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very difficult. In the atmosphere and troposphere, hydroperoxyl radicals (HO2 ) are closely
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demanded in the chemical oxidation of the troposphere. But advances in technology have
allowed researchers to improve the determination methods on the research of free radi-
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cals through some spectroscopic techniques. So far, several methods such as laser-induced

Atmosphere

fluorescence (LIF), high-performance liquid chromatography (HPLC), and chemical ioniza-

Determination method

tion mass spectroscopy have been identified and mostly used in determining the quantity

Hydroxyl radical

of hydroxyl and hydroperoxyl radicals. In this systematic review, we have advised the use

Hydroperoxyl radical

of scavenger as an advance for further researchers to circumvent some of these problems

Troposphere

caused by free radicals. The primary goal of this review is to deepen our understanding of
the functions of the most critical free radical (•OH, HO2 ) and also understand the currently
used methods to quantify them in the atmosphere and troposphere.
© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
Hydroxyl radical (•OH) is the principal diurnal oxidant in the
troposphere and is capable of eliminating most of the trace
gases freed into the troposphere, including greenhouse gases
and substances that are awful to health, and commences to
form various species, such as ozone and secondary organics
(Fuchs et al., 2012). Due to its high reactivity, the hydroxyl rad-

∗

ical has a very abrupt lifetime and is hence present in very low
concentrations (Fuchs et al., 2006). The reaction of hydroxyl
radicals with many contaminants by cracking decomposition
as the first step in their removal, cause them to be denoted to
as detergents of the troposphere.
Over the past century, there has been a dramatic increase in greenhouse gases such as methane (CH4 ) and ozone
(O3 ) due to industrialization but fortunately •OH plays an
important role in eliminating them from the atmosphere
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(Almatarneh et al., 2020; Bin and Wang, 2008). Besides, hydroxyl radicals are developed from the decomposition of hydroperoxide (HO2 ) or, in atmospheric chemistry, through the
reaction of excited atomic oxygen with water. HO2 are superoxide of the protonated form of HO2 that react with marred
air to form ozone in marred air, which can initiate and carry
the reaction chain and is closely related to the formation of
secondary particles (Wang et al., 2018). The HO2 radicals are
shaped by the corrosive products of •OH on volatile organic
compounds (VOCs) and are responsible for the photochemical emissions of ozone (Fuchs et al., 2012; Miyamoto et al.,
2010). In general, •OH and HO2 free radicals sources are classified into two categories which are reactive oxygen species
(ROS) and reactive nitrogen species (RNS) resulted from endogenous sources such as mitochondria, peroxisomes, endoplasmic reticulum, phagocytic cells and exogenous sources
such as pollution, alcohol, tobacco smoke, heavy metals, transition metals, industrial solvents, pesticides, certain drugs like
halothane, acetaminophen, and radiation (Phaniendra and
Babu, 2015). However, different sources of •OH radicals in the
atmosphere and troposphere include O3 photolysis, formaldehyde (HCHO) photolysis, ozonolysis of olefins, and photolysis
of nitrous acid (HONO) (Tan et al., 2017).
A new photochemical source of HONO was found in the
laboratory, which could explain the unusually high HONO
concentration observed in the atmosphere during the day
(Nan et al., 2017). A detailed analysis of the sources of HONO
in the atmosphere is given by the reaction of •OH radicals
with volatile organic compounds (VOC) in complex cycles,
thereby regenerating •OH radicals in the propagation cycle
(Elshorbany et al., 2010). Theoretical research proposes a new
•OH recycling route in contrast to traditional mechanisms,
with the elevated advantage that this pathway does not require NO to regenerate the hydrogen radical family (HOx ) from
peroxyl radicals (RO2 ) free radicals. So, the proposed mechanism involves single-molecule reactions of specific isoprene
peroxyl radicals (Novelli et al., 2018). Because of their high reactivity, low concentration, and short life; hydroperoxyl radicals also play a crucial role in living cells, and detection in
marred air poses substantial challenges to the analytical techniques used (Kawade et al., 2017).
In recent years, researchers (Heard et al., 2003) have reported the first measurement of hydroxyl radical and many
comments have summarized the atmospheric hydroxyl radical detection technology. Measurements of •OH radicals in
the troposphere have been identified and measurement techniques have long sought to explore short-term changes in tropospheric hydroxyl radicals, particularly since the 1990s. Indeed, HO2 radicals in flames were detected by mid-infrared
oxidation by a Faraday rotation spectrum in a laminar
flow reactor using a laser-induced fluorescence technique
(Amedro et al., 2013). Also, Carlier and Sochet proposed a
method for measuring the ratio between HO2 and RO2 radicals based on electron spin resonance spectroscopy, but not
applicable to true hydrocarbons and low-temperature oxidation (Merten et al., 2010; Suzen et al., 2017).
Recently, considerable literature has grown up for two
methods direct and indirect which are the most used in
determination changes of •OH in the troposphere (Bin and
Wang, 2008; Fuchs et al., 2006). The direct method is based on
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remote ultraviolet absorption and laser-induced fluorescence
(LIF) (Fuchs et al., 2006). While the current indirect methods
are ion-assisted mass spectrometry (MS) and carbon monoxide/carbon dioxide (CO/CO2 ) radioactive (Fuchs et al., 2012;
Hanke et al., 2002; Mopper, 2000).
In this review, we have discussed preliminary test detection
and the results of a new •OH potential indirect measurement
method where in this process, the atmospheric •OH signal is
linked with a fluorescent compound produced by the liquid
phase reaction of the removed •OH with a chemical probe, salicylic acid (o-hydroxybenzoic acid, OHBA) (Sinha et al., 2008).
Previously conceives have shown that salicylic acid (SAL) responds with this acid where •OH is very particular and provides a fast reproducible and well-characterized response.
Thus derivatives (2,3-dihydroxybenzoic acid (2,3 DHBA) and
2,5-dihydroxybenzoic acid (2,5-DHBA)) can be detected with
high sensitivity and selectivity (Jen et al., 1998; Kuzma et al.,
2018). It was demonstrated that the hydroxylated product produced by the reaction can be separated and measured by highperformance liquid chromatography (HPLC) coupled with ultraviolet (UV), fluorescence detection or mass spectrometry
(MS) (Almatarneh et al., 2020; Bin and Wang, 2008).
However, researchers have also shown that the tropospheric abundance of HO2 is about 100 times that of •OH, the
determination of HO2 is much less (Brune et al., 2002). As a
result, the character of the HO2 field determination is not as
good as the character of the •OH and the lack of hydrogen
peroxide (H2 O2 ) data is crucial because, until lately, there is
no in situ spectroscopy with sufficient sensitivity and fast response (Fittschen, 2019; Holland et al., 2003). The spectrum of
the annular cavity is not sensitive enough to detect •OH in the
atmosphere. Three methods have been demonstrated in the
field of H2 O2 detection, namely chemical conversion to •OH,
followed by laser-induced fluorescence induced for •OH detection, free peroxides, which are related to sulfur chemistry by
the chemical ionization mass spectroscopy (CIMS) and make
it possible to distinguish between HO2 and total oxygen free
radicals (Kanaya et al., 2000). In this review, we have summarized some of the methods of determining •OH, and HO2 in the
atmosphere and troposphere to identify the gaps in the scientific researches of these free atmospheric and tropospheric
radicals research.

