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Abstract: Atmospheric carbonyl compounds have significant impacts on the atmospheric
environment and human health, making the selection of appropriate analytical techniques
crucial for accurately detecting these compounds in specific environments. Based on exten-
sive literature research, this study summarized the development history, relevant features,
and applicable scenarios of the main analytical techniques for atmospheric carbonyl com-
pounds; pointed out the main problems and challenges in this field; and discussed the needs
and prospects of future research and application. It was found that the direct sampling
methods of atmospheric carbonyl compounds were applicable to low-molecular-weight
carbonyl species with low reactivity, low boiling points, high polarity, and high volatility,
while indirect sampling methods were suitable for a wider range and various types and
phases of species. For formaldehyde, offline detection was primarily influenced by chemical
reagents and reaction conditions, whereas online monitoring relied on sufficiently stable
operating environments. For multiple carbonyl compounds, offline detection results were
greatly influenced by detectors coupled with chromatography, whereas online monitoring
techniques were applicable to all types of volatile organic compounds (VOCs), including
some carbonyl compounds, providing higher temporal resolution and improved isomer
identification with the development of online mass spectrometry. The combined use of
proton transfer reaction-mass spectrometry (PTR-MS) and liquid chromatography-mass
spectrometry (GC-MS) was suitable for the detection of carbonyl compounds in atmo-
spheric photochemical smog chamber simulation studies. Currently, offline analytical
techniques for carbonyl compounds require significant time and advanced experimental
skills for multiple optimization experiments to detect a broader range of species. Online
monitoring techniques face challenges such as poor stability and limited species cover-
age. In smog chamber simulation studies, the detection of carbonyl compounds is heavily
influenced by both the sampling system and the chamber itself. Future efforts should
focus on improving the environmental adaptability and automation of carbonyl compound
analytical techniques, the synergistic use of various techniques, developing new sampling
systems, and reducing the impact of the chamber itself on carbonyl compound detection, in
order to enhance detection sensitivity, selectivity, time resolution, accuracy, and operability.
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1. Introduction

Atmospheric carbonyl compounds are significant oxygenated volatile organic com-
pounds (OVOCs) [1] that play essential roles as precursors and intermediates in photo-
chemical reactions, contributing substantially to the formation of peroxyacetyl nitrate
(PAN), ozone (O3), and secondary organic aerosols (SOAs) [2]. As precursors, carbonyl
compounds can directly participate in atmospheric photochemical reactions, leading to
the formation of secondary pollutants such as O3 and PAN [3]. These compounds can also
undergo photolysis or react with OH radicals to affect the formation of SOAs by forming
oligomers [4-6]. As intermediates in photochemical reactions, carbonyl compounds can
undergo photolysis or further reactions with atmospheric radicals or oxidants [7], affect-
ing the generation of photochemical pollutants [8]. These chemical reactions of carbonyl
compounds play a crucial role in the comprehensive understanding of atmospheric auto-
oxidation, gas-particle partitioning, and photochemical mechanisms [9]. Furthermore,
carbonyl compounds have significant impacts on both the ecosystem and human health. As
components of volatile organic compounds (VOCs), carbonyl compounds directly affect air
quality and pose immediate health risks. Most of these compounds are highly irritating, po-
tentially causing respiratory infections and posing sensitizing, carcinogenic, and mutagenic
hazards [10]. Formaldehyde and acetaldehyde have been classified as carcinogenic and
teratogenic by the World Health Organization (WHO) [11]. Acetone has been recognized
as having significant effects on blood and kidney health [12], and crotonaldehyde has
been found to be carcinogenic in animals [13]. Pollutants like PAN, O3, and SOA, formed
from chemical reactions involving carbonyl compounds, can influence climate change and
lead to photochemical smog and acid rain, thereby indirectly posing serious threats to
the atmospheric environment, vegetation, and human health. Consequently, atmospheric
carbonyl compounds have become a key focus in atmospheric environmental research.

Atmospheric carbonyl compounds exhibit a wide range of concentration variability,
high reactivity, and instability, with typically short atmospheric lifetimes [14,15]. This
places stringent demands on sampling and analytical techniques. Accurate measurement of
the types and concentrations of atmospheric carbonyl compounds in various environments
has become a critical prerequisite for studying their pollution characteristics, reaction
mechanisms, environmental impacts, and health effects. Overall, the concentration levels
and composition of carbonyl compounds vary across different atmospheric environments.
Concentrations in rural areas are generally lower than those in urban and suburban areas,
with even higher levels observed in large cities [16]. This variation necessitates analytical
techniques with high sensitivity and selectivity to accurately measure a wide range of con-
centrations and multiple carbonyl species in diverse environments. Atmospheric carbonyl
compounds are easily affected by other environmental highly oxidative species, leading to
potential volatilization, degradation, or chemical reactions of certain compounds during
sampling or storage [17]. Thus, choosing suitable sampling techniques, derivatization
reagents, or adsorbents is crucial. Some carbonyl compounds possess strong polarity and
good water solubility, allowing them to exist simultaneously in both the gas and aerosol
phases. The atmospheric lifetime and impact of these compounds undergo significant
changes between the gas and particle phases [18], requiring the use of accurate and ap-
propriate methods for simultaneous detection of their gas- and particle-phase species and
concentrations. Smog chamber simulation studies involve numerous experimental scenar-



