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ABSTRACT: Peroxy radicals play important roles in the atmospheric oxidation of
organic compounds and the formation of ozone and secondary organic aerosol. There are
few peroxy radical measurement techniques; the most common, chemical amplification
using CO and NO, requires the use of toxic reagents, and its calibration factor is very
sensitive to relative humidity. We present a new method for quantifying atmospheric
peroxy radicals, ECHAMP (Ethane CHemical AMPlifier). Sampled air is mixed with NO
and C2H6 (rather than CO), effecting a series of reactions that ultimately produces 25
molecules of NO2 per sampled peroxy radical under dry conditions. This “amplification”
factor decreases to 17 at a relative humidity of 50%, yielding a 1σ precision for 90 s average measurements of 0.8−2.5 ppt
depending on the atmospheric variability of ozone. We demonstrated the utility of the new technique with measurements in
Bloomington, IN, in July 2015.

■ INTRODUCTION
Peroxy radicals (HO2 and RO2, where R is an organic
backbone) are key species in atmospheric chemistry. Their
reaction with NO to form NO2 leads to net formation of ozone
in the troposphere,1 and their fates are closely connected to the
formation of secondary organic aerosol particles.2,3 Model
predictions of peroxy radicals do not always match measured
concentrations, especially in forests where there are high
concentrations of biogenic volatile organic compounds
(VOCs).4,5 Such discrepancies have been attributed to radical
loss4 or production5 processes missing from models. Despite
their importance, there are few techniques capable of measuring
total peroxy radicals, and measurement intercomparions have
shown mixed results.6−10 The most common method of
quantifying total peroxy radicals is the chemical amplification
technique,11−14 also known as “CHAMP” (CHemical AMPli-
fier)15 or “PERCA” (PERoxy radical Chemical Amplifier).16,17

Ambient air is mixed with high concentrations of CO (3−10%)
and NO (∼3 ppm), effecting the following radical propagation
cycle:

+ → +HO NO OH NO2 2 (1)

+ + → +OH CO O CO HO2 2 2 (2)

The NO2 formed is then quantified by one of several
techniques. Organic peroxy radicals are detected after
conversion to HO2 by reaction with NO, though formation
of organic nitrates (RONO2) and organic nitrites (RONO)
reduces the sampling efficiency.18 The chain length, the number
of NO2 molecules produced per sampled radical, can be as high
as 200 at 0% relative humidity. Since the introduction of this
chemical amplification technique in 1981,11 numerous versions
that use the same CO and NO chemistry have been developed

with subsequent detection of the NO2 amplification product by
several different analytical methods.13,14,19−21

There are several drawbacks to the CO-based amplifier. (1)
The high concentrations of CO required are extremely toxic.
Mixing ratios of 3−10% are used in the reaction chambers,
which requires using a cylinder of 100% CO. Inhalation of 0.2%
CO can lead to death within 2 h.22 CO is also explosive at
concentrations between 12 and 85% in air. Although the flow
rates used, typically ∼100 sccm per channel, are relatively low
and with proper safeguards the likelihood of a large leak is low,
the ramifications of such a leak could be catastrophic. The use
of CO is a serious logistical impediment to deploying
traditional chemical amplifiers. (2) The amplification factor is
very sensitive to relative humidity (RH). In many systems, the
sensitivity is reduced by a factor of >4 when operating at 75%
RH compared to 0% RH. This also increases the measurement
uncertainty due to the additional uncertainty of the RH effect
itself. There is also disagreement among groups that operate
CO-based amplifiers regarding the suitability of this RH
correction.6,17,20,23,24 (3) The detection sensitivity to individual
peroxy radicals varies because of the formation of RONO2 and
RONO following the reaction of sampled RO2 with excess NO.
In particular, a large fraction of CH3O2 (∼25%) that is sampled
is converted into CH3ONO rather than detected by chemical
amplifiers when using the typical NO mixing ratio of 3 ppm.
Reiner et al.25 presented a major modification to this

amplification chemistry, whereby the CO was replaced by SO2
and rather than detecting NO2 their chemical ionization mass
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spectrometer detected H2SO4.
25 Although this decreased the

chain length by an order of magnitude, it still led to excellent
sensitivity that is not affected by RH.26 Partial peroxy radical
speciation information can also be provided by modulation of
the NO/O2 ratio.