1.
Determinations methods of hydroxyl,
hydroperoxyl in atmosphere and troposphere
1.1.

LIF method

Laser-induced fluorescence (LIF) known as FAGE (fluorescence
assay by gas expansion) is the spontaneous emission of atoms
or molecules excited by radiation (laser) (Amedro et al., 2013,
2012). The phenomenon of inductive fluorescence was identified for the first time in 1905 by Robert William Wood and
was discussed several decades before the invention of the
laser (Bin and Wang, 2008). Researchers have made it clear
that LIF consists of two white-type multichannel cells alike to
those used at Pennsylvania State University (aligned to produce about 30 passes) to simultaneously detect •OH and HO2
(Stone et al., 2012). Thus, in the first cell of •OH is directly mea-
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sured by LIF, while HO2 is indirectly measured by injecting nitrogen monoxide (NO) in the second HO2 to convert HO2 to
•OH and then detected by LIF (Di Carlo et al., 2004).
However, the •OH and HO2 radical concentrations and
total •OH reactivity were detected using laser-induced
fluorescence-gas expansion fluorescence analysis (LIF-FAGE)
technology, which is an Indiana free radical, reactivity and
ozone production comparison (IRRONIC) portion. Consequently, this campaign was conducted in a forested area near
Indiana University Bloomington, which is characterized by a
high isoprene mixing ratio and a low nitrogen oxides (NOx )
mixing ratio (Lew et al., 2019).
Also, it was demonstrated that FAGE unit uses an Edwards
GX6 / 100 L pump from China to continuously pump ambient air through a small orifice (1 mm) into a low-pressure
cell (1.5 Torr) at a rate of 9.2 L/min and excitation of •OH
molecules using a dual-frequency dye laser (Sirah Laser Precision Scan PRSC-24-HPR, Sirah Laser Technik, USA) pumped
by a frequency-doubled output pump at 308.244 nm (SpectraPhysics Navigator II YHP40-532QW, USA) with a repetition rate
of 5 kHz (Amedro et al., 2012) As a result, Laser energy is
distributed between •OH cells (2 mW), HO2 cells (1 mW) and
wavelength reference cells (0.3 mW) using a Melles Griot beam
splitter with •OH and HO2 beams coupled to two 10 m (ounce)
OZ optics collimators (CVI Laser Optic Melles Griot, Japan)
200 μm diameter fibers (Yoshino et al., 2006).
The transmission rate through the 10-m fiber is about
65%% 15% to 20% (about 15 mW) of the initial dye laser output reaches the •OH battery, and 5% to 10% reaches the HO2
cell to lock the wavelength of the laser to automatically correct wavelength drift (Sadanaga et al., 2004). The •OH fluorescence is monitored in a reference cell where a high concentration of •OH is produced by photoevaporation in 185 nm
(Sadanaga et al., 2004). The cycle between activation and deactivation of the resonance wavelength gives the data point, including the 18 sec integration time of the fluorescence count.
In that time resolution is approximately 47 sec due to the additional time required to measure the background signal and
calculate the data and the accuracy of the •OH measurement is
limited by the detected •OH fluorescence and the background
noise of the subtracted background signal (Yoshino et al.,
2006).
In the first half of the motion, the background signal often exceeds the •OH fluorescence signal and causes a relatively large noise in the •OH measurement because of the
delay between the laser pulse and the start of the •OH fluorescence detection is not well adjusted. However, once the
delay is optimized, the measurement noise is considerably reduced and the detection limit of 1 sigma is 0.3 × 106 cm−3 .
In a sunny room, the stray light enters the fluorescent cell
through the inlet nozzle, which has a significant effect on the
background signal and its emission noise (Harder et al., 2010).
Due to the significant variation in sunlight, after the decrease
in fluorescence, during a second, longer window, it measures very precisely its contribution to the background signal
(Dusanter et al., 2008; Schuyler and Marcelo, 2017). Calibration
of the LIF instrument is performed using a free radical source
in which •OH radicals are generated by photolysis of water vapor at 185 nm and the •OH concentration is calculated by measuring moisture, flow rate, and light intensity (Lelieveld et al.,

2010). The latter is measured with a periodically calibrated
photocell for O3 / O2 photometry. Details of the LIF design,
calibration procedures, and calibration source evaluation was
evaluated by (Amedro et al., 2012; Fuchs et al., 2012).
Pressure based on the LIF through a small orifice (a postexpansion FAGE of a gas mixture of about 100 μm to 1 mm
(usually ambient atmosphere) to about 0.5 Torr is examined
and it was found that the method can detect the mentioned
free radicals. However, the HO2 radical which does not generate fluorescence is converted into an •OH radical by a rapid
reaction with NO. Indirect detection of HO2 after conversion to
•OH groups by the addition of NO is a common technique that
can lead to complications due to the reaction of NO with other
mediators. In the case of FAGE, NO is added only after the gas
mixture has expanded in the FAGE unit; that is when the reaction system is already at low temperature and low pressure
(Sadanaga et al., 2004). Recent experiments have shown that
even under these conditions, the group RO2 can be converted
to an •OH reaction in a two-step sequence, and the conversion efficiency strongly dependent on the concentration of NO
(Commane et al., 2010).
Therefore, all LIF instruments additionally measure HO2
and the LIF invention involves the conversion of NO in the gas
expansion by the addition of •OH by LIF. Besides, the •OH and
HO2 measurements can also be made in a single chamber in
alternating mode or two coupled or fully separated chambers
(Heikes et al., 2010).

1.2.

Chemical ionization mass spectroscopy (CIMS)

CIMS is a mass spectroscopic technique in which the analyte responds with ions of a reagent gas (Hanke et al., 2002).
Chemical ionization was first brought in by Burnaby Munson
and Frank Field, and it is in a branch of gaseous ion-molecule
chemistry (Bayat et al., 2020). A CIMS instrument for the •OH
detection was first demonstrated in Dalian Institute of Chemical Physics laboratory, China and for peroxyl, radical detection was launched by several Chinese groups such as Peking
University (PKU), Anhui institute of optics and fine mechanics (AIOFM), Hong kong polytechnic university (HK Poly) with
CIMS techniques (Lu et al., 2019). It was found that chemical
ionization which is a milder technique that reduces fragmentation is more useful for highly fragile compounds that are excessively fragmented under EI conditions (Yu and Lee, 2012).
Throughout the day, most of the reaction cycles start by
the reaction of a hydroxyl (•OH) group that is produced by
the dissociation of ultraviolet light from O3 having a wavelength below 318 nm. However, the reaction cycle necessitating free radicals is referred to as the repelling force for the
oxidation of many gaseous species of the troposphere into
compounds that are more easily removed and eliminated by
aerosols, clouds, and rain (Hallquist et al., 2019). Therefore, hydroperoxide radicals (HO2 ) and organic peroxyl radicals (RO2 ,
where R is an organic group such as CH3 ) are key reaction
intermediates or chain extenders which are all detected by
CIMS, and oxidation of CO and hydrocarbons by •OH results
in the formation of HO2 and RO2 , respectively (Benson et al.,
2010). Reactions of HO2 with NO or O3 recycle •OH from HO2
and RO2 are convinced to HO2 by reacting with NO. Where
these cycling reactions establish a rapid steady-state for •OH,
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HO2 , and RO2 (You et al., 2014). It turns out that at night, formation and evolution of the pool of free radicals can be carried out by ozonolysis of volatile organic compounds (VOCs) or
by the reaction of VOC with nitrate (NO3 ) (Jenkin et al., 2019;
Stone et al., 2012).
This method is also known as ion-assisted mass spectroscopy, in which this machine remains as the method for
hydroxyl radical determination. Besides, CIMS detects •OH
indirectly where it’s first converted to sulfuric acid (H2 SO4 )
which can be then observed by mass spectroscopy. The same
as for HO2 it is indirectly observed for this method, where it
is converted first to •OH by the addition of NO to the ambient sampling inlet. The mechanisms happen at atmospheric
pressure, and coincidental conversion of peroxyl and hydroxyl
radicals is so difficult. Although via judicious control of the
reagent gas flows, determination of HO2 is possible individually (Stone et al., 2012).
The CIMS method is also known as the sorest of all •OH
field instrument with an observation limit of better than
105 molecule/cm3 (Onel et al., 2017). However, collisions of
reactive ions to the analyte (typically present at 1% of the
pressure of the reaction gas) produce ions of one or more analyte characteristics (You et al., 2014). These ions of the initial
analyte can be fragmented or rarely further reacted with the
reaction gas to produce a final ion network that represents
the ion chromatography mass spectrometry (IC-MS) of the
analyte produced by the particular reaction gas.

1.3.

HPLC method

High-performance liquid chromatography HPLC is a popular
analytical chemistry technique expended to separate, identify, and quantify each component of a mixture (Bin and
Wang, 2008). It relies on a pump to deliver a liquid solvent at a
pressure containing the sample mixture to a column packed
with a solid adsorbent material. In HPLC, column chromatography is carried out at a higher flow rate than conventional
column chromatography, so the pressure is higher and makes
it possible to use smaller stationary phase beads with a larger
surface area to volume ratio, which greatly increases the interaction of the stationary phase with the mobile phase components (Ren et al., 2005). The interaction of each component
of the sample with the adsorbent material is slightly different,
resulting in different flow rates for the different components
and separation of the components at the outlet of the column
(Gligorovski et al., 2015).
Based on its principle, during the HPLC experiment, the
high-pressure pump passes through the mobile phase of the
reservoir through the syringe. The fractions are then separated by C18 reverse phase packed column. Finally, the mobile phase is moved into the detection unit where the absorbance is measured at 220 nm and terminated in the waste
bottle. The time it takes for a component to pass from input to the detector is called the retention time. Therefore,
the LC system (1100 M series, Agilent, USA) is equipped with
a pump, valve injector, in-line degasser and chromatography
data processing software (HP Chem Station for LC) where separation is performed using a C18 reverse-phase column (5 m,
250 mm × 4.6 mm) (Catapano et al., 2019).
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A coulomb is a sensor (Coulochem III sensor array, ESA,
USA) and a current detector (Bioanalytical System, West
Lafayette, IN, USA) are used to detect hydroxylated derivatives. The Coulomb detector is equipped with a two-electrode
analysis cell (Coulochem 5010A, ESA, USA) and a guard electrode (Coulochem 5020A Dionex, ESA, USA). Model 5010 consists of two flow-through porous graphite Coulomb electrodes
(Mopper, 2000). Then, the amperometric test is equipped with
a carbon glass working electrode, a saturated calomel reference electrode, and a platinum counter electrode. The amperometric test has made it possible to analyze the possibility of
determining tropospheric radicals (•OH) by liquid phase purification and high-performance liquid chromatography (HPLC)
(Salmon et al., 2004). The potential benefits of this approach
are its simplicity, portability, and low cost where, the sampling system uses a glass bubbler to trap atmospheric •OH in
salicylic acid (o-hydroxybenzoic acid, OHBA) buffer (Yin et al.,
2019).
The rapid reaction of •OH with OHBA gave a stable fluorescent product, 2,5-dihydroxybenzoic acid (2,5-DHBA), which
is determined by reverse-phase HPLC and fluorescence detection. As a result, the rapid reaction of •OH with OHBA gave
a stable fluorescent product, 2,5-dihydroxybenzoic acid (2,5DHBA), which is determined by reverse-phase HPLC and fluorescence detection. The preliminary field results have also indicated that the method is more appropriate for cleaning the
air from the troposphere (Salmon et al., 2004). The products of
the hydroxylated reaction of •OH and OHBA are 2,3-DHBA and
2,5-DHBA (Mopper, 2000).
Atmospheric interference from other species seems negligible compared to the measurement of polluted •OH air. In
clean air, the sampling period is about 45 to 90 min and the detection limit is about 3 × 105 – 6 × 105 radicals/cm3 (Ren et al.,
2002). The liquid-phase washing method was compared to
ion-assisted mass spectrometry (MS) methods at a sampling
point in Colorado as part of the •OH comparison experiment.
The results are the same for the precision of the MS-assisted
ion method (1 × 106 – 5 × 106 cm−3 groups) as for the current
accuracy (about ±30% to 50%). However, Previous results from
the tests conducted by Pullman and Washington, show that
the method can also eliminate interference by acidifying the
wash solution or by adding a cleaning agent to act in moderately polluted air. Pullman has shown that the •OH concentration at noon is generally between 2 × 106 and 20 × 106 cm−3
•OH, the concentration at night is still very low, slightly above
the limit of detection (Mopper, 2000).
In addition to that, Fenton proposed the combination of an
optimized salicylate hydroxylation analysis with the original
HPLC method was used to monitor •OH production in the reaction. By using this method, it is possible to provide higher sensitivity and selectivity for analysis, thereby reliably determining low-level catechol, three reaction products represented by
2,3-DHBA and 2,5-DHBA. The analytical method was first verified to obtain excellent results in terms of linearity, precision,
and accuracy (Catapano et al., 2019).

1.4.

Photolysis method

The main source of •OH radicals is the photolysis of ozone
and in a polluted environment, the photolysis of nitrous acid
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(HONO) is also very important. Organic pollutants are oxidized by •OH to generate organic peroxyl radicals (RO2 ) and
hydroperoxyl radicals (HO2 ). The •OH and HO2 radicals are
closely linked by a free radical chain reaction in which •OH
is reformed by the reaction of HO2 with nitric oxide (NO). Besides, the photolysis of ozone by ultraviolet light in the presence of water vapor is also the main source of hydroxyl radicals in the troposphere (Sascha et al., 2019; Thiebaud et al.,
2008).
Since the atmospheric lifetime of HO2 radicals is generally
10 times longer than that of •OH radicals, HO2 can be considered as an important chemical for hydroxyl (•OH). The NO concentration in the atmosphere is usually high enough to maintain efficient •OH production through the reaction of HO2 and
NO, so the following reactions provide a large portion of the
total •OH production (Sascha et al., 2019).
HO2 + NO → OH + NO2

(1)

Atmospheric photochemistry may be used to produces a
variety of free radicals that have a major impact on the final composition of the atmosphere. In terms of reactivity, the
most important of these is hydroxyl, •OH. It is broadly recognized that all the primary gas pollutants are mainly got rid of
through the gas phase oxidation via hydroxyl radicals (•OH),
nitrate radicals (NO3 ) and ozone (O3 ) (Lu et al., 2019).
The hydroxyl radical chemistry cannot be treated separately because it is part of a tight coupling system that combines HOx (•OH and HO2 ), NOx (NO and NO2 ), and ozone.
In relatively uncontaminated systems (low NOx emissions),
the main fate of hydroxyl radicals is the reaction with carbon monoxide or methane to form peroxyl radicals such as
HO2 and hydroxy methoxide (CH3 O2 ) (Thiebaud et al., 2008).
Indeed, peroxide radicals RO2 are fundamental species in
the atmosphere, troposphere, and low-temperature combustion chemistry for the reactive intermediates formed during the oxidation of most hydrocarbons. However, Dr. Christa
Fittschen first proposed another reaction pathway of RO2 in a
low NO environment of the reaction of RO2 radicals and •OH
radicals were in a purely modeling study, she looked into the
possible effects of such reactions on atmospheric composition
(Fittschen, 2019).
As mentioned in Fig. 1, association complex oxidation of
methane illustrates the main role of hydroxyl radicals because
the atmospheric concentration of CH4 is primarily controlled
by the reaction with •OH. Photolysis of carbonyl compounds
results in potential sources of HO2 in the atmosphere produced from the (partial) oxidation of hydrocarbon species. The
simplest and most common of these compounds is formaldehyde, which is produced from CH4 oxidation (Monks, 2005).
Fig. 1 sums up the oxidation of methane and exemplifies
some of the important roles of hydroxyl radical and that of
the atmospheric concentration of CH4 during oxidation under
•OH reaction and demonstrate how the above reaction results
in the production of carbon dioxide (CO2 ) and hydroperoxyl
radicals (HO2 ) (Di Carlo et al., 2004).
The oxidizing ability of •OH in the atmosphere is initiated
by the photolytic reaction of O3 and is maintained by the reaction with volatile organic compounds (VOC) to generate hydrogen peroxide radicals (HO2 ) and organic peroxide radicals

(RO2 ) which are then recycled to hydrogen oxide through nitric oxide. The •OH radicals are terminated by reacting with nitrite (NO2 ) to form HNO3 . However, the atmospheric oxidation
ability caused by NO3 is also initiated by O3 and is terminated
by the reaction with VOC and the heterogeneous absorption of
its reservoir substance-dinitrogen pentoxide (N2 O5 ) (Chi et al.,
2019; Ye et al., 2016). Recently, it was discovered that these
highly oxidized nitrogen compounds can follow certain denitrification processes that generate photoactive substances
such as nitrous acid (HNO2 ), nitryl chloride (ClNO2 ) and foster recycle them into •OH radicals and NOx . In distinctive urban areas of China, USA, and Europe, driven by rapid oxidation, major pollutants are converted into low-vapor-pressure
gas molecules such as H2 SO4 , HNO3 , and highly oxidized organic molecules (HOMs). With the aid of ammonia (NH3 ) and
water vapor (H2 O) in the atmosphere, high concentrations of
H2 SO4 will quickly nucleate gas-particles, and then generate
a large number of seed aerosols.
High concentrations of HNO3 and HOMs can cause them
to quickly condense to seed aerosols and subsequently will
quickly produce fine particles. These newly formed secondary
particles have serious negative effects on health and radiation, which is a major factor causing many countries to exceed
ambient air quality standards. Besides, when updraft conditions occur, secondary particles that form can act as cloudcondensing nodules (CCN). During the rise of the air mass, as
water vapor condenses on these particles, CCN becomes cloud
droplets, which will have an impact on climate change to the
formation of secondary aerosols where the rapid oxidation of
VOCs and NOx also generates large amounts of O3 (Lu et al.,
2019). Indeed, the formation of secondary aerosols, the rapid
oxidation of VOCs and NOx also produces large amounts of
gases (Feiner et al., 2016). It’s known that O3 harms health
and greenhouse gases from a chemical point of view, more
importantly, O3 is the main source of •OH and NO3 radicals.
Therefore, as found in Fig. 2, the entire atmospheric chemical
system will automatically catalyze in the presence of sunlight
and major pollutants (Lu et al., 2019).
In Fig. 2, there is such a complex chemical reaction between pollutants and free radicals many atmospheric processes are nonlinear. Therefore, the reduction of regional
air pollution is not proportional to the reduction of major
pollutant emissions. Since the "Los Angeles Smoke", it is
well known that effective pollution elimination can only be
achieved if there is a deeper understanding of the chemical
reactions in the atmosphere before taking action. The reaction between atmospheric oxidants (such as •OH or NO3 ) and
anthropogenic or biogenic volatile organic compounds (VOCs)
leads to the formation of organic peroxyl radicals that react
with NO or NO2 to form organic nitrates (Sobanski et al., 2016).
The contribution of secondary organic aerosol (SOA)
formed by oxidation of VOCs in the atmosphere fine particulate matter in the troposphere contributes to the global
aerosol burden through the combination of biological and human precursors. Nevertheless, other emissions, such as the
burning of fossil fuels and biofuels, toluene, a lumped anthropogenic VOC, as well as savannah and forest fires, may
also be important sources of SOA (Iyer et al., 2019). As shown
in Fig. 3, the oxidation of aromatic compounds in the troposphere is mainly caused by •OH radicals, which are affected
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Fig. 1. – Formation of carbon dioxide and hydroperoxyl through photochemical oxidation of CH4 in the troposphere.

Fig. 2. – Schematic diagram of complex transmutation of trace gas molecules sues in the troposphere, including mainly
emits SO2 , NOx , VOC and free radicals (•OH, NO3 ), secondary fine particles and O3 are afterward formed.

by many chemicals and physical factors (Zhao et al., 2017).
Toluene is the most abundant aromatic hydrocarbon in the
atmosphere where the photochemical oxidation of toluene is
mainly caused by hydroxyl •OH. The •OH toluene reaction results in an abstraction of the minor H atoms in the methyl
group and an abstraction of the major •OH in the aromatic ring
(Ng et al., 2007; Suh et al., 2003).
In summary, toluene is oxidized by •OH, then oxygen is
added and isomerized to form a bicyclic peroxyl radical RO2 .

Bicyclic peroxyl radicals compete with hydrogen peroxide radicals (HO2 ), NO and the HO2 pathway forms a functionalized
product, while the product of the NO pathway is fragmented.
In addition to their important role in photochemical ozone
production, oxidation of aromatic compounds also leads to
the formation of non-volatile and semi-volatile organic compounds, which are responsible for the formation of secondary
organic aerosols (SOAs). According to the previous studies, it
has been found that the concentration of SOA observed in
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Fig. 3. – A mechanistic description of the production of secondary organic aerosol (SOA) from toluene, illustrating the effect
of NOx on SOA production.

the mid-latitude source region tends to be lower compared
to the simulated SOA concentration without VOC deposits
(Kelly et al., 2019).
Peroxyl radicals (HO2 and RO2 , where R represents an
organic group) are important oxidants in tropospheric gasphase chemistry. They are produced by the degradation of hydrocarbons and carbon monoxide and together with ozone
convert nitric oxide (NO) to nitrogen dioxide (NO2 ). This chemical property allows ozone in the troposphere to be pro-

duced by photolysis of NO2 (Cantrell et al., 1997; Dusanter and
Stevens, 2016). However, under conditions of toluene, the proposed •OH recycling mechanism can significantly promote the
oxidizing power of the atmosphere. Peeters proposed that a
peroxyl radical pathway in the oxidation of toluene at low to
medium NO levels to demonstrate that •OH regeneration observed in moderately polluted areas is reasonable. The proposed isomerization of toluene peroxyl radicals resulted in a
three-fold increase in the simulated •OH content of the plan-
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Fig. 4. – Nitrogen cycle as the main source of NOx , RO2 and •OH free radicals and formation mechanisms of secondary
aerosol in the troposphere.

etary boundary layer, which is consistent with experimental
observations during the Amazon basin field (Stavrakou and
Nguyen, 2014).
As shown in Fig. 4 (Li et al., 2019), nitrogen oxide reacts
with water to form nitric acid (HNO3 ) then nitric acid is not
only the main source of acid rain but also the main way to remove nitrogen oxides from the air by dry deposition of acid or
removal in the rain. Nitric acid is also important in the stratospheric polar cloud chemistry. Here, it occurs in the form of
nitric acid trihydrate, and the species plays a role in the formation of the ozone pores. Nitrogen oxides are very important in the formation and loss of tropospheric ozone (Li et al.,
2019). They participate in the catalytic cycle and continuously
react and reform. Nitrogen dioxide (NO2 ) is decomposed by
sunlight to form nitric oxide (NO). Ozone and unstable oxygen compounds are known as peroxyl radicals and may also
participate in this cycle.
However, it is good also to assess gas phase intermediates
formed during the photooxidation of gasoline / NOx under different conditions, such as VOC (OVOC) oxidized also known
as oxygenated volatile organic compounds (OVOC) by small
molecules. However, regarding volatile organic compounds,
aromatic hydrocarbons from man-made sources (especially
vehicle-related sources in urban areas) which are important
secondary organic aerosols (SOA) precursors. The formation
process of SOA in particulate matter (PM2.5 ), SO4 2− and NO3 −
is mainly influenced by the atmospheric oxidation process by
the main oxidants in day and night respectively •OH and NO3 .
Besides, free radicals come from atmospheric ozone, HONO,
H2 O2, carboxylic acid (ROOH), aldehyde (RCHO), OVOCS photolysis and the reaction of ozone with VOCs such as free radicals which can mutually be transformed with complicated
sources of atmospheric trace gases, interference of earth radiation intensity or provide multiphase reaction surface that
affects the generation of ozone •OH and NO. Meanwhile, in
the presence of NOx , SO2, and NH3 , vehicle evaporative emis-

sions may be also a potential origin of sulfur and nitrogencontaining organic matter (Chen et al., 2019).
The separate pathways of elemental nitrogen in the biosphere and the atmosphere represent part of a larger flux network involving all geochemical reservoirs (Xia et al., 2018). The
mechanism of nitrate photolysis to produce •OH radicals is
similar to that of nitrate photolysis. Since the NO2 ion has a
larger absorption cross-section than the NO3 − ion absorption
spectrum and considering that the NO2 − ion generates a photochemical substance, the quantum yield of the •OH radical is
greater than the absorption.

2.

Summary of the methods

Mentioning hydroxyl and hydroperoxyl radicals in highradiation biological emissions and comparing them to detailed chemical box models reveals a significant gap in our
understanding of the ongoing oxidation processes in the
atmosphere and troposphere. Some of the biggest differences between measured and simulated •OH have been found
in recent studies in the environment. The detection limits, time response, accuracy, and deployment history of each
method used to measure tropospheric •OH were summarized
in Table 1 which is then divides each method into study
groups that use them and provides a reference.
Further, three methods have achieved considerable success in measuring tropospheric •OH, where the first two are
spectral methods, namely low-pressure laser-induced fluorescence spectroscopy (FAGE). The third is ion-assisted mass
spectrometry in which •OH is chemically converted to H2 SO4 , a
substance that is not naturally occurring (and therefore has no
background) and then measured by mass spectrometry. The
measurements of these species in the troposphere, at very low
NOx in the presence of high loadings of VOCs, measurements
of •OH are significantly higher than model calculations. Also,
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DWD, German Weather
Service, H• OH Weissenberg,
Germany, Georgia Institute of
Technology, USA
Chemical ionization
mass spectroscopy
(CIMS)

Pennsylvania State University,
USA

Forschungszentrum Julich,
Germany

Leeds University, UK

Fluorescence assay by
gas expansion (FAGE)
or
laser-induced
fluorescence (LIF) at
low pressure

σ : standard deviation; DWD: Deutscher wetterdienst; SNR: signal-to-noise ratio; EASE: Eastern Atlantic spring/summer experiments; AEROBIC: aerosols formation from biogenic organic carbon;
ALBATROSS: air chemistry and lidar studies of tropospheric and stratospheric species on the atlantic ocean; BAYSOFI: Bayerische sonnenfinsternis; BERLIOZ: Berliner ozone experiment; HAFEX:
Hohenpeissenberg aerosol formation experiment; HOPE: Hohenpeissenberg photochemical experiment; ISCAT: Investigation of sulfur chemistry in the antarctic troposphere; MINOS: Mediterranean
intensive oxidant study; MLOPEX: Mauna loa observatory photochemistry experiment; NAMBLEX: North Atlantic marine boundary experiment; SOAPEX: southern ocean atmospheric photochemistry experiment; PEM: pacific exploratory mission; PMTACS: technology assessment and characterization study New York; POPCORN: photochemistry of plant-emitted compounds and OH radicals
in northeastern; PROPHET: a program for research on oxidants: photochemistry, emissions, and transport; PUMA: observation, modeling, and management of urban air pollution; SONEX: subsonic
assessment, ozone and nitrogen oxide experiment; SOS: southern oxidants study; TEXAQS: Texas air quality study; TOHPE: tropospheric OH photochemistry experiment; TOPSE: tropospheric ozone
production about the spring equinox; TRACE-P: transport and chemical evolution over the Pacific.

Path length 20.6 km, single
retroreflector path length 5.6
km.
Also deployed on aircraft.
Fritz Peak, T•OH PE, ISCAT-1, ISCAT-2, SCATE,
MLOPLEX-2(ground): ACE-1, PEM Tropics A, B<
TOPSE, TRACE-P(aircraft)
PAR FORCE-2, MINOS, HOPE, HAFEX, BAYSOFI
PROPHET-3
20%
30

30

40

16%

Two cells for simultaneous
•OH and HO2 measurement.
Also deployed on the ship,
two cells, simultaneous •OH,
HO2 multipass white cell, also
deployed on aircraft,
single-cell, two optical axes,
simultaneous •OH, HO2 .
10%

Comments

EASE96, EASE97, AEROBIC,
SOAPEX-2, PUMA-1, PUMA-2,
PRIME, NAMBLEX
ALBATROSS, POPCORN,
BERLIOZ
TOPHE, PROFET-1, PROPHET-2,
SOS-Nashville, TEXAQS,
PMTACS, SONEX, PEM Tropics, TRACE-P (aircraft)
35%
30

1.4 × 105
molecules/cm3 ,
SNR = 1, 2.5 min
1.75 × 105
molecules/cm3 , 80
sec
1.4 × 105
molecules/cm3 ,
SNR = 2, 30 sec
1.2 × 106
molecules/cm3 , 5
min

Time response
(sec)
Limit of detection
Group
Method

Table 1 – Summary of the methods used in hydroxyl and hydroperoxyl radicals.

1σ
uncertainty

Field campaign where instruments are deployed
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as a function of NOx , comparisons of measurements of •OH,
HO2 (and also RO2 , which is outside the scope of this outline
but closely linked to HOx ) demonstrate that there are some
uncertainties in the recycling of •OH-HO2 -RO2 at various levels
of NOx (Lew et al., 2019). During the combustion process, nitrogen oxides are emitted too much, especially the ones from
vehicles (Heard et al., 2003). Therefore, the main purpose of installing catalytic converters in automobiles is to reduce the release of these compounds into the air (Mukherjee et al., 2016).

3.

Future perspectives

From the foregoing reviews done on methods of detection of
hydroxyl and hydroperoxyl free radicals in the atmosphere,
it can be concluded that laser-induced fluorescence can detect free radicals directly while other methods require too
much time for free radicals’ determination and require different additional reactions. A common method of determining
the background signal in a FAGE instrument is to use a narrow
spectral profile of a single transition in •OH rotation to move
the wavelength of the laser away from the •OH line and measure its sum, solar energy, cell induction, and diffusion light.
For CIMS, it is a less simple method of detecting •OH due to
several chemical transition steps.
The strong underreckoning of the local ozone production
rate for high NOx air masses demands to be covered more desperately with the lately useable detection method. The selective detection of RO2 by LIF techniques and even the foster
development of the ROx detection rethought again. This is of
central importance since ozone pollution is becoming more
and more serious for the many urban areas in China and all
around the world.
For HO2 , with efforts to reduce the interference which
comes from some type of RO2 species in the HO2 measurement, any new advances to circumvent some of these problems are needed like the use of scavenger. However, it can
be more advantageous when researchers can also develop
more advanced methods along with (laser-induced fluorescence (LIF), chemical ionization mass spectroscopy (CIMS),
high-performance liquid chromatography (HPLC), and photolysis) to detect those stated free radicals directly.
We also suggest further research on major unanswered
questions that have resulted from the measurements of these
species in the troposphere where at very low NOx in the presence of high loadings of VOCs, measurements of •OH are significantly higher than model calculations. It is expected that
the estimated error in the concentration of these substances
will not seriously affect the total peroxyl free radical level, but
may affect its distribution and the relative impact of various
production and loss processes to some extent.

4.

Conclusions

This review has demonstrated the methods of hydroxyl and
hydroperoxyl radicals’ determination through different techniques. The quantification of •OH and HO2 in the atmosphere
as well as its use for kinetic applications when mated to photolysis. However, in those techniques, one is direct while oth-
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ers are less indirect where the direct method is based on remote ultraviolet absorption and laser-induced fluorescence.
Therefore, both methods can be used during quantification of
•OH and HO2 radicals but different fitting procedures are urgently needed to be applied and adapted for different forms.
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