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Oxidation flow reactors (OFRs) are essential tools for simulating atmospheric aging of aerosols, yet
conventional laminar-flow designs often suffer from non-uniform oxidant exposure, broad residence
time distributions (RTDs), and significant wall losses, limiting their ability to replicate real-world gas-and-
particle-phase processes. Here, we present the design, hydrodynamic characterization, and experimental
validation of a novel Annular Cylindrical Oxidation Flow Reactor (AC-OFR) featuring an optimized
annular-flow geometry. Using computational fluid dynamics (CFD) simulations and a full factorial design
of experiments, we identified reactor dimensions that minimize recirculation and dead volume, achieving
RTDs approaching ideal plug flow for both gases and particles. Experimental measurements confirmed
high transmission efficiencies for ozone, sulfur dioxide, and particles (50-800 nm), with strong gas-
particle coupling and minimal wall losses. The AC-OFR enables precise, tunable oxidant exposures—
reaching OH radical exposures equivalent to 0.5-15.3 days with 7 s7! of external OH reactivity added
and ozone exposures up to 0.74 days of atmospheric aging—by adjusting the UV lamp free surface.

Validation experiments with a-pinene demonstrated steady-state secondary organic aerosol (SOA) yields
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Accepted 6th October 2025 (0.11-0.14) consistent with or exceeding those reported for traditional OFRs and revealed robust

nucleation and growth dynamics. The AC-OFR thus provides a flexible, high-performance platform for
controlled gas and gas-particle oxidation studies, bridging laboratory experimentation and atmospheric
rsc.li/espi processes.
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Environmental significance

The annular oxidation flow reactor (AC-OFR) developed in this study enables precise simulation of atmospheric oxidation processes, providing new insight into
the formation and aging of secondary organic aerosols under environmentally relevant conditions. By combining improved flow dynamics, high transmission
efficiency, and tunable oxidant exposures, the AC-OFR overcomes key limitations using accessible, reliable instrumentation and allows for accelerated, yet
realistic, laboratory studies of multiphase atmospheric chemistry comparable to other OFRs. This advancement directly supports improved understanding of
aerosol impacts on air quality and climate and provides a robust platform for evaluating the environmental fate and transformation of organic compounds,
thereby informing both regulatory science and atmospheric process modeling.

Introduction atmosphere is essential for accurately predicting their impacts.*
Laboratory tools such as oxidation flow reactors (OFRs) have
Atmospheric aerosols play critical roles in climate regulation, become indispensable for simulating these processes under
air quality, and human health by influencing radiative forcing, —controlled conditions by exposing aerosols to elevated concen-
cloud formation, and heterogeneous chemical processes. trations of oxidants like OH, Oz, and NO; radicals.> However,
Understanding the aging and transformation of aerosols in the ~ despite their widespread use, conventional OFR designs face
significant limitations in replicating real-world atmospheric
conditions, particularly when studying complex systems
involving gas-particle interactions.?
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introduces uncertainties in the residence time distributions
(RTDs) and oxidant exposure, which are critical for accurately
simulating aerosol aging. For example, Xu et al. (2024)° reported
that laminar-flow OFRs exhibit long RTD tails that deviate from
the ideal plug flow behaviour, complicating the kinetic inter-
pretation of secondary organic aerosol (SOA) formation.
Furthermore, the wall losses of reactive gases and particles
exacerbate these challenges by distorting the measurements of
oxidant exposure and particle transformation.®

Comprehensive reviews highlight the central role of oxida-
tion flow reactors (OFRs) in advancing laboratory studies of
secondary organic aerosol (SOA) formation and aging. Ma et al.
(2025)” detail how OFRs have evolved from early laminar and
static reactors to more advanced designs capable of producing
tuneable oxidant fields, improved mixing, and realistic atmo-
spheric processing of volatile organic compounds (VOCs).

Recent advances have sought to address these issues
through improved reactor designs that enhance mixing and
minimize wall interactions.®*® For instance, the Accelerated
Production and Processing of Aerosols (APPA) reactor intro-
duced by Xu et al. in 2024° demonstrated narrower RTDs for
both gases and particles compared to conventional OFRs,
enabling more accurate simulations of aqueous-phase reactions
in cloud droplets and aerosol liquid water. However, despite
these innovations, most OFRs still rely on laminar flow config-
urations, which are inherently limited in their ability to repli-
cate the turbulent mixing conditions found in the atmosphere.

Annular-flow geometries offer a promising alternative to
conventional laminar-flow designs by promoting enhanced
radial mixing and reducing the RTD variability. In annular
reactors, fluid motion between concentric cylinders creates
turbulent-like conditions that improve mass transfer efficiency
and reduce concentration gradients.®*° While annular flow has
been extensively studied in industrial applications such as
chemical reactors,? its potential for aerosol research remains
unexplored.

Recent advancements in oxidation flow reactors (OFRs)
include the Toronto Photo-Oxidation Tube (TPOT)* and the
Aerosol Reactor Flow tube Setup (ARFS)," both of which employ
central UV lamps within annular or coaxial geometries to drive
photochemical reactions. The TPOT consists of a glass mixing
chamber and a reaction chamber configured with a central
mercury pen-ray lamp emitting primarily at 254 nm, with flows
designed to enable plug-flow or near-plug-flow conditions. Both
TPOT and the flow tube were developed to facilitate studies of
heterogeneous oxidation, transmission efficiencies, and resi-
dence time distributions (RTD) for gases and particles; they
demonstrated improved RTD shape and phase coupling
compared to older laminar reactors, though often with relatively
high surface-area-to-volume ratios and notable wall losses for
some gases (CO,) and particles (bis(2-ethylhexyl) sebacate, BES).

The FoxBox reactor recently developed by Choudhary et al. in
2024° represents another attempt to integrate annular flow into
an OFR to simulate diesel exhaust ageing. Their study demon-
strated nearly 100% particle transmission efficiency across
a wide size range (15-615 nm) under turbulent flow conditions,
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highlighting the potential of annular geometries for mini-
mizing particle losses.

Despite these advancements, there is still a lack of compre-
hensive studies characterizing annular-flow OFRs for systems
involving both gases and particles. Specifically, there is a need
for a detailed validation of RTDs across different species (e.g.,
reactive gases like SO, and particles of varying sizes) to ensure
that annular-flow OFRs can accurately replicate atmospheric
processes.

Accurate simulation of atmospheric aging processes requires
simultaneous validation of RTDs for both gaseous and partic-
ulate species due to their distinct transport dynamics. For
example, wall losses disproportionately affect smaller particles
due to diffusion-driven deposition, whereas reactive gases like
SO, may adhere to surfaces or undergo secondary reactions
during transport.”** Xu et al. in 2024° emphasized the impor-
tance of multi-species RTD validation in their characterization
of the APPA reactor but noted that most studies focused on
either gas-phase or particle-phase processes in isolation. A
comprehensive approach that integrates both phases is essen-
tial for understanding coupled gas-particle interactions under
realistic atmospheric conditions.

Cetyl trimethyl ammonium chloride (CTAC) serves as an
ideal model system for validating OFR performance due to its
well-characterized physicochemical properties. As a surfactant
commonly used in aqueous aerosol studies, CTAC exhibits
hygroscopic behavior with k = 0.12 and forms stable particles
under humidified conditions (60% RH)."* On the other hand, o-
pinene has been a reference for oxidation testing in new OFRs,
and its products are representative of secondary organic aero-
sols formed through ozone and OH radical oxidation.'® By
monitoring changes in a-pinene composition using advanced
instruments like the Aerosol Chemical Speciation Monitor
(ACSM), it can directly assess the oxidative capacity and effi-
ciency of an OFR.

This study presents the design and characterization of
a novel annular-flow OFR optimized for aerosol processing
under controlled conditions. The reactor features a conical di-
ffusor leading to a cylindrical chamber with integrated UV
lamps capable of generating tunable oxidant fields. Through
computational fluid dynamics (CFD) simulations validated with
experimental measurements, we characterize RTDs for gases
(O3, SO,) and particles across multiple flow rates. Key contri-
butions include: (1) hydrodynamic characterization: quantifi-
cation of size-dependent particle transmission efficiencies and
wall loss rates under annular flow conditions. (2) Oxidant
control: demonstration of tunable OH exposure using UV lamp
attenuation strategies validated through SO, decay kinetics. (3)
Aerosol processing validation: monitoring compositional
changes for a-pinene via ACSM to evaluate oxidative processing
efficiency.

Experimental
Annular cylindrical OFR geometry design

The annular cylindrical oxidation flow reactor (AC-OFR) was
designed as a PTFE cylindrical reactor with a centrally

This journal is © The Royal Society of Chemistry 2025
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positioned UV lamp enclosed in an ultrapure quartz tube
(45.6 cm length x 2.5 cm diameter), creating an annular flow
region. A full factorial experimental design (DoE 2°) evaluated
three geometric parameters: reactor radius (ey): 28.5 mm (low)
vs. 47.5 mm (high), Inlet diffuser angle («a): 20° (low) vs. 35°
(high), and cylinder length (Lcy): 472 mm (low) vs. 692 mm
(high). Eight configurations were simulated (Fig. S1, Tables S1
and S2, SI) to optimize plug flow percentage while minimizing
dead volume. The inlet/outlet diameters were fixed at 4 mm
(stainless steel tubing compatibility).

Computational fluid dynamics (CFD) setup

Governing equations and turbulence modelling. Simula-
tions used the k- SST turbulence model with low-Reynolds-
number correction to capture transitional flow regimes (Re =
500-3000). The steady-state Navier-Stokes equations were
solved for incompressible air (p = 1.225 kg m™>, u = 1.789 x
107> Pa s) under isothermal conditions and the following
assumptions:'” no-slip boundary at PTFE walls, symmetry along
two orthogonal planes (1/8th domain modeled), zero gauge
pressure at outlet and inlet velocities of 0.21 m s™' (3.5
L min ). Details of the simulations, mathematical models and
assumptions are described in the SI.

Mesh generation and validation. A structured hexahedral
mesh (~500k elements) was generated with local refinement
near inlet/outlet regions (Fig. S2). Mesh independence was
confirmed when velocity variations fell below 2% between
successive refinements. The model was numerically validated
against the Caltech Photooxidation Flow Tube (CPOT) reactor
data,' achieving <5% deviation in residence time distribution
(RTD) predictions (Fig. S3). Details of the eight different
geometries tested through the RTDs, average residence times
and percentages of piston, mixed and dead flows are described
in Fig. S4 and Table S3 in the SI.

AC-OFR construction. The optimum reactor geometry was
fabricated from PTFE based on the results of the experimental
design of eight different geometries (details in Fig. S5, SI). The
AC-OFR was constructed using polytetrafluoroethylene (PTFE)
due to its exceptional chemical inertness, thermal stability, and
minimal interaction with both reactive gases and particles,"
properties that are especially advantageous in atmospheric
simulation and oxidation flow reactor studies.®**

The main chamber was 69.2 cm in length x 9.5 cm in
diameter, while the synthetic quartz UV-lamp enclosure (Helios
quartz America, USA, >80% UV transmittance between 170 and
300 nm), with the dimensions of 45.6 cm X 2.5 cm (housing an
18 W Hg lamp, A = 185 nm), was located in the center of the
main chamber and coming in from the exit of the AC-OFR.
Temperature control in the AC-OFR was done by passing
a stream of nitrogen at 2.0 L min~ "' inside the UV lamp enclo-
sure at all times during an experiment.

At 23 cm from the reactor’s ending, a circular port 25 mm in
diameter was used to measure UV irradiance (UVC meter,
Extech SDL470, USA). Meanwhile, temperature and relative
humidity (BME480 sensor, Bosch) were measured in a PTFE
chamber next to the UV meter port. The inlet diffuser was
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Fig. 1 Geometry and dimensions in centimeters of the AC-OFR,
completely made with PTFE except the inner cylinder (UV lamp
enclosure) made of high purity quartz.

24.7 cm in height, with a 20° expansion angle. The outlet
configuration of the AC-OFR consists of four radially distributed
ports (6.35 mm diameter each) positioned around the central
quartz tube. These outlets are combined into a single common
sampling line, from which multiple gas- and particle-phase
instruments are connected via T-shaped derivations. This
unified sampling approach ensures that both gases and aero-
sols experience the same residence time distribution (RTD)
post-reactor and minimizes differences in transport and wall
losses between sampling lines.

The total reactor volume was 4.05 L with a surface-to-volume
ratio of 56.4 m™'considering the inner quartz tube for the UV
lamp enclosure and the inner PTFE walls of the reactor (vs. 23-
74 m~ " in conventional OFRs). Fig. 1 shows the geometry and
dimensions of the AC-OFR.

Tracer experiments. For gases one second pulse of ozone (O3,
15 ppm) was generated via corona discharge (Pinus Longaeva,
China) or sulfur dioxide (SO,, 1 ppm in N, balance, Infra,
Mexico) was sent through the AC-OFR at 3.5 L min " using zero
air as carrier gas. An ozone analyzer (491, Thermoscientific, USA)
and a SO, monitor (100A, API, USA) were used to measure gas
concentrations at the exit of the reactor. In the case of particles,
monodisperse CTAC aerosols (100-800 nm, 50 nm steps) were
generated via an atomizer coupled to an electrostatic classifier
(TSI 3086/3080, USA). The CTAC particles were employed due to
their well-defined physicochemical properties and excellent
stability under humidified conditions. The hygroscopic nature
of CTAC allows for consistent and reproducible particle gener-
ation across the tested size range, making it particularly suit-
able for evaluating particle-phase transmission efficiency and
wall losses within the reactor.>

The total flow rates were 2.0, 3.5, and 5.0 L min™ " (ultra-dry
zero air carrier, Infra, Mexico). The particle concentration was
measured by a Condensation Particle Counter (CPC 3787, TSI,
USA) at the exit of the AC-OFR. In all cases, the AC-OFR was deep
cleaned between experiments and passivated with 10-minute
preconditioning with tracer-free flow.

The average residence time distribution (t) was calculated
from the residence time distribution function (RTD) according
to eqn (1), where C(¢) is the tracer concentration at time t.
Meanwhile, the transmission efficiency (n) was determined
using eqn (2) by comparing 10-minute constant flow of tracers
passed through the AC-OFR in comparison to a bypass line
(stainless steel tube, 4 mm internal diameter).

1

o Ltcmdlzj: +-RTD-dr (1)

LW C(r)dt
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Oxidant concentration. The AC-OFR was connected at the
exit to a Condensation Particle Counter (CPC, 3086 TSI, Inc.,
USA), a Differential Mobility Analyzer (DMA, 3080, TSI, Inc.
USA), an ozone and a sulfur dioxide monitor and an Aerosol
Chemical Speciation Monitor (ACSM, Aerodyne Inc. USA), for
particle size distribution, gas concentration and aerosol
composition analysis. At the AC-OFR inlet, gases were intro-
duced at a constant total flow rate of 3.5 L min ", precisely
controlled using electronic mass flow controllers (MF5700,
Siargo, China) and manually fine-tuned with needle valves
(Swagelok, Germany). To maintain controlled humidity condi-
tions, the carrier gas was humidified by passing zero air through
a bubbler (for RH < 59%) or an atomizer (model 3076, TSI Inc.,
USA, for RH > 59%) filled with deionized distilled water, fol-
lowed by filtration to remove large droplets. Temperature,
pressure, and relative humidity were continuously monitored
immediately upstream of the reactor inlet using a BME480
sensor (Bosch, Germany). A schematic of the AC-OFR and the
instrument configuration is presented in Fig. 2, with arrows
indicating the direction of flow.

The concentrations of key oxidants such as ozone (O3) and
hydroxyl radicals (OH) within the AC-OFR were quantified by
operating the reactor in OFR185 mode, which utilizes a 185 nm
UV lamp to generate oxidants in situ. The OH exposure was
precisely controlled by exchanging UV lamps with varying free
surface, due to lamp covering by shielding in segments the UV
lamp surface with black thermofit tape (polyolefin heat-shrink
tubing), ranging from 50% to 99% of the total UV lamp
surface, thereby regulating the intensity of UV irradiation and
the resulting oxidant production. Attenuation of the UV lamp
with shielding >90% was applied by adjusting the voltage (1-10
volts) of a dimming ballast (Lutron Eco 10, USA) to reach the
lowest OH exposures (<7 days). UV irradiance uniformity was
tested by placing the UV probe at different positions around the
UV-lamp inside the reactor, and no differences in measure-
ments were found. Ozone was generated through the photolysis
of molecular oxygen (O,) in dry air, while OH radicals were
produced via the photolysis of water vapor (H,O).

Three experimental modes were fundamental for deter-
mining oxidant concentrations and for conducting SOA
precursor oxidation experiments in the AC-OFR: photolysis,

Aerosol
generator
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UV, T.RH
sensors

Sulfur dioxide
monitor
Differentiall

Mobility
Analyzer

((zero air }->{Flowmeter}—>{Humidifier

Particle
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Fig. 2 Peripheral and measurement instrument configuration around
the AC-OFR.
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Ozexp, and OHexp modes. In Photolysis mode, only nitrogen
was used as the carrier gas with the UV lamp activated; under
these conditions, no oxidants are formed, and chemical
processes are driven solely by 185 nm and 254 nm UV radiation.
This mode is also essential for reactor cleaning, as it facilitates
the removal of residual reactants and products between exper-
iments. In Ozexp mode, dry air serves as the carrier gas, and
ozone is generated via O, photolysis when the UV lamp is on,
enabling the study of ozone-specific reactions. Finally, OHexp
mode employs humidified zero air (59% relative humidity) as
the carrier gas, allowing for the in situ generation of OH radicals
upon UV irradiation; this mode is used to investigate SOA
formation from OH-initiated oxidation of precursors.

Hydroxyl radical concentrations were quantified using SO,
as a chemical tracer. A gas mixture consisting of zero air (2.5
L min~") and sulfur dioxide (SO,, 1.0 L min~" at 1 ppm in
nitrogen balance) was continuously passed through the reactor.
After a 10-minute stabilization period to ensure steady-state
conditions, the initial SO, concentration was recorded using
a gas monitor. Upon activation of the 185 nm UV lamp, OH
radicals generated inside the reactor reacted with SO,, causing
a measurable decrease in SO, concentration. The hydroxyl
radical exposure, [OH]e,p,, was calculated assuming a pseudo-
first-order reaction using the rate constant for the OH + SO,
reaction, komsso, = 949 x 10~ ' em® molecule ' s™*, applying
eqn (3).21,22

1 [SO,],

OHyp = —1In 3
" komnsso, [SOa], 3)

For those cases where VOCs were added (i.e., a-pinene), OH
exposure was corrected by OH reactivity according to Peng et al.
(2015).2>*

Organics oxidation experiments. To evaluate the oxidative
capacity and applicability of the AC-OFR for atmospheric
chemistry studies, a series of organic oxidation experiments
were performed under controlled humidity and flow conditions.
The focus was on the formation of secondary organic aerosol
(SOA) and the quantification of SOA yields.

For gas-phase experiments, a-pinene vapor was introduced
by passing zero air through a sealed flask containing the liquid
precursor and then mixed with humidified air (59% RH). In
both cases, the total flow through the AC-OFR was maintained
at 3.5 L min ', and the relative humidity was controlled at 59%
using a water bubbling humidification system.

Prior to initiating oxidation, a 15-minute stabilization period
was allowed to ensure steady-state concentrations of gas-phase
precursors within the reactor. Aerosol concentrations were
measured using a Scanning Mobility Particle Sizer (SMPS, i.e.
CPC 3086 and DMA 3081) and an Aerosol Chemical Speciation
Monitor (ACSM, Aerodyne). The a-pinene precursor concentra-
tion was calculated by gravimetric analysis of the vial containing
the compound (details in the SI).

Photochemical oxidation was initiated by activating the
centrally positioned UV lamp (185 nm) inside the AC-OFR. The
SOA yield was calculated as the ratio of the net increase in
aerosol mass concentration (as measured by the ACSM or SMPS)

This journal is © The Royal Society of Chemistry 2025
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to the mass of precursor consumed during the oxidation
process (eqn (4)).

Y = A1‘4SOA (4)

AMp[‘ECU{‘SO[‘

where AMso, is the difference in aerosol mass concentration
before and after UV exposure, and AMpccursor is the mass of
precursor consumed, determined gravimetrically (for a-pinene).
When the ACSM was not available, the total particle mass
calculated through eqn (5) was employed as AM;ggo,. Nucleation
rates were calculated as the maximum rate of increase in
particle number concentration (dN/d¢) within 1.7 to 10 nm
diameter during the oxidation stages.

T
AMsoa, smps = ZN(DPi)' gDpprlog Dp (5)

where N(Dp;) is the number concentration per bin, (Dp;) is the
diameter mid-point, p is the particle density (1.2 g cm ™ for
a typical SOA), and log Dy is the width of the log-diameter bin.
AMgoasmps Was also used to validate ACSM measurements
when available, and a 20-30% difference between SMPS and
ACSM measurements was considered as adequate according to
Watson et al. (2020).>*

All yields were corrected for wall losses via instrument
transmission efficiency, as described in Section 2.4. Each
experiment was performed in triplicate to ensure reproduc-
ibility. The reported SOA yields represent the mean values, with
uncertainties given as the standard deviation of the replicates.

Results and discussion

Optimum AC-OFR geometry

The Annular Cylindrical Oxidation Flow Reactor (AC-OFR)
introduces a novel annular flow geometry, distinct from
conventional tubular OFR designs. Annular flow configurations
inherently reduce radial concentration gradients, enhance
species mixing, and minimize recirculation zones, critical
advantages for achieving uniform oxidation conditions. To
identify the optimal AC-OFR geometry, a 2° full factorial
experimental design (DoE) was implemented,* evaluating three
factors: reactor radius, diffuser angle, and cylinder length.

While initial simulations suggested minimal differences in
piston flow percentage (p > 0.05) across the eight configurations,
the deviation between CFD-predicted residence times (z¢pp) and
theoretical residence times (ty4, = V/Q) emerged as a critical
metric for reactor optimization (Fig. S4 and Table S3). This
discrepancy, termed At = |tcpp — Tenl, Served as the desirability
function in the DoE. Smaller At values indicate closer align-
ment with ideal plug flow behaviour, a key criterion for OFR
performance. The DoE framework prioritized configurations
where At < 10% of 1y, leveraging prior validation of the CFD
model against the Caltech Photooxidation Flow Tube."®

The CFD simulations revealed a At (discrepancy between
modelled and theoretical residence times) ranging from 0.2 to
9.2 seconds, with smaller-volume reactor configurations
exhibiting higher deviations. While the constructed AC-OFR
ranked third lowest in At (1.7 s at 3.5 L min™ "), its selection

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 CFD analysis of the AC-OFRs: (a) velocity profiles for the
constructed AC-OFR (high-volume, reactor B, Table S2) and (b) one of
the small-volume OFR designs (reactor G, Table S2), (c) flow stream-
lines for the constructed high-volume AC-OFR and (d) one of the
small-volume OFR designs.

was driven by superior hydrodynamic performance and prac-
tical scalability. Larger-volume designs demonstrated reduced
axial dispersion and a lower surface-to-volume ratio (56.4 m™*
v5.128.1 m™" for smaller reactors, Table S2), minimizing wall
interactions and recirculation zones. These characteristics align
with the need for uniform oxidation conditions in atmospheric
simulations, where radial mixing and minimized stagnation are
critical. Experimental validation further confirmed the selected
AC-OFR enhanced plug flow behaviour.

In comparison, the Annular Cylindrical Oxidation Flow
Reactor (AC-OFR) represents a significant advancement over
previous annular designs such as the Toronto Photo-Oxidation
Tube (TPOT)® and the Aerosol Reactor Flow Setup (ARFS)."* It
integrates a fully optimized annular geometry, designed and
refined through computational fluid dynamics (CFD) simula-
tions, with chemically inert PTFE construction and a modular
central 185 nm UV lamp. A key innovation is the inclusion of
a carefully engineered inlet diffuser, which effectively reduces
flow stagnation and establishes a near-laminar flow profile prior
to the oxidation zone, thereby enhancing uniform exposure to
UV irradiation around the lamp and improving reaction
homogeneity as discussed from Fig. 3.

Fig. 3 shows the velocity profiles and flow streamlines
between the AC-OFR chosen for construction and one of the
small volume reactors. Both exhibited recirculation in the di-
ffusor inlet region. However, recirculation impacted the smaller
OFR higher due to the closeness of the UV-lamp enclosure to the
inlet. This OFR displayed recirculation and mixing in the region
around the UV-lamp, which can negatively impact the reactivity
of species (i.e. 2nd generation or more reactions, non-
atmospheric relevant reactivity or particle formation). Mean-
while, the selected OFR showed recirculation close to the inlet
but with a lower impact around the UV-lamp enclosure. The
higher diameter, the less pronounced the diffusor angle and the
longest distance between the inlet and the UV lamp produced
a higher degree of plug and laminar flow around the UV lamp.
This analysis is in agreement with the conclusions made in
other reported reactors. For example, Xu & Collins (2021) and
Huang et al. (2017)***® recommended diffusor inlet angles lower
than 35° and 37°, respectively to prevent recirculation and dead
flow regions. These results not only demonstrate near plug flow
conditions around the reaction zone within the AC-OFR but also
indicate that oxidant exposure in the reaction chamber is
largely uniform and minimally influenced by flow dynamics in
the inlet region.

Environ. Sci.. Processes Impacts, 2025, 27, 3641-3651 | 3645
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Residence time distribution (RTD)

The probability distribution function (PDF) of the residence
time describes how long particles or gases stay inside a reactor
before exiting. This function is normalized so the total proba-
bility integrates to one. The PDF is a useful tool that aids
comparing different reactors independently of their geometry
and dimensions." Fig. 4 shows the comparison of the PDFs of
different reported reactors in the literature®>*'**® including the
AC-OFR.

The residence time distribution (RTD) characteristics of the
AC-OFR (Fig. 4, orange lines) reveal important flow dynamics
that position this reactor design between ideal plug flow and
complete mixing regimes.”” For gas-phase transport (Panel a),
the AC-OFR exhibits a moderately sharp peak at approximately
0.6-0.7 normalized residence time, followed by an extended tail-
a profile intermediate between PAM-OFR's® broad distribution
and APPA's® pronounced plug-flow behaviour. This indicates
efficient radial mixing despite the annular configuration, likely
attributable to the reactor's optimized geometry. Notably, the
particle-phase RTD (Panel b) closely mirrors the gas-phase
behaviour, with similar peak timing and tail characteristics,
demonstrating exceptional gas-particle coupling, a critical
advantage for oxidation studies.

The extended tail observed in the residence time distribu-
tions (RTDs) for both gaseous and particulate species indicates
the presence of recirculation or stagnation zones within the AC-
OFR. However, these effects are considerably less pronounced
than in traditional laminar flow designs. Computational fluid
dynamics (CFD) simulations (Fig. 3) reveal that recirculation
primarily occurs in the inlet diffuser region upstream of the
oxidation zone, promoting effective mixing before photochem-
ical reactions occur around the UV lamp. This spatial separation
ensures that the reaction chamber maintains predominantly
near-laminar and plug-flow behaviour, minimizing axial
dispersion and non-uniform oxidant exposure. Consequently,
the AC-OFR design balances enhanced pre-reaction mixing with
uniform flow during oxidation, improving reaction homoge-
neity and reproducibility while limiting wall losses. This
distinction is critical for accurate kinetic analyses and repre-
sents a key improvement over reactors where recirculation
extends into the reaction region.

These characteristics make the AC-OFR particularly suitable
for oxidation studies requiring moderate-to-long residence
times with uniform oxidant exposure, as the balance between

s
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mixing efficiency and reduced wall effects enables more accu-
rate simulation of atmospheric aging processes.

Transmission efficiencies through the AC-OFR were high,
averaging 0.98 £ 0.11 for O3, 0.95 + 0.12 for SO,, and 0.91 £ 0.14
for CTAC particles, with particle transmission found to be
independent of size (ANOVA, p > 0.05) in the range between 50
and 800 nm. These efficiencies were achieved only after
a mandatory 10-minute passivation period with tracers, which
is critical to saturate reactive sites on reactor surfaces; insuffi-
cient passivation led to drastic efficiency drops below 0.4.
Compared to other reactors, these results align well with those
of Lambe et al. (2011),” who reported transmission efficiencies
of 0.97 + 0.10 for CO, and 1.2 £ 0.4 for SO, in the larger (15 L)
Potential Aerosol Mass (PAM) chamber, and with those of Xu
and Collins (2021),** who observed somewhat lower efficiencies
(0.90 +£ 0.02 for CO, and 0.76 + 0.04 for SO,) in an all-Teflon
reactor of different geometry. Xu's work further highlighted
that removing internal and external electrostatic charges
enhances transmission efficiency, underscoring the importance
of surface conditioning. Fig. 5 resumes the comparison of
particle transmission efficiency across different designs of
OFRs.

Table 1 shows the comparison of average residence times for
03, SO,, and particles in the AC-OFR across different flow rates
and highlights the reactor's effective mixing and phase
coupling, as well as the influence of species-specific interac-
tions. At 3.5 L min~', both O; and particles exhibit similar
average residence times (76 + 8 s and 75 + 4 s, respectively),

Table1 Average residence times of ozone, sulphur dioxide and CTAC
particles in the AC-OFR

7 (s) at 7 (s) at 7 (s) at
Species 2.0 L min™" 3.5 L min™" 5.0 L min~"
O3 80+9 76 + 8 68 +4
SO, 158 £ 12 92 + 4 71+ 1
Particles 122 +5 75+ 4 65+ 3
Volume/flow rate 121.5 69.4 48.6

This journal is © The Royal Society of Chemistry 2025
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closely matching the theoretical value calculated from the
reactor volume and flow (69.4 s). This close agreement indicates
efficient gas-particle coupling and suggests that the annular
flow configuration of the AC-OFR minimizes differential trans-
port between phases, a common limitation in other OFR
designs.

In contrast, SO, consistently displays longer residence times,
particularly at lower flow rates (e.g., 158 £ 12 s at 2.0 L min™ "),
which is indicative of stronger wall interactions or surface
adsorption effects unique to this tracer. As the flow rate
increases, the residence times of all species converge toward the
theoretical value, reflecting enhanced turbulent mixing and
reduced wall effects at higher Reynolds numbers. These results
demonstrate that the AC-OFR provides a favourable balance
between sufficient residence time for oxidation processes and
minimized wall losses, with 3.5 L min ' representing an
optimal operational point for atmospheric simulation
experiments.

OH and O; exposure

Oxidant concentrations in the AC-OFR were systematically
quantified through dedicated experimental modes. Ozone
concentration was determined in Ozexp mode using dry air as
carrier gas, while hydroxyl radical concentration was measured
in OHexp mode using humidified air (59% RH) with sulfur
dioxide as a chemical tracer. Temperature was kept between 22
and 24 °C measured at the inner wall of the AC-OFR, next to the
UV sensor, besides, the UV lamp was cooled by a nitrogen flow
inside the quartz enclosure. Fig. S6 in the SI displays tempera-
ture and relative humidity variations during an experiment with
the UV lamp on and off at different time segments.

In the AC-OFR, observed temperature increases were modest
under typical operating conditions, with stable readings on the
inner wall even during extended irradiance periods (Fig. S6).
These results suggest effective thermal dissipation in the AC-
OFR geometry, minimizing temperature hotspots that could
bias reactive uptake or partitioning processes. Nevertheless, it is
important to note that, due to the thermometer's location, local
temperature maxima near the lamp may not be fully captured;
as Pan et al. (2024)*® show, such microenvironments can drive
enhanced evaporation or reaction rates. While the measured
wall temperatures in the AC-OFR were within 1-2 °C of ambient
temperature, a more detailed temperature profiling—similar to
the multi-point approach by Pan et al. —would allow for a finer
assessment of heat effects and their chemical implications.

To establish a precise relationship between operational
parameters and oxidant generation, nine distinct exposure
levels were achieved by varying the central UV lamp's surface
coverage (50, 60, 70, 80, 90, 91, 93, 97 and 99%). Fig. 6 shows the
dependence of OH exposure dependence with the UV irradiance
while Fig. S7 in the SI exhibits the O; concentration related to
UV irradiance measurements. Fig. 6 also displays the corre-
sponding OH exposure due to addition of a-pinene at 7 s~* OH
reactivity (kom,pinene = 5.1 x 10'" em® molec™" s™'), and an
extreme and non-atmospheric relevant case at a-pinene OH

reactivity of 143 s~ .

This journal is © The Royal Society of Chemistry 2025

View Article Online

Environmental Science: Processes & Impacts

+ OHexp=f(UV) no external OH reactivity
« OHexp=f([UV]) + 7 st a-pinene OH reactivity
* OHexp=f(UV) + 143 sl a-pinene OH reactivity

25.0 25E+12
H
20.0 k42—
4 * ] £3 3
3 150 15E+12 §
g °
2 £
g @
% 100 1412 3
T 8
o) 8
i 3
50 :b 56411 O
L 3 E PF
00 W i1 0
0 20 40 60 80 100 120 140 160

UV intensity (W cm2)

Fig. 6 Experimental OH exposures in the AC-OFR as a function of the
UV intensity.

The results shown in Fig. 6 illustrate the critical role of
external OH reactivity in determining the effective OH exposure
within the AC-OFR. In the absence of external OH reactivity (i.e.,
only SO, present at 600 ppb), the measured OH exposure rea-
ches its theoretical maximum, corresponding to scenarios with
the highest degree of oxidation, consistent with prior OFR
studies such as that of Lambe et al (2011),° who reported
optimal measured exposures approaching ~2.5 x 10'> molec
ecm’ s at high UV settings. Introducing moderate external OH
reactivity (7 s, typical of a-pinene experiments) reduces the
measurable OH exposure by approximately one third, matching
the predicted correction factor (0.67) from Peng et al. (2015),>*
and paralleling the 25-50% reductions observed in atmospheric
simulation studies where VOC loads are high.

Under extremely high, non-atmospheric OH reactivity
conditions (143 s™'), the measured OH exposure collapses to
only about 9% of the reference, directly reflecting the over-
whelming competition from non-tracer VOCs, in agreement
with both Peng et al's (2015)* modelling results and high
reactivity experiments reported by Palm et al. (2016),>° which
emphasize that exposures above ~20 s ' are rarely environ-
mentally relevant due to such drastic diminishment in oxidant
dose.

Relative humidity (RH) is another important factor that can
significantly affect OH exposure measurements by influencing
the solubility and uptake of SO, during the determination
process. Our measurements at RH levels of 68% and 76%
showed reductions in SO, transmission of 12% and 28%,
respectively, compared to the 59% RH condition, which had
a transmission efficiency of 0.95 & 0.12. While Peng et al. (2015,
2020)>** recommend using high relative humidity as safe
operating conditions, our results indicate that at elevated RH,
SO, can be lost through condensation and chemical conversion
in the wet sections of the AC-OFR, rather than accurately
reflecting oxidant concentrations in the gas phase. Therefore,
we do not recommend determining OH exposure using SO,
measurements at high relative humidities above 70%. Other
authors have discussed this before for secondary inorganic
aerosol,**** leading to the same conclusions.
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An average global OH concentration of 1.5 x 10° molecules
em > (ref. 32 and 33) was used to calculate the equivalent
atmospheric exposure time for OHexp, while an average tropo-
spheric ozone concentration of 7 x 10"" molecules cm ™ (ref. 34
and 35) was used for Ozexp. Based on these reference values, the
AC-OFR demonstrates exceptional oxidative capacity, achieving
OH exposures equivalent to approximately 0.7-23 days of
atmospheric aging in the absence of external OH reactivity (i.e.
VOCs added), while simultaneously providing Oz exposures
ranging from 0.1-0.74 days. This dual-oxidant capability posi-
tions the AC-OFR favourably among contemporary flow
reactors.

It is important to clarify that the OH radical exposures re-
ported were determined in the absence of any externally added
volatile organic compounds (VOCs). These baseline measure-
ments represent the intrinsic oxidative capacity generated solely
from background water vapor and oxygen photolysis within the
AC-OFR. The presence of added VOC precursors introduces
additional external OH reactivity that can significantly reduce
the effective OH exposure available for oxidation.

Consequently, the OH exposures reported here characterize
the maximum achievable radical concentrations under clean,
controlled conditions and serve as a reference for subsequent
experiments involving reactive organic species. Corrected OH
exposures should consider OH reactivity based on added VOC
concentration and VOC - OH reaction rate constant as sug-
gested by Peng et al. (2015).2** In this regard, when external OH
reactivity (7 s~') was added (a-pinene), the equivalent OH
exposure was reduced to the 0.5-15.3 days range. Under non-
atmospheric relevant conditions like extremely high OH reac-
tivity, the OH exposure was reduced in the range between 0.1
and 2.0 days.

Compared to traditional environmental chambers, which
typically reach an inherent upper limit of only 1-2 days of
equivalent atmospheric aging, the AC-OFR provides signifi-
cantly extended oxidation timescales. Even large-volume
chambers like SAPHIR (270 m®)*” and PHOTO-LAC (1800 m®)*®
cannot approach the tropospheric residence times of up to two
weeks that our AC-OFR readily achieves.

When compared directly to other OFRs, the AC-OFR's
performance is particularly noteworthy. The PAM-OFR, a widely
used benchmark system, typically operates at OH exposures of
approximately 10> molecules per cm® s (equivalent to ~10 days
of atmospheric aging),*** while our reactor achieves similar
exposures up to 2.33-3.11 x 10" molecules per cm® s employ-
ing a single UV lamp instead or two or more. More recent
designs like the RAAD-OFR*® and APPA® (shown in Fig. 4) have
improved flow characteristics similar to the AC-OFR but have
not documented equivalent oxidation capabilities reaching 3
weeks of atmospheric aging.

SOA yield

Secondary organic aerosol (SOA) yields from a-pinene oxidation
in the AC-OFR were determined at four hydroxyl radical expo-
sure (OHexp) levels, corresponding to 4.7 £ 0.9, 3.3 £ 1.0,2.0 +
0.4 and 0.5 £ 0.3 days of equivalent atmospheric aging when 7
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s ' of OH reactivity was added. Yields were calculated using eqn
(4) after allowing 15 minutes stabilization under steady-state
conditions. Fig. 7 shows the time series of particle number
concentrations and SOA mass concentration during o-pinene
oxidation. Besides, an example of non-atmospheric relevant
experiments is shown in Fig. S9 in the SI.

As can be seen in Fig. 7, the experiments started with a-pinene
added (OH reactivity 7 s™') and no aerosol was present (blue
zones). However, once oxidation takes place, particle number
concentration rises rapidly mainly for particle bins between 1.7
and 40 nm. According to total particle mass concentration
calculated using eqn (5), assuming SOA density of 1.25 g cm ™,
they were 4.44 ug m> (13:10-13:25 h), 4.39 g m™> (13:40-13:55
h), 3.93 ug m~? (14:10-14:25 h) and 3.46 pg m—> (14:40-14:55 h),
corresponding to OH exposures of 4.7, 3.3, 2.0 and 0.5 days of
atmospheric OH equivalent exposure. The SOA yields in the AC-
OFR were between 0.11 and 0.14 which aligns with values re-
ported for a-pinene oxidation in other oxidation flow reactors
(OFRs) under similar low-NO, conditions. For instance, Lambe
et al. (2011)° documented yields of 0.17-0.40 in the Potential
Aerosol Mass (PAM) reactor, while Bruns et al. (2015)* reported
lower yields (0.05-0.20) in a different OFR design, attributing the
reduction to enhanced fragmentation at high OH exposures. The
AC-OFR's intermediate yield suggests a balance between func-
tionalization and fragmentation pathways, likely influenced by its
annular flow geometry, which promotes uniform mixing before
oxidation occurs, and maximizes laminar flow in the oxidation
around the UV lamp.

In all experiments, aerosol formation exhibited a consistent
pattern: activation of the UV lamp triggered rapid SOA
production within minutes, followed by a gradual decline to
a stable plateau (steady state). This reduction likely reflects
evaporation of semi-volatile oxidation products (SVOCs) under
prolonged UV exposure, as equilibrium between gas-particle
partitioning and oxidative aging was established. These
results are in accordance with other studies** where particle
concentration often exceeded 10° particles cm ™ in the 2-
100 nm range, especially when using o-pinene as the precursor.
The observed high particle counts do not necessarily translate
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Fig. 7 Time series of particle number concentration and SOA mass
concentration during a-pinene oxidation in the AC-OFR.
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to large mass concentrations, because nucleation mode can
dominate over the growth to larger sizes.

Fig. S9 in the SI exhibits an extreme case where a high OH
reactivity (143 s~ ', a-pinene) was employed at high OH expo-
sures (10"> molec per cm® per s). In this case there was a notably
transient SOA peak observed in the AC-OFR that exceeded
concentrations typically reported in batch-mode chambers (e.g.,
<1000 ug m ™ in Nah et al., 2016 (ref. 34)) but matches trends in
flow reactors like the ECCC-OFR,'® where SOA yields for o-
pinene were 30-40% higher than traditional chambers due to
reduced wall effects. The posterior decline in steady-state yield
contrasts with studies using OFRs with shorter residence times
(e.g, TSAR,"” PEAR"), where yields remained constant post-
nucleation, suggesting the AC-OFR's extended residence time
(76 + 8 s) enhances equilibration of semi-volatile species.

The AC-OFR's performance contrasts with traditional OFRs in
two key ways. First, its annular design minimizes surface inter-
actions, reducing wall losses and enabling sustained growth of
ultrafine particles (1.7-100 nm) without suppression by pre-
existing aerosols-a limitation well-documented in conventional
reactors.* Second, the AC-OFR maintains consistent nucleation
rates across environmental temperature (22 °C) and humidity
conditions (59% RH), unlike systems where dimer yields decline
sharply under such changes,** likely due to optimized flow
dynamics and UV homogeneity. These features underscore the
reactor's ability to replicate atmospheric nucleation processes
similar to laminar-flow OFRs, particularly for studies probing the
interplay between highly oxygenated organic molecule (HOM)-
driven nucleation and semi-volatile organic compound (SVOC)
evaporation. The invariance of steady-state yields further high-
lights its utility for investigating SOA formation mechanisms
under atmospherically relevant, controlled oxidative conditions.

Conclusions

The Annular Cylindrical Oxidation Flow Reactor (AC-OFR)
developed and characterized in this study demonstrated
considerable improvements over conventional OFR designs,
offering enhanced hydrodynamic performance, high trans-
mission efficiencies for both gases and particles, and precise,
tunable oxidant exposures under atmospherically relevant
conditions. A key innovation of the AC-OFR is the incorporation
of a computational fluid dynamics (CFD)-designed inlet
diffuser, which promotes effective mixing and confines turbu-
lence and recirculation to the region before the oxidation zone
surrounding the UV lamp. This design ensures a near-laminar,
uniform flow around the lamp, minimizing flow stagnation and
non-uniform oxidant exposure within the reaction chamber.
The annular flow geometry yields residence time distributions
approaching ideal plug flow, minimizes wall losses, and ensures
strong gas-particle coupling, thereby reducing experimental
artifacts commonly observed in laminar or tubular reactors.
Transmission efficiencies averaged 0.98 + 0.11 for ozone, 0.95 +
0.12 for sulfur dioxide, and 0.91 + 0.14 for particles (50-800
nm), with particle transmission independent of size. The
system enables reproducible simulation of a wide range of
atmospheric oxidation processes, achieving OH radical

This journal is © The Royal Society of Chemistry 2025
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exposures equivalent to approximately 0.7-23 days of atmo-
spheric aging in the absence of VOCs and decreasing to 0.5-15.3
days with 7 s~' OH reactivity of a-pinene. Ozone exposures up to
0.74 days were also achieved. The steady-state secondary
organic aerosol (SOA) yields from o-pinene oxidation were
consistent with literature values (0.11-0.14) and the reactor
demonstrated robust nucleation and particle growth dynamics.
These features underscore the AC-OFR's suitability as a flexible,
high-performance platform for controlled gas and gas-particle
oxidation studies, effectively bridging laboratory experimenta-
tion and atmospheric processes.
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