Atmosphere 2025, 16, 107

3 0f 35

ios and complex chemical reactions, which generate various types of carbonyl compounds
and unknown carbonyl species. Additionally, smog chambers differ in size, shape, mate-
rials, and light sources worldwide, all of which can affect the chemical reactions within
the chamber [19]. Therefore, the identification of carbonyl compounds in smog chamber
simulation studies requires detection technologies that meet high time resolution, high
sensitivity, high stability, and high selectivity. Notably, formaldehyde is one of the most
abundant, reactive, and volatile carbonyl compounds in the atmosphere. Ubiquitous and
highly toxic, formaldehyde has significant impacts on daily life, requiring timely and accu-
rate monitoring of its concentration levels [20,21]. To fully assess formaldehyde pollution
in specific settings, it is often measured separately.

Analytical methods for carbonyl compounds can be categorized into offline and online
analytical methods. Offline methods involve separate steps for sampling, pretreatment,
and analysis of targeted carbonyl compounds, while online methods integrate sampling,
pretreatment, and analysis into a unified system. The 2,4-dinitrophenylhydrazine (DNPH)
derivatization method coupled with high-performance liquid chromatography /ultraviolet
(HPLC/UV) is a common offline method for detecting carbonyl compounds. Coupling gas
chromatography (GC) or liquid chromatography (LC) with mass spectrometry (MS) enables
the offline detection of a wider range of carbonyl species [22]. Formaldehyde can also be
detected offline using methods such as fluorescence, spectrophotometry, and electrochem-
istry [23,24]. Online analytical methods for carbonyl compounds primarily include online
gas chromatography-flame ionization detector/mass spectrometry (GC-FID/MS) and pro-
ton transfer reaction-mass spectrometry (PTR-MS) [25]. Formaldehyde can be monitored
online using techniques such as Fourier transform infrared spectroscopy (FTIR), laser-
induced fluorescence (LIF), differential optical absorption spectroscopy (DOAS), tunable
diode laser absorption spectroscopy (TDLAS), cavity-enhanced absorption spectroscopy
(CEAS), cavity ring-down spectroscopy (CRDS), and gas sensors [21,26]. The selection
of analytical techniques for carbonyl compounds depends on factors such as the specific
application scenario, the properties of the targeted compounds, the detection objectives,
and cost considerations.

Currently, carbonyl compound analytical methods are advancing rapidly, with both
improvements in existing techniques and the emergence of new methods. The optimization
of common analytical techniques for carbonyl compounds is frequent, with numerous stud-
ies focusing on technical advancements. Some researchers have conducted comprehensive
reviews of specific techniques, such as Wu et al.’s review on spectral detection techniques
for formaldehyde [27] and Chung et al.’s review on formaldehyde sensor technologies [26].
Other studies have reviewed analytical methods for multiple carbonyl compounds in vari-
ous environments, but these reviews do not specifically focus on atmospheric analytical
methods [28]. The reviews on analytical methods in the atmospheric environment often
cover only the significant advancements and primary performance characteristics of certain
techniques, with limited summaries on other common methods and their specific param-
eters [29], and lack a summary of detection techniques for particle-phase carbonyls and
smog chamber simulation studies. Given the current lack of comprehensive reviews on the
optimization history, applicability, and specific parameters of commonly used analytical
techniques for atmospheric carbonyl compounds, this study provides a comprehensive
overview of sampling methods for gas- and particle-phase carbonyl compounds based on
extensive literature research and systematic analysis, examining the optimization process
and suitable applications of online and offline methods for detecting formaldehyde and
multiple carbonyl compounds and summarizing the detection technologies for carbonyl
compounds involved in atmospheric photochemical smog chamber simulation studies. It
also highlights the primary problems and challenges in current sampling and analytical
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techniques. Finally, future research needs and prospects for sampling and analytical tech-
niques of atmospheric carbonyl compounds were discussed. The findings of this study
will help clarify the optimization processes and applicability of commonly used carbonyl
compound analytical techniques, providing a reference for the selection and optimization
of current analytical methods and offering guidance for the improvement and innovation
of future analytical methods.

2. Methodology

To comprehensively review and summarize the analytