2017), and also allow field studies
(Palm et al. 2016; Tkacik et al. 2014). Short residence
times in combination with much higher exposures of
atmospheric oxidizing agents enable oxidation reac-
tions equivalent up to weeks of atmospheric aging,
but may in theory result in different oxidation regimes
than in the atmosphere. Moreover, they may lead to
high saturation ratios of condensable vapors, and into
a dominating nucleation mode for particles leaving an
OFR (Keller and Burtscher 2017). However, the few
comparisons between OFR and smog chambers so far
have found that both methods provide similar OSC
and SOA yields at equal photochemical aging times
(Bruns et al. 2015; Lambe et al. 2015). Nevertheless,
all laboratory aging reactors provide imperfect simula-
tions of atmospheric transformation processes and
therefore utilizing of different designs of reactors, in
addition to direct ambient measurements, are needed
to form a complete picture of atmospheric processes.

Recent epidemiological and toxicological studies
have indicated that both primary and secondary aero-
sols induce adverse effects on human health (Delfino
et al. 2010; Huang et al. 2012; Shiraiwa et al. 2017;
Verma et al. 2009). To study the role of atmospheric
aging on the toxicological properties of aerosol emis-
sions from a single source, relatively high aerosol sam-
ple volumes and concentrations are needed. Modern
air–liquid interface cell exposure systems (Paur et al.
2011) require several cubic meters of sample per hour
(Kanashova et al. 2018; Oeder et al. 2015) when com-
bined with filter sampling and online physicochemical
characterization of aerosols. This requirement can
potentially be met with existing OFR methods (Ezell
et al. 2010), but not without compromising the time
resolution of the measurements. In a previous study
using a smog chamber, the issue of low aerosol con-
centration has been tackled by aerosol enrichment
(K€unzi et al. 2015), but the effect of the enrichment
technique on aerosol properties has not yet
been clarified.

In this article, we propose a new high-volume oxi-
dation flow reactor for emission aging studies, called
“Photochemical Emission Aging flow tube Reactor”
(PEAR) which aims to fulfill the following criteria: (1)
Flow rate in the range of 50–200 L min�1 to provide
sufficiently high flow rates for emission studies com-
bining toxicological in vitro/in vivo studies with physi-
cochemical characterization of emission aerosols; (2)
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Adjustable and broad range of OH-radical concentra-
tions similar to PAM-type OFR (Kang, Root, and
Brune 2007), giving a possibility to photochemically
age relatively high aerosol concentrations, and up to
OH exposures representing long-range transported
emissions (i.e. 1–10 days of photochemical age); (3)
Independent control of OH and O3 exposure, to
simulate different oxidative conditions; and (4)
Laminar flow profile with narrow residence time dis-
tribution (RTD) to provide photochemical processing
with low interaction of sample with reactor walls, low
wall losses and to enable distinction of highly time-
dependent transient phases of emissions from com-
bustion processes.

2. Methods

2.1. Photochemical Emission Aging flow tube
Reactor (PEAR) setup

PEAR denotes an OFR with a total volume of 139 L, a
total surface area of 2.28m2 and a resulting surface-
to-volume ratio of 16.4m�1, including the surface
area of the UV lamps. It consists of three sections
with distinctive functions: the inlet diffuser, the
reactor, and the outlet. All three sections are made
mainly of (conductive) stainless steel (grade 316L) to
avoid losses of charged particles (Brockmann 2001)
and to enable easy cleaning. The inlet diffuser intro-
duces the aerosol into the reactor. It was designed to
minimize backflow and recirculation of the aerosol,
which can occur as a result of an expanding cross-sec-
tional area. It was constructed with the following
dimensions: 90 cm length, 1 cm inner diameter (ID) at
the inlet, and 36 cm ID at the outlet. For the design of

the PEAR inlet, we did not resort to conventional
shallow angle cone (e.g. 7� half opening angle), since
this would have made the diffuser unacceptably long
(approx. 150 cm). Furthermore, it has been shown
that the optimal opening angle depends on several
parameters, e.g. flow Reynolds number at the diffuser
inlet (Sparrow, Abraham, and Minkowycz 2009).
Instead, the expansion profile of the diffuser follows a
curvature of circular geometry (R¼ 1300mm) until
opening half angle of 14� is reached. Behind, the dif-
fuser continues as a cone (Figure 1). The selection of
this basic design is supported by numerical simula-
tions (Section 2.2), which was also included for refin-
ing the geometry.

In the cylindrical reactor part, with 120 cm length
and 36 cm inner diameter, four UV lamps (Osram,
HNS 55W G13 HO) are located close to the inner
wall of the reactor. The UV lights are surrounded by
a quartz tube, which enables a flow of cooling air
between the UV lamps and the quartz tubes. Cooling
reduces temperature increase that would affect gas-
particle partitioning and decreases relative humidity.
As characteristic for mercury vapor lamps, the emis-
sion spectrum peaks at 254 nm and covers increasing
emissions bands from UV-B up to visible blue light at
approximately 440 nm (online Supplemental
Information, Figure S1). Moreover, the UV lamps
may be turned on and off individually and regulated
to emit at various intensities.

The PEAR outlet has been divided into two con-
centric areas: the ring flow (4 cm wide circular outlet
region near the wall) and the main sample flow. A
small portion of the total flow (20%) is diverted to the
ring flow outlet, which removes the near wall portion
of the volume flow. Thus, wall losses and reactions of
the measured aerosol are potentially reduced.

The photo-oxidation of the sample in the reactor
follows the “Potential Aerosol Mass (PAM)” concept
(Kang, Root, and Brune 2007; Lambe et al. 2011). OH
radicals are produced inside the reactor by ozone (O3)
photolysis and subsequent reaction of the short-lived
oxygen radical O(1D) with water (H2O) vapor through
the following reactions:

O3 þ UV ð254 nmÞ ! Oð1DÞ þ O2 (1)

Oð1DÞ þ H2O ! 2 OH (2)

The required ozone and water vapor are fed into
the reactor externally and are pre-mixed with the
aerosol sample before entering the PEAR. To minim-
ize particle contamination, which might act as seed
aerosol, the ozone–air mixture is filtered by a HEPA
filter prior to introducing it to the main flow. Ozone

Figure 1. Geometry of the Photochemical Emission Aging flow
tube reactor (PEAR; left) and geometry of the diffuser (right).
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is generated by exposing purified air (Model 737–250,
Aadco Instruments Inc., USA) or oxygen to a high-
energy UV lamp (emission peak at 185 nm). The con-
centration of ozone at the PEAR outlet is measured
with an ozone analyzer (Thermo 49i). The volumetric
flow rate from the ozone generator outlet negligibly
dilutes the aerosol sample by approximately 1% for a
total flow of 100 L min�1. The water vapor is pro-
duced from deionized water and from clean air which
has been treated with an Aadco air purifier.
Subsequently, the purified air of high humidity flows
through a Nafion

TM

humidifier (Perma Pure LLC, NJ,
USA). The humidifier was heated to enhance the con-
centration of water vapor. The humidity of air has a
substantial impact on aging chemistry and gas-particle
partitioning (Jia and Xu 2013). If not otherwise stated,
aging experiments were performed at 50 ± 2% relative
humidity, which closely resembles ambient conditions,
and with a volume flow rate at the humidifier outlet
of less than 10% of the total aerosol flow. The relative
humidity was measured and controlled using a
humidity and temperature sensor (HMP 110/65,
Vaisala, Finland) downstream of the PEAR.

The photon flux of lamps for the highest UV inten-
sity was estimated as 1.8� 1016 photons cm�2 s�1,
based on the known lamp power (4� 55W), lamp effi-
ciency (�30%) and PEAR internal surface area
(0.47m2). The validity of the calculated photon flux was
checked by measuring the decay of O3 due to photolysis.
Based on the ozone decay, an estimate for maximum
photon flux of 2.3� 1016 photons cm�2 s�1 is received
using the Oxidation Flow Reactor Exposure Estimator
3.1 (Li et al. 2015; Peng et al., 2016), which is in good
agreement with the lamp power-based estimate.

2.2. Design optimization by CFD simulation

Numerical simulations were applied during the design
process of the PEAR with emphasis on the perform-
ance of the diffuser introducing aerosol sample into
the reactor. Diffuser geometry was optimized by alter-
ing the geometry parameters (opening curvature
radius and opening angle in Figure 1) and by observ-
ing the undesired backflow regions with numerical
simulations. The average flow field was simulated
using ANSYS Fluent (ANSYS 16.0) software in three
dimensions. Turbulence was modeled using a SST-k-
w-turbulence transfer model with advanced wall treat-
ment. This model shows good performance among
the turbulence models used for Reynolds-averaged
Navier-Stokes (RANS) equations in diffuser-type CFD
(Computational Fluid Dynamics) problems (El-Behery

and Hamed 2009; Obi, Aoki, and Masuda Kyoto, Japan,
1993). Nonetheless, Obi, Aoki, and Masuda (1993) dem-
onstrated that the SST-k-w model may overpredict the
extent of the separation region. Hybrid tetrahedral–hex-
ahedral mesh consisting of 3.2M computation cells
were used. The steady state of the flow field was simu-
lated. Simulation data was also applied to define the
RTDs, as described in the next section.

2.3. Residence time distributions

A step input method was applied to experimentally
evaluate the RTD. Downstream of the PEAR, mass
flow controllers (suction) were used to set the desired
flow rate into the tube while feeding purified air into
the inlet. Two different flow rates of 50 (40 L min�1

main flow and 10 L min�1side flow) and 100 L min�1

(80 L min�1main flow and 20 L min�1side flow) were
used. The latter value was the optimal flow rate set-
ting. After the flows were configured, a constant flow
rate of CO2 was injected into the flow tube inlet. The
concentration of CO2 was then monitored at the out-
let of the PEAR with a trace level CO2 analyzer (ABB
AO2040). Measured CO2 concentrations were
smoothed by averaging the values with a moving time
window of 5 s. Finally, the RTD was calculated from
the differential CO2 concentration at the outlet.

To compare the theoretical residence time results
with the empirical ones, the progression of CO2 gas in
PEAR was simulated. Steady state results of the RANS
flow fields were applied and only the progression of
the CO2 was solved as unsteady (e.g. Adeosun and
Lawal 2009). Finally, the residence time function was
solved by applying step input injection.

2.4. Particle losses

The particle losses in the flow tube were examined
with silver aerosol particles. The silver aerosol par-
ticles were generated by spray pyrolysis. A liquid solu-
tion of AgNO3 in methanol was atomized with an
ultrasonic nebulizer (Pyrosol 7901, RBI, France). The
atomized solution was transported with nitrogen gas
(1.5 L min�1) to a hot wall reactor (800 �C). In the
reactor the methanol evaporated and the AgNO3

decomposed, forming metallic Ag particles. The prod-
ucts from the hot wall reactor were diluted in room
temperature air (15 L min�1) using a porous tube
diluter. To investigate the relationship between par-
ticle loss and particle size, the generated particles were
size classified with a differential mobility analyzer
(DMA model 3081) operated with a sheath flow of
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10 L min�1, a sample flow of 3 L min�1, and with
electrical mobility sizes ranging from 20 to 200 nm.
The aerosol fed to the PEAR was characterized with a
scanning mobility particle sizer (SMPS, DMA model
3081 with sheath flow 3 L min�1, CPC model 3775
with 0.3 L min�1 sample flow, TSI Inc., Shoreview,
MN, USA) upstream and after passing the PEAR. The
same SMPS was used to measure particle number size
distributions both up- and downstream of the PEAR
to prevent systematic errors from occurring as a result
of measuring with different devices. For each particle
size, the stability of the silver particle generation and
particle size distribution were monitored by measuring
the upstream size distribution again after the down-
stream scans. At least three scans were measured for
each condition.

2.5. Low-volatile organic compound (LVOC) losses

In the atmosphere organic compounds with low volatil-
ities (LVOCs) typically condense onto aerosol particles.
However, in flow reactors the loss of LVOCs can poten-
tially be governed by other mechanisms (e.g. deposition
onto chamber walls) due to the short aerosol residence
times (Kang, Root, and Brune 2007; Lambe et al. 2011)
and high concentration of oxidant in flow reactors
(Palm et al. 2016). In the case that other mechanisms
play a significant role in LVOC losses then the flow
reactor measurements may underestimate the potential
for SOA formation. To reduce wall losses, the PEAR
was designed with a relatively small surface area to vol-
ume (A/V) ratio (16.4m�1). This value is lower than
that of many smaller OFRs which have similar aerosol
residence times (Ezell et al. 2010; George et al. 2007;
Simonen et al. 2017) with the PEAR.

The lifetime for LVOC condensation onto aerosols
with a diameter dp at temperature T is calculated as

s ¼ 1
CS

(3)

where condensation sink (CS) with unit s�1 is calcu-
lated as

CS ¼ 2pD
ð1
0
dpbM dp

� �
n dp
� �

ddp (4)

(Lehtinen et al. 2003) with the diffusion coefficient D
and particle size distribution n(dp). The transitional
correction factor bM can be expressed as (Fuchs and
Sutugin 1971)

bM ¼ Knþ 1
0:377Knþ 1þ 4

3 a
�1Kn2 þ 4

3 a
�1Kn

(5)

by using the accommodation coefficient a and the
Knudsen number Kn. The latter can be calculated as

Kn ¼ 2kg
dp

(6)

where kg is the mean free path of the condensing gas.
Similar to Palm et al. (2016), molecular mass Mg of

200 g mol�1 for LVOCs, diffusion coefficient D of
7� 10�6 m2s�1 and accommodation coefficient a of 1
was applied.

Based on the simple LVOC model reported in Palm
et al. (2016), and in the absence of condensation sink or
oxidants, LVOC wall losses for PEAR flow tube are 8,
12, and 15% for residence times of 50, 75, and 100 s,
respectively (online Supplemental Information). In all of
the experiments with real combustion exhaust aerosols,
the CS of aerosols was relatively high (minimum of
0.07 s�1) and hence the condensation onto aerosols
dominated the molecular flux of LVOC; the wall losses
are estimated to be less than 2.1% for all different
experiments and OH exposure cases. A more detailed
description of the LVOC loss calculations can be found
from the online Supplemental Information.

2.6. Determination of OH exposure by measuring
SO2 decay

The correlations between OH-radical concentrations,
UV lamp voltage, relative humidity (HMP 110/65,
Vaisala, Finland), and ozone feed (Thermo 49i) were
investigated by measuring the decay of SO2 (Thermo
43i-TLE) to sulfate aerosol during oxidation in the
reactor. SO2 was first fed into the reactor with purified
air, ozone, and water vapor. The initial concentration of
SO2 in the reactor was 50ppb. The rate of conversion of
SO2 was determined by measuring the SO2 concentra-
tion up- and downstream of the PEAR at steady-state
conditions, and applying the following pseudo-first order
kinetic equation (Lambe et al. 2015):

OH exposure ¼ � 1
kOHSO2

ln
SO2½ �
SO2½ �0

 !
(7)

with a bimolecular kinetic constant k of 9� 10�13 cm3

molec�1 s�1 (Davis, Ravishankara, and Fischer 1979).

2.7. Photochemical aging of toluene

Toluene is a SOA precursor compound, which is fre-
quently used in aerosol aging experiments. Experiments
were carried out with toluene to compare features of
PEAR with those of previously reported OFR. Toluene
vapor was fed into the PEAR without seed aerosol via a
diffusion tube at initial concentrations of 94 and 230
pbb, together with ozone, purified air, and water vapor
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(relative humidity of 50%). The particles measured
downstream of the reactor resulted from nucleation and
subsequent condensation of oxidation products of the
toluene. Toluene gas phase concentrations and particu-
late organic mass at the outflow of the PEAR were ana-
lyzed by a high-resolution proton-transfer-reaction time-
of-flight mass spectrometer (HR-PTR-ToF-MS, Ionicon,
Austria) and a high-resolution aerosol mass spectrom-
eter (HR-AMS, Aerodyne Research Inc., MA, USA),
respectively. The photochemical age of the resulting OA
was estimated from a reaction constant between toluene
and OH of 5.7� 10�12cm3 s�1 (Barmet et al. 2012),
while SOA yields were calculated by dividing the formed
OA mass by the reacted mass of toluene (Odum et al.
1996). OA from aging of toluene, as well as from the
combustion emissions from sources described in the fol-
lowing section, were characterized from AMS mass spec-
tra using the fragmentation table for elemental analysis
of OA AMS spectra (Canagaratna et al. 2015) and OSC
calculation (Kroll et al. 2011).

2.8. Photochemical aging of real-world
emission sources

The utilization of PEAR was demonstrated with emis-
sions from two real-world emission sources to investi-
gate its capability to simulate aging of complicated
combustion aerosol mixtures, to follow sources with

dynamic emission profiles, and to determine SOA
emission factors (EF).

In the first experiments, aging of emissions from a
2.0 L turbo-charged flexi-fuel direct injection spark-
ignition engine (DISI) on an engine test bench were
investigated using a PEAR flow rate of 50 L min�1.
The engine refers to a standard compact passenger car
engine, equipped with a three-way catalyst and fulfill-
ing the EURO5 emission norm. Commercial E10 gas-
oline, consisting of gasoline and maximum 10%
bioethanol, was used as fuel. The engine was operated
under conditions based on New European Driving
Cycle (NEDC) as well as steady state conditions, cor-
responding to speeds of 80 and 120 km h�1, which
were controlled by an electric eddy current dynamom-
eter (WM 400, Schenck RoTec GmbH, Germany).
The presented engine cycle data comprises of emis-
sions from NEDC-related engine power under hot
start conditions (started after one cold start cycle),
which was consecutively repeated four times. In the
following sections, we refer to the NEDC-related driv-
ing conditions as “engine cycle” (EC) to avoid ambi-
guity error with emissions from true NEDC chassis
dynamometer tests.

Engine emissions were first diluted with a dilution
ratio of 40 by a combination of porous tube and
ejector diluters (Lyyr€anen et al. 2004) (Venacontra,
DAS, Finland). The diluted emissions were then

Figure 2. Schematic diagram of the experimental setup used for aging of combustion emission sources.

AEROSOL SCIENCE AND TECHNOLOGY 281



premixed with water vapor and ozone, and finally
introduced to the PEAR (Figure 2). OH exposure was
estimated by continuously supplying a trace level of
d9-butanol to the aerosol sample and subsequently
measuring the decay of d9-butanol (Barmet et al.
2012) by a PTR quadrupole mass spectrometer (PTR-
QMS, Ionicon, Austria). From the relative decay, OH
exposure and related photochemical age was calcu-
lated assuming a reaction constant for d9-butanol and
OH of 3.4� 10�12 cm3 s�1 (Barmet et al. 2012). CO2

concentrations were measured from the undiluted
exhaust (FTIR, Gasmet, Finland and AIDE, Germany),
freshly diluted exhaust (AIDE, Germany) and from
aged aerosol downstream of the PEAR (Vaisala
Carbocap GMP343, Finland) to determine and adjust
the dilution ratios. Particulate emissions downstream
of the PEAR were measured by HR-AMS and SMPS.

In the second experiments, aging of wood combus-
tion emissions was studied using a PEAR flow rate of
60 L min�1. Wood combustion emissions were gener-
ated by burning three consecutive batches (�a 2.5 kg) of
spruce logwood in a modern heat-storing masonry
heater (Hiisi 4, Tulikivi Ltd., Finland), which was
equipped with two-stage combustion air supply
(Nuutinen et al. 2014). The wood combustion exhaust
was diluted with a mean dilution ratio of 137, leading
to mean primary PM, NOx, and non-methane hydro-
carbons (NMHC) concentrations of 518 mg m�3, 190,
and 147 ppb, respectively. These levels are about 2–3
times higher than previously used in chamber experi-
ments (Tiitta et al. 2016), but peak concentrations,
especially during ignition, can increase the difference
to chamber experiments to a temporary factor of 15.
However, according to the study of Peng and Jimenez
(2017) this should be still within atmospherically

relevant operating conditions for OFR apart from
approximately 20 s after addition of new batch of
logwood with OH reactivity (OHR) above 400 s�1

and NO concentrations of 150 ppb (see Section 3.6.).
In addition, three batches (�a 2 kg) of beech logwood
were burned in a typical modern nonheat retaining
chimney stove (Aduro 1.1, Denmark), which was
also equipped with combustion air staging
(Nussbaumer 2003). The ignition of the first batch
was always conducted top-down using 150 g of
spruce sticks as kindling. Dilution, sampling, and
aging of the emissions were done in the same way as
was done for the modern masonry heater
experiments. The aged emissions were analyzed by
HR-PTR-ToF-MS, HR-AMS, SMPS and CO2

analyzers downstream of the PEAR.

3. Results and discussion

3.1. Flow conditions and RTDs

The velocity field and the residence time inside the
PEAR were numerically simulated and the results
were compared with the residence times obtained
experimentally (Figure 3). Simulations and experi-
ments were carried out for two total volume flows, 50
and 100 L min�1. The simulated velocity fields show
that with both flow rates there are only minor recircu-
lation zones at the diffuser. The Reynolds number in
the reactor section depends on the total flow, but is in
laminar regime as Reynolds numbers account for 200
and 400 at 50 and 100 L min�1 flows, respectively. At
the diffuser inlet, the Reynolds number of the flow is
7,000 and 14,000 for 50 and 100 L min�1 flows,
respectively, indicating turbulent flow at the beginning
of the diffuser. However, the aerosol residence time at

Figure 3. Top: Axial velocity fields from CFD simulations for optimized diffuser at flowrates (a) 50 L min�1, (b) 100 L min�1, and
(c) a velocity field of a diffuser with too fast expansion diffuser design at 100 L min�1, causing excessive back flows in comparison
to a and b. Red circular areas show the regions where the axial flow direction is backwards. Bottom: residence time distributions
for 50 L min�1 (left) and 100 L min�1 (right) flow rates.
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the narrow inlet with high Reynolds number is short
(�10ms) and therefore the high turbulence does not
enhance aerosol losses in any significant extent.

As expected for viscous flows with wall interac-
tions, the simulated residence times define a right-
skewed distribution with global maxima at 95 and 62 s
for 50 and 100 L min�1, respectively. The mean resi-
dence times and their deviations are (140 ± 60) s and
(70 ± 20) s for 50 and 100 L min�1, respectively. The
RTD maxima determined experimentally occur earlier
than predicted by simulations (135 and 67 s with 50
and 100 L min�1 flows, respectively). This indicates
that the flow field is not as optimum as the numerical
simulations predicted and the flow recirculation and
eddies are fairly stronger than anticipated, especially
at the flow rate 50 L min�1. Additionally, local max-
ima appear at the higher residence times in the RTD
histogram. This undesirable feature may be caused by
unpredictable diffuser performance at the 50 L min�1,
i.e. the backflow regions are substantially larger than
predicted. Another probable cause of discrepancy
between the measured and the simulated residence
times is that the temperature differences are not
included in the simulations and therefore natural con-
vections arising from temperature gradient
are excluded.

For comparison, a velocity field of a diffuser with
too fast expansion rate is illustrated in Figure 3c. The
results indicate severe flow separations from the wall
causing substantial recirculation areas. In general, a
shorter diffuser would be beneficial to have a more
compact construction of the flow tube, but the simula-
tions clearly show that with a short diffuser flow per-
formance is not on the desired level and distinctly
worse than in PEAR.

3.2. Particle losses

Stainless steel as conductive metal was chosen as wall
material to reduce losses by electrostatic precipitation.
The transmission efficiency of silver particles of differ-
ent mobility diameters at flow rate of 50 and 100 L
min�1, are illustrated in Figure 4. Particles with
mobility diameters larger than 50 nm are transmitted
with 90–100% efficiency, which is considerably higher
than reported for example by Lambe et al. (2011) for
the PAM tube constructed of nonconductive Pyrex
tube. The transmission efficiency noticeably declines
for smaller particles whose predominant loss mechan-
ism is diffusion. However, transmission efficiencies
above 50% were measured even for 20 nm particles at
a flow of 50 L min�1 and above 70% at 100 L min�1.

The lower losses at 100 L min�1 can be explained by
more optimized flow conditions as indicated in Figure
3. Although those small particles account only for a
low amount of total particle mass, they are highly
relevant for aerosol emission toxicology in exposure
studies, as they penetrate the respiratory system
deeply from the extrathoracic region through to
alveoli (Heyder 2004).

3.3. Relations between OH exposure, relative
humidity, UV lamp voltage, and ozone
concentration

The OH exposures in the flow tube with varying oper-
ating parameters are shown in Figure 5(left). During
variation of the ozone concentration and the UV
lamp output power, the relative humidity was main-
tained at 50 ± 2%. The OH exposure increases propor-
tional to increasing UV lamp driving voltage with
higher slopes at higher ozone feed concentrations. As
an upper limit, OH exposure corresponding to photo-
chemical aging up to 14 days can be achieved at 50%
relative humidity. In the following, an average OH
concentration of 1� 106 molec cm�3 (Prinn et al.
2001) for typical boundary layer conditions was used
when photochemical ages are presented. Furthermore,
the relative humidity also affected the OH exposure,
but less than UV lamp power or ozone concentration.
A linear relation between photochemical age and rela-
tive humidity was observed (Figure 5, right), similar
to previous studies (Kang, Root, and Brune 2007).

Figure 4. Size dependency of transmission efficiency for silver
particles at flow rates of 100 L min�1 (circles) and 50 L min�1

(triangles) in PEAR (green) and literature data of transmission
efficiencies for OFR Potential Aerosol Mass reactors (PAM) with
Pyrex (blue; Lambe et al. 2011) and conductive metal cham-
bers (black; Karjalainen et al. 2016), as well as for TUT
Secondary Aerosol Reactor (TSAR) (grey; Simonen et al. 2017).
The literature data consists of measurements using silver par-
ticles, dioctyl sebacate (DOS), Ammonium nitrate (AN) and
bis(2-ethylhexyl) sebacate (BES) as test aerosols.
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3.4. Toluene photochemical aging

Toluene is an important anthropogenic SOA precur-
sor in the atmosphere (Bruns et al. 2016) and is emit-
ted in considerable amounts from a variety of sources,
such as traffic and biomass combustion (Andreae and
Merlet 2001; Saliba et al. 2017). Steady-state experi-
ments were conducted with initial toluene concentra-
tions of 94 and 230 ppb, and OH exposures in the
range 0.8–3.5� 1011 molec cm�3 s (Figure 6). SOA
yields for high-toluene experiments started to decrease
from maximum value of 43% when OH exposure
exceeded 3.2� 1011 molec cm�3 s. This phenomenon
has been also observed qualitatively in other previous
aging experiments with toluene (Simonen et al. 2017)
and a-pinene, which was addressed to an enhanced

importance of fragmentation relative to decreased
vapor pressures by functionalization (Lambe et al.
2015). For low-toluene experiments, a linear relation
between OH exposure and SOA yield was obtained,
while for high-toluene decreasing yields were obtained
for OH exposure > 3� 1011 molec cm�1 s. The abso-
lute SOA yield of aging toluene without seed aerosol
and NOx agrees well with an experiment done at
ILMARI smog chamber (Leskinen et al. 2015), but
appears to be higher than observed for aging studies
with other OFR (Simonen et al. 2017). A possible
explanation for the relatively high SOA yields is the
low losses of LVOC and ultrafine particles in the
PEAR system. Apparently, OSC of toluene SOA
appears slightly lower in other flow reactors at similar
OH exposure (Simonen et al. 2017) (online
Supplemental Information, Figure S2). In other words,
high OSC can be achieved in PEAR at lower OH
exposure. However, it should be noted that, compared
to the PEAR, the flow tubes discussed by Simonen
et al. (2017) differ in several important design and
experimental parameters. Therefore, we cannot unam-
biguously elucidate the bias in the relation between
OH exposure and OSC.

3.5. Aging of emissions from a spark-
ignition engine

The oxidation of the DISI engine emissions were con-
ducted with the engine cycle (NEDC) and steady
states resembling the car driving at 80 or 120 km h�1

with configured exposures from 0 to 7.3� 1011 molec
cm�3 s, equivalent to 0–8.4 days of atmospheric

Figure 5. UV lamp voltage vs. photochemical age at (a) different ozone levels and 50% relative humidity, and (b) relation of
photochemical age vs relative humidity (RH) at fixed UV lamp voltage of 4� 3 V and ozone feed concentration of 1280 ppb. Both
results were obtained from SO2 degradation and using flow rate of 100 lpm. To calculate photochemical age, ambient OH concen-
tration of 106 molec cm�3 was used.

Figure 6. Van-Krevelen diagram of OA obtained from toluene
photochemical aging. SOA yield and OH exposure are repre-
sented by color code and marker size, respectively.
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photochemical aging. Moreover, emissions from EC
were exposed to only ozone, and the emissions of
constant 120 km h�1 to only UV light. The results are
summarized in Figure 7, depicting the dependence
between photochemical age and OSC as well as the
enhancement in mass after aging. POA from EC fea-
tured slightly higher OSC of �1.0 compared to steady
state emissions at 80 and 120 km h�1, with OSc of
�1.3 and �1.4, respectively. After aging, the OSC for
all emissions were substantially enhanced with an
approximate increase in OSC per day of photochem-
ical aging of 0.2 d�1 for EC and 0.5 d�1 for 80 km
h�1. Simultaneously, initial OA concentrations of
102 mg m�3 (EC), 98 mg m�3 (120 km h�1) and 67 mg
m�3 (80 km h�1) increased with enhancement ratios
(EROA, defined as ratio of aged OA to nonaged OA),
between 2.6 and 2.8 in all experiments with photo-
chemical aging equivalent to 3–4 days. Higher OH
exposure up to 8.4 days had only a small additional
effect, and led to overall EROA of 3.1. All these EROA

are distinctly lower than those reported at similar OH
exposures in previous studies (Karjalainen et al. 2016;
Pieber et al. 2018b; Timonen et al. 2017), which can
be likely addressed to the hot start condition for the
engine, the fact that no real car on a dynamometer
was investigated, and in case of Pieber et al. (2018b) a
different fuel with less than 0.5% of ethanol was used.
Compared to continuous driving, the cold start
included in NEDC produces orders of magnitude
higher VOC emissions (Drozd et al. 2016), many of
which are potential SOA precursors (Jathar
et al. 2013).

The representativeness of OFR for tropospheric
chemistry when studying engine emissions was eval-
uated in a recent study (Peng and Jimenez 2017). It
was concluded that the usage of too low dilution may
lead to too high concentrations of NOx, which can
dominate the subsequent reactions of peroxy radicals
(RO2) (Peng and Jimenez 2017). However, because of
limited data in these experiments we can only refer to
previous experiments with the same fuel (E10). In
particular during the starting phase of the engine,
high concentrations of VOCs together with NOx are
released due to a three-way catalyst below optimal
working temperature (Karjalainen et al. 2016).
Therefore, reactions which do not occur in the tropo-
sphere account for a substantial fraction of the pos-
sible reaction pathways (Peng and Jimenez 2017), but
turn into more realistic chemistry ranges at hot condi-
tions which were used in this study. Due to VOC con-
centrations below the limits of quantification of the
gas analyzers used, we estimated the OHR assuming a

fixed ratio of VOC to CO. With the measured CO
concentrations, OHR of 76 s�1 were derived based on
the data of Karjalainen et al. (2016). At a dilution fac-
tor of 40, NOx concentration was below 100 ppb
inside the PEAR, OHR of less than 100 s�1, and a
photon flux at 254 nm at maximum 1.8 1016 photons
cm�2 s�1. Based on these values, we get an estimate
“MHHH conditions” (medium [M] water mixing
ratio, high [H] photon flux, high [H] OHR, high [H]
NO) for our experiments, which appear in the “good”
low-NO range, thus covering tropospherically relevant
oxidation conditions (Peng and Jimenez 2017).

Short experiments in which either UV light or
ozone was removed were carried out to check the
effects of “UV only” and “O3 only” on the results. In
both of the conditions only slight changes in the sam-
ple aerosol were observed: both cases led only to slight
increases in OSC and even decrease in OA mass. A
substantial fraction of components in DISI engine
exhaust belongs to alkanes, parent and alkylated aro-
matics, which do not or react very slowly with ozone
(Atkinson and Arey 2003). Volatile alkenes in gasoline
emissions exposed to ozone form several volatile oxy-
genated species, but their contribution to the total
SOA formation is likely small (Yang et al. 2018).
Under condition “UV only,” almost no change in OA
mass was obtained, but photochemical age reached
0.7 days. D9-butanol absorbs light weakly at 254 nm,
so its degradation cannot be explained by photolysis.
More likely, DISI engine emission constituents from

Figure 7. Photochemical age vs. average carbon oxidation
state (OSC) of emissions from DISI engine operated in engine
cycle (EC, circles) or constant power related to 120 km h�1

(squares) or 80 km h�1 (diamonds). The size of the symbols
represents the concentration of emitted POA (red) and OA
mass after aging (blue). Blue core and red coating denote
experiments with lower mass after aging than POA. For com-
parison, data from Pieber et al. (2018b) (GDI car, NEDC, SN EN
228 fuel) and Timonen et al. (2017) (GDI car, NEDC, E10 fuel)
is added.
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E10 combustion, such as form- and acetaldehyde
(Graham, Belisle, and Baas 2008), are photolyzed by
the spectrum of the UV lamps between 250 and
450 nm (Figure S1, online Supplemental Information).
The formed radicals may directly contribute to the
degradation of d9-butanol, or form OH via the OHx

cycle (Ehhalt 1999).
Primary particle emissions revealed size modes in

the ultrafine region of 64 and 69 nm for constant
engine power resembling 80 and 120 km h�1, respect-
ively, with higher number concentrations at 120 km
h�1, which agrees well with observations from real
gasoline cars on a dynamometer running on E10 fuel
(Karjalainen et al. 2016; Timonen et al. 2017). After
photochemical aging, new distinct modes of 36 and
39 nm, formed via nucleation, arose from the broader
size distribution of the primary emissions (Figure 8).
These small nucleation mode particles have been also
observed in smog chamber studies for shortly aged
gasoline emissions, but to disappear by coagulation
and/or condensation of vapors after longer chamber
residence times, while in aging flow reactors with
orders of magnitudes lower residence times and faster
gas-to-particle conversion, the nucleation mode par-
ticles are clearly visible (Bruns et al. 2015; Simonen
et al. 2017). This feature of OFR is not representing
real aerosol dynamics and size distributions of aged
emission aerosols in the atmosphere, but can be useful

in characterization of source-specific aerosols.
However, when more realistic aerosol size distribu-
tions of highly aged aerosols are needed (e.g. toxico-
logical exposure studies), the usage of additional seed
aerosols may be used to provide additional surface
area, to enhance condensation of vapors on existing
particles and thereby to prevent nucleation of vapors.

3.6. Wood combustion SOA and comparison of
SOA from PEAR and ILMARI smog chamber

Combustion aerosol from three consecutive batches of
spruce logwood was aged in the PEAR using OH
exposures from 0.8 to 6�1011 molec cm�3 s, equivalent
to 0.9–7 days of atmospheric aging. Photochemical
aging in PEAR led to EROA of 2.1–2.7, with highest
values at lower OH exposures of 0.8–1.8� 1011 molec
cm�3 s. These findings agree well with EROA of
1.8–2.1 seen from the same modern masonry heater
and spruce logwood at OH exposures of
0.5–0.7� 1011 molec cm�3 s in ILMARI smog cham-
ber (Tiitta et al. 2016), indicating slightly higher SOA
formation and/or lower loss in PEAR. The decline of
EROA towards higher OH exposure may be explained
by chemistry shifting from functionalization and sub-
sequent condensation to heterogeneous oxidation with
fragmentation and evaporation of secondary species of
higher volatility (Ortega et al. 2016).

Particle number concentrations increased towards
higher OH exposures via formation of particles in the
size range of 10–50 nm at photochemical age of
6.3 days, leading to a bimodal size distribution (Figure
9). However, this nucleation mode particle formation
was less pronounced than observed from aging of
engine emissions.

Regarding SOA EF related to the mass of burned
logwood, 30% lower SOA-EF were obtained for
PEAR-aged OA (59–61mg kg�1) than for smog cham-
ber-aged OA with similar wood fuel and combustion
procedure (91mg kg�1) (Tiitta et al. 2016). SOA

Figure 8. Particle size distributions for constant engine power
resembling to 80 km h�1 (a–c) and 120 km h�1 (d–f) at differ-
ent photochemical ages measured by SMPS. Measurements of
aged and nonaged emissions are not done simultaneously.

Figure 9. Particle size distributions of spruce logwood com-
bustion emissions at different photochemical ages measured
by SMPS.
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formation depends strongly on the concentration and
SOA formation potential of the released precursors
(Bruns et al. 2016). Batchwise wood combustion is
sensitive to the progress of burning shortly after the
ignition (Czech et al. 2016), leading to considerable
variation of the precursor VOCs. Therefore, the com-
parison between PEAR and smog chamber experi-
ments should be rather based on EROA than SOA-EF.
One of the advantages of using OFR with well-devel-
oped laminar flow profile and relatively short resi-
dence time is that it enables to study the influence of
aging and SOA formation potential of sources with
changing emission concentrations, such as cars emis-
sions on driving cycles, wood combustion or ambient
air in road tunnel (Karjalainen et al. 2016; Keller and
Burtscher 2012; Tkacik et al. 2014). Figure 10 depicts
the temporal profiles of spruce logwood combustion

emissions, including primary and secondary particle
number distributions, aromatic VOC concentrations
(measured directly from the flue gas stack), aged OA
concentrations, and OA oxidation states at a photo-
chemical age of 6.3 days. At the beginning, the con-
centrations of aromatic VOC are relatively low and
stable, as a result of proper ignition of the logwood.
From the ignition until the flaming phase primary
particles with a mode of approximately 120 nm are
released from the stove, which decrease in size when
the flaming phase turn into glowing embers. The add-
ition of subsequent logwood batches causes clearly vis-
ible peaks of aromatic VOC concentrations up to
1350 mg m�3. The high abundance of aromatic VOC,
which are regarded as potent SOA precursor (Bruns
et al. 2016), explains the observed new particle forma-
tion in the size of 10–60 nm. However, sharply

Figure 10. Particle number size distribution of primary (A1) and aged emissions (B1; 6.3 d of photochemical aging), derived from
SMPS. Primary emissions of aromatic VOC (summed concentrations of SOA precursors benzene, toluene, xylenes and mesitylenes
derived from FTIR), CO, NO and OH reactivity (OHR) are illustrated in A2. OA with OSC, NO2 and the photochemical age (derived
from the decay of d9-butanol) of photochemically processed emissions are illustrated in B2. All concentrations are related to
exhaust sample either entering or leaving PEAR with an average dilution ratio of 137.
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increasing OA downstream of the PEAR features a
distinct lower OSC of þ1 compared to aged OA dur-
ing flaming conditions. This can be explained by two
factors. First, the high VOC emissions exhibit a high
OH radical consumption, leading to temporarily lower
OH exposure when compared to other combustion
phases. Second, the ignition of a new batch of log-
wood generates high POA emissions with O:C of
roughly 0.5 (Heringa et al. 2012), which may oxidize
heterogeneously (Tiitta et al., 2016) but likely slower
than gas-phase species. Thus, the observed aged OA

downstream of the PEAR is hypothetically a mixture
of less oxidized aged POA and more oxidized SOA.
As a whole, the data shows that PEAR with a rela-
tively narrow RTD is also capable to follow the
dynamic changes of logwood combustion emissions
and thus, can be used to investigate the role of differ-
ent batchwise-fired logwood stove burning phases
(Czech et al. 2016) on secondary aerosol formation.

The aging experiment was further investigated for
relevancy of the reactions for tropospheric conditions.
On that account, the OHR, here defined as the

Figure 11. Van-Krevelen diagram on emission from batchwise combustion of spruce aged in PEAR and first batch aged in ILMARI
smog chamber with a final photochemical age of 0.9 and 0.8 days (for fast and slow ignition, respectively, corresponding to experi-
ments “4B” and “5B” of Tiitta et al. 2016). Aerosol mass spectra (PEAR: black; ILMARI smog chamber: green) reveal high similarity
with a dot product of 0.99. The dotted lines define the triangular space where ambient OA components are typically located,
including ±10% uncertainty in the parameterization (black dotted lines) (Ng et al. 2010, 2011).
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summed products of VOCs and CO concentrations
and their respective kinetic constants, was calculated
and used together with NO concentrations to assess
the dominating chemistry of VOCs. In the previous
studies by Peng and Jimenez (2017) and Peng et al.
(2018), the authors have used a classification “good”,
“risky,” and “bad” for OFR conditions based on the
ratios of VOC photolysis (at 254 nm) and non-OH
reactants to the reactions of VOC with OH radicals.
In “good” conditions the nontropospheric reactions
are unimportant for almost all VOC precursors,
“risky” conditions can be problematic for some VOCs
and “bad” conditions for most of VOCs. During long
aging experiment with maximum UV intensity, condi-
tions in PEAR can be classified as “risky” when pho-
ton flux to OH ratio was 4.3� 106 cm s�1, indicating
that nontropospheric reactions may occur for some
VOCs. However, for toluene, which is one of the
most important logwood combustion precursors, the
fate by photolysis in relation to OH-driven reaction
was assessed to be minor (<15% of toluene was
assessed to be photolyzed), excluding the peak OHR
periods. In addition, for benzene, which is another
major combustion VOC, the fate by non-OH reactant
in relation to OH-driven reaction was assessed to be
similar to ambient conditions (Oxidation Flow
Reactor Exposure Estimator 3.1 by Peng and
Jimenez). Furthermore, reactions between NO and
RO2 are reduced by rapid oxidation of NO to NO2 by
ozone concentrations above 2000 ppb, which shortens

NO lifetime to �1 s and consequently reduces the
impact of NO on the oxidation chemistry. NO con-
centrations out the PEAR were always below the
detection limit, so NOx can be completely assigned to
NO2. However, the detected concentration of NO2

explains only about 25% of the NO, which entered the
PEAR, while rest of NOx was further oxidized and at
least partially converted to particulate nitrate, mainly
in the form of ammonium nitrate (online
Supplemental Information, Figure S3).

The evolution of the OA during aging can be
visualized in the Van-Krevelen diagram, in which the
slopes of the (linear) functional relation between O:C
and H:C can be used to distinguish between different
reaction pathways (Heald et al. 2010). POA with an
average oxidation state of �0.5 follows an almost
straight line in the Van-Krevelen diagram (Figure 11,
top) with a slope of �0.50 ± 0.03 upon aging, corre-
sponding to formation of acid groups, either via C–C
bond cleavage and addition of carboxylic group or
without C–C bond cleavage (Ng et al. 2011).
Moreover, maximum O:C can be achieved with aver-
age oxidation states of þ2, which have been observed
also in ambient aerosol (Ng et al. 2010).