27

In this paper, we present a new chemical amplification
method [Ethane CHemical AMPlifier (ECHAMP)] that uses
ethane (C2H6) rather than CO, with detection of the NO2
product by cavity-attenuated phase shift spectroscopy (CAPS).
Because of its relatively benign impact on health, ethane is not
classified as a criteria pollutant or a hazardous air pollutant by
the U.S. Environmental Protection Agency. The amplification
factor of ECHAMP is almost 7 times lower than that of the
CO-based amplification technique under dry conditions, but
one-quarter as large at 50% RH. Use of much safer ethane
greatly facilitates field deployments, and the lower NO mixing
ratio used leads to a higher detection efficiency for CH3O2 and
other alkyl peroxy radicals. We show measurements of ambient
peroxy radicals in Bloomington, IN, during July 2015 using our
prototype ECHAMP instrument.

■ MATERIALS AND METHODS
The overall flow design and operation of the ECHAMP
instrument are based on our previously described CO-based
chemical amplifier24 with a few important modifications
described herein. Air is sampled at 0.88 SLPM into two
identical 0.43 cm inner diameter (ID) fluorinated ethylene
propylene (FEP) tubes and immediately mixed with 45 sccm of
NO (20 ppm in N2) and either 45 sccm of N2 or 45 sccm of
C2H6 (30% in N2) via an “upstream” perfluoroalkoxy (PFA)
tee; 45 sccm of C2H6 or N2 is added via a second tee 15 cm
downstream. The sampled air then flows through an additional
64 cm of 0.4 cm ID FEP tubing, a PTFE filter (United filtration
BKN-60), and 7 m of 0.4 cm ID FEP tubing and finally enters
the CAPS detectors (Aerodyne Research, Inc.) that are housed
inside a laboratory at a flow rate of 1.0 SLPM. The mixing
ratios of NO and C2H6 in the reaction chambers are 1.0 ppm
and 2.3% between the two addition points and 4.5% lower
downstream of the second addition. The lower explosive limit
of C2H6 in air is 3.0%. When a reaction chamber is operated in
“ROx” or amplification mode, the ethane is added upstream
and the nitrogen is added downstream. In “Ox” or background
mode, these are reversed: nitrogen is added upstream and
ethane downstream.24 Further details regarding the inlet,
purification of the C2H6 and NO, and other aspects of the
gas flows are provided in the Supporting Information.
Calibration and Amplification Factor. Peroxy radical

measurements by all chemical amplifiers rely on accurate
calibrations with known concentrations of peroxy radicals. We
calibrated the sensor with two different radical sources: one
based on photolysis of acetone vapor and another based on
photolysis of water vapor. The former creates a mixture of
CH3O2 and CH3C(O)O2 radicals and has been described
previously.24 Briefly, radicals produced by acetone photolysis
are quantified by reaction with excess NO and measurement of
the NO2 produced (without amplification). The water
photolysis method is a more common HOx calibration method
and used by many chemical amplifiers and laser-induced
fluorescence instruments.13,28−31 Briefly, humidified air is
exposed to 184.9 nm ultraviolet (UV) radiation from a
mercury lamp, creating an equimolar mixture of OH and HO2:

+ → +H O 184.9 nm H OH2 (3)

+ →H O HO2 2 (4)

OH is quantitatively converted to either HO2 or C5H8(OH)O2
by reaction with added CO or isoprene, respectively. Further
details of our implementation of the water photolysis method
and comparison to the acetone photolysis method are
described in the Supporting Information.

■ RESULTS AND DISCUSSION
The amplification factors (F) for both ethane-based and CO-
based chemical amplifiers as a function of RH are shown in
Figure 1. At 0% RH, the amplification factor for the ethane

system is 7 times lower than that of the CO system. Its
amplification factor, however, is less sensitive to RH than that
of the CO amplification system. At 50% RH, the amplification
factor for the ethane system is 30% lower than that at 0% RH
and is 4 times lower than the CO system’s amplification factor
at 50% RH.

Amplification Chemistry. In “ROx” mode (i.e., with the
NO and C2H6 added to the sampled air immediately at the
“upstream” tee), the following radical propagation reactions
occur:

+ → +O NO OH NO2 2 (1 )

+ → +OH C H H O C H2 6 2 2 5 (5)

+ + → +C H O M C H O M2 5 2 2 5 2 (6)

+ → +C H O NO C H O NO2 5 2 2 5 2 (7)

+ → +C H O O CH CHO HO2 5 2 3 2 (8)

net reaction:

+ + → + +C H 2O 2NO CH CHO H O 2NO2 6 2 3 2 2
(9)

Organic peroxy radicals that create HO2 upon reaction with
NO are also detected by the radical sensor:

+ → +RO NO RO NO2 2 (10)

Figure 1. RH dependence of the chain length of both the CO-based
and C2H6-based amplifier. At typical ambient relative humidity values
(40−85%), the amplification factor of the ethane-based amplifier is
within a factor of 4 of that of the CO-based amplifier. The RH is
defined as that entering the reaction chamber (before dilution with the
dry reagents). Each point is the result of a calibration curve. The error
bars are ± 5% for the C2H6 amplifier and ±12% for the CO amplifier.
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+ → ′ +RO O R HO HO2 2 (11)

where R′HO is a carbonyl compound. Decomposition of RO
radicals can also form HO2 or OH radicals that then participate
in reactions 1−5.
In background mode, in which the air is mixed with NO and

N2 at the upstream tee and the ethane is not added until 130
ms later at the downstream tee, RO2 and HO2 radicals are
converted into HONO by reactions 10, 11, and 1 and, finally,
the reaction of OH with NO to form HONO. In strict terms,
the amplification factor F can be defined as the amount of NO2
produced in amplification mode per radical sampled. Because
NO2 is produced from reactions 1 and 7 in both amplification
mode and background mode, however, we instead define F as
the quotient of the difference in NO2 concentration between
amplification and background modes and the sampled peroxy
radical concentration (see the section on calibration).
We use a chemical kinetics numerical integration model to

predict the impact of experimental conditions on the
amplification factor (details in the Supporting Information).
The major termination reactions at 0% RH are listed below in
order of importance according to the model:

+ + → +C H O NO M C H ONO M2 5 2 5 (12)

+ + → +C H O NO M C H ONO M2 5 2 2 5 2 (13)

+ + → +HO NO M HNO M2 3 (14)

+ →HO wall loss2 (15)

At a NO mixing ratio of 1 ppm, 2.9% of the ethoxy radicals
(C2H5O) react with NO to form C2H5ONO rather than
propagate by reaction with oxygen (reaction 8).32 Similarly,
1.9% of the reaction of ethyl peroxy radicals (C2H5O2) with
NO will form ethyl nitrate (reaction 13) rather than C2H5O
and NO2.

33 Reactions 12 and 13 account for a combined 86%
of the total radical termination at 0% RH, while formation of
HNO3 from HO2 and NO (reaction 14) accounts for only 9%.
At 75% RH, reaction 14 accounts for 43% of total radical
termination because of the increase in its rate constant caused
by HO2·H2O adducts.34−36 This is also the cause of the RH
dependence of CO-based chemical amplifiers’ chain length.23,37

Although reaction 14 also affects the ethane amplifier, because
of the presence of the faster radical termination steps
(C2H5ONO and C2H5ONO2 formation), the overall result is
that the ethane amplifier has an amplification factor at 0% RH

that is much lower than that of the CO amplifier, but does not
decrease as much with increasing RH. At RH values commonly
found in the troposphere during the day (40−85%), the
amplification factor of the ethane amplifier is within a factor of
4 of that of the CO amplifier.
The ambient ROx concentration (ROx = OH + HO2 + RO2

+ RO) is determined by eq 1:

= Δ F[ROx] NO /2 (I)

where ΔNO2 is the difference between the two reaction
chambers’ NO2 measurements (one in amplification mode and
the other in background mode) and F is the laboratory-
determined amplification factor.

Ambient Measurements. We deployed the ECHAMP
system along with supporting measurements of NO, NO2, and
O3 in Bloomington, IN, during July 2015 as part of the Indiana
Radical, Reactivity and Ozone Production Intercomparison
(IRRONIC) field project. NO was measured with a Thermo
model 42i-TL chemiluminescence sensor; NO2 was measured
with a separate CAPS sensor, and O3 was measured with a 2B
Tech model 202 UV absorption sensor. jNO2

was measured with
a spectroradiometer. Figure 2 shows 4 days of measurements
during the IRRONIC field project. Concentrations followed a
diurnal pattern similar to that of jNO2

, usually peaking between
13:00 and 16:00 local time at 20−50 ppt, and were <5 ppt at
night. Analysis of these measurements along with those
recorded with a laser-induced fluorescence instrument will be
presented in other papers.

Uncertainty and Detection Limit. As was the case with
our earlier CO-based amplifier,24 there are three main sources
of uncertainty. All uncertainty values quoted are at the 2σ level:
(1) the calibration of the two CAPS sensors to NO2 (5%), (2)
uncertainty associated with the peroxy radical calibrations and
the RH “correction” (on the basis of the uncertainty in the fit of
the calibration curves, this is 5% for the former24 and 15% for
the latter for a combined uncertainty, calculated in quadrature,
of 16%; for the July 2015 data set shown below, however, this is
increased to 25% because of problems encountered with the
field calibration source that have since been rectified),38 and (3)
uncertainty related to the variable response of the instrument to
different types of peroxy radicals, estimated to be 9%.
For the field measurements described below, the total 2σ

uncertainty is thus 27%, though we expect future data sets to
have an uncertainty of <20%.

Figure 2. Mixing ratios of RO2 + HO2, NO, NO2, and O3 and jNO2
measurements in a forest near Bloomington, IN, during the IRRONIC field

campaign (local time). With the exception of the HO2 + RO2 measurements for which 15 min averages are shown, all other measurements are 1 min
averages. Units for the jNO2

axis are inverse seconds.
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The third point above underscores an attribute of the
ECHAMP method: its relative sensitivity to RO2 radicals
compared to HO2 is higher than that of CO-based amplifiers
because of the lower NO mixing ratio used (1 ppm for
ECHAMP vs 3 ppm for PERCA). RO2 radicals are detected by
chemical amplifiers only if they eventually form HO2 following
reaction with NO (e.g., R10 and R11). The extent to which this
occurs depends on the competing fates of the intermediate
alkoxy radical (RO): reaction with O2, reaction with NO to
form alkyl nitrites (RONO), and isomerization/decomposition.
At 3 ppm NO, only 75% of CH3O2 radicals are detected by
chemical amplifiers because of the formation of CH3ONO as
determined by the relevant literature rate constants [i.e.,
kCH3O+O2

[O2]/(kCH3O+O2
[O2] + kCH3O+NO[NO])]. In contrast, at

1 ppm NO, 90% of CH3O2 is expected to be detected. This
advantageous use of lower NO mixing ratios is not an attribute
of the ethane amplification chemistry itself and could be applied
to CO-based amplifiers, though at reduced sensitivity.
The precision and detection limit are theoretically limited by

the precision of the CAPS NO2 sensors and the RH-dependent
amplification factor of the C2H6−NO chemistry (eq 1).24 With
a CAPS NO2 1σ precision of 10 ppt for a 45 s average and an
amplification factor of 17 (at 50% RH), the theoretical 1σ
precision for a 90 s measurement is √2(10)/17 = 0.8 ppt,
leading to predicted detection limits of 1.6 ppt for 90 s averages
and 0.5 ppt for 15 min averages (signal-to-noise ratio of 2).
During ambient sampling, however, fast variations in the O3
mixing ratio and imperfect matching of the time response of the
two reaction chambers, transit tubing, and CAPS internal
volumes usually degrade this 1σ precision by a factor of 3, to 2.5
ppt for 90 s averages and 0.8 ppt for 15 min averages.24 Given
daytime mixing ratios of 10−40 ppt, the resulting signal-to-
noise ratios for the 15 min averaged daytime measurements in
Figure 2 typically range from 10 to 50. Additional figures
demonstrating instrument precision and data processing are
provided in the Supporting Information.
Given the relative ease of deploying this instrument with the

new ethane-based chemistry and the success of its first
deployment, we have discontinued use of the traditional CO
amplification chemistry and plan to use the ECHAMP method
for future studies of atmospheric peroxy radicals.
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Müsgen, P.; Rohrer, F.; Wegener, R.; Hofzumahaus, A. Intercompar-
ison of peroxy radical measurements obtained at atmospheric
conditions by laser-induced fluorescence and electron spin resonance
spectroscopy. Atmos. Meas. Tech. 2009, 2 (1), 55−64.
(9) Ren, X.; Edwards, G. D.; Cantrell, C. A.; Lesher, R. L.; Metcalf, A.
R.; Shirley, T.; Brune, W. H. Intercomparison of peroxy radical
measurements at a rural site using laser-induced fluorescence and
Peroxy Radical Chemical Ionization Mass Spectrometer (PerCIMS)
techniques. J. Geophys. Res. 2003, 108 (D19), 4605.
(10) Ren, X.; Mao, J.; Brune, W. H.; Cantrell, C. A.; Mauldin Iii, R.
L.; Hornbrook, R. S.; Kosciuch, E.; Olson, J. R.; Crawford, J. H.; Chen,
G.; Singh, H. B. Airborne intercomparison of HOX measurements
using laser-induced fluorescence and chemical ionization mass
spectrometry during ARCTAS. Atmos. Meas. Tech. 2012, 5 (8), 2025.
(11) Cantrell, C.; Stedman, D. A possible technique for the
measurement of atmospheric peroxy radicals. Geophys. Res. Lett.
1982, 9 (8), 846−849.
(12) Hastie, D. R.; Weissenmayer, M.; Burrows, J. P.; Harris, G. W.
Calibrated chemical amplifier for atmospheric ROx measurements.
Anal. Chem. 1991, 63 (18), 2048−2057.
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