The comparison of smog chamber-aged logwood
combustion emissions with 0.8 days of photochemical
aging (Tiitta et al. 2016) to the PEAR-aged wood
combustion emissions with 0.9 days of photochemical
age shows a similar average OSC for both aerosols.
The OA from both cases appear in the same Van-

Figure 12. Triangular space in which OA of Northern hemisphere usually appears (Ng et al. 2010) with data of aged OA from dif-
ferent sources. All experimental data appears within the triangular space, giving evidence for sound simulation of atmospheric
aging by PEAR. Literature data was taken from Tiitta et al. (2016); Pieber et al. (2018a); Chhabra et al. (2015) and Bruns et al.
(2015). Please note that the data of Bruns et al. refers to f(CO2

þ) and f(C2H3O
þ) instead of f44 and f43, respectively. For Chhabra

et al. the photochemical age is unknown.
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Krevelen region (Figure 11, top). However, OA aged
in the smog chamber had lower intermediate slopes,
between �0.64 and �0.67. This indicates that frag-
mentation reactions due to photolysis are slightly less
pronounced in the smog chamber than in the PEAR,
which is probably caused by different UV emission
spectra and intensities of the UV lamps inside the
PEAR and the ILMARI smog chamber (Leskinen
et al. 2015). Nevertheless, AMS OA spectra of these
differently aged wood combustion aerosols revealed a
remarkably high similarity (Figure 11, bottom), which
is also supported by a dot product between these
spectra, normalized to unit vector length of >0.99.
For comparison, a dot product of 0.93 was obtained
for nonaged OA and OA of 7 days of photochemical
age. Thus, PEAR was found to produce similar aged
organic aerosol as the smog chamber with the same
wood combustion exhaust, which agrees with the
comparison of PAM-tube and smog chamber pre-
sented by Bruns et al. (2015).

3.7. Evolution of aerosols from different sources
over increasing photochemical ages

Toluene/DISI engine emissions and spruce/beech log-
wood combustion represent the ambient OA types
hydrocarbon-like organic aerosol (HOA) and biomass
burning aerosol (BBOA), respectively. In this section,
they were combined to demonstrate consistency of
experiments involving the same emission source and
similar aging conditions, as well as to investigate the
atmospheric fate of the emissions. The plot of inten-
sities of m/z 43 (f43) vs. m/z 44 (f44) (relative to the
total intensity) (Figure 12) reveals that all experiments
under widespread aging conditions appear between
the boundaries in which ambient aerosol of the
Northern hemisphere is observed (Ng et al. 2010).
This gives indications for sound simulation of atmos-
pheric aging by the PEAR. The applied unit mass
resolution for this analysis may slightly shift the loca-
tion of the data points of the abscissa in negative dir-
ection, but negligibly the ordinate (Corbin et al.
2015). The mass spectrometric fragments m/z 43 and
m/z 44 are associated with the ions C2H3O

þ/C3H7
þ

and CO2
þ, respectively, which are linked to the extent

of oxidation received by an aerosol. The fragments
C2H3O

þ and CO2
þ result from nonacid oxygenates

and carboxylic acids/acyl peroxides, respectively, and
C3H7

þ refers to fragments of hydrocarbons (Ng et al.
2010). Therefore, POA such as BBOA and HOA move
to the upper left corner in the triangular plot, which
is also observed for the experiments presented. At

higher photochemical ages, the oxidized organic aero-
sol (OOA), linked to SOA, approaches the vertex of
the triangle after 7–8 days of photochemical aging.
Interestingly, aged gasoline emissions do not appear
as close as aged BBOA to the triangle vertex. This
agrees with the observed higher average oxidation
states of aged logwood emissions when compared to
oxidation states is the aged gasoline emissions, as pre-
sented in the previous sections. Altogether, these
results indicate also that the PEAR can generate SOA
of similar chemical composition towards higher OH
exposure as observed in atmospheric studies (Jimenez
et al. 2009). However, in future there is a need to
study with more details (at molecular level) both the
particulate and gaseous aging products, to evaluate
how representative the PEAR, and other OFR using
high OH concentrations, are in simulating tropo-
spheric aging of emissions. This is particularly import-
ant in studying combustion emissions with high
concentrations of NOx and VOC and when using low
dilution, since at these conditions nontropospheric
alkyl peroxide chemistry may occur, as shown by
Peng and Jimenez (2017).

4. Conclusions

A novel high-volume OFR, called “PEAR,” was
designed, constructed, and then characterized by
means of CFD modeling. Its performance was eval-
uated in experiments with commonly used precursors
of secondary particles and with dynamic real-world
combustion emissions. Results from these experiments
were compared to results from previous studies on
aerosols aged in OFRs, smog chambers, and ambient
air. The PEAR system can be operated with aerosol
flow rates in the range 50–200 L min�1 and can
photochemically process relatively high aerosol con-
centrations. These capabilities enable in-vivo and in-
vitro exposure studies coupled with physicochemical
aerosol measurements and offline sample collections.
The PEAR enables improved simulation of aerosol
exposure situations with aged emissions and is therefore
a valuable facility for studies aimed at understanding the
impact of emission atmospheric aging on human health.
Additionally, it enables measurements on the temporal
evolution of the photochemical aging of dynamic emis-
sions, such as emissions produced from batch-wise fired
wood combustion, due to the short sample residence
times (around 1min), and narrow sample RTD. The
used high flow rates combined with laminar flow profile
and low surface-to-volume ratio collectively reduce the
loss of smaller particles (<50nm) by diffusion. This is
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an advantage of the system, since combustion-derived
nanoparticles have been especially linked to effective
lung deposition and adverse health effects. Despite hav-
ing a greater volume than many other flow tubes with
comparable mean aerosol residence times, the PEAR
system is still portable and can be used to study the
aging of emissions from immobile emission sources.
Nevertheless, development of a more compact model of
the presented PEAR is in the planning stage.
Furthermore, being able to operate as a stand-alone unit
in the field, it can be also used to investigate the aging
of ambient air.

In general, OFRs have been criticized by the scientific
community when used to simulate atmospheric aging of
aerosols. This is mainly due to following reasons: unnat-
urally high exposures of OH and O3, photolysis by low
wavelength photons and suppression of heterogeneous
aging mechanisms. Despite of these limitations, the
results from this study show similar SOA yields and
aerosol chemical compositions for PEAR when com-
pared to SOA yields and chemical compositions
obtained from smog chamber experiments at similar
OH exposure levels. This finding is consistent with
some previous studies (Bruns et al. 2015; Lambe et al.
2015) which also show good agreement between OFRs
and smog chambers. Overall, the results from this study
indicate that OFR methods can be valuable for evaluat-
ing the role of atmospheric aging on the health and
environmental impacts of combustion emissions.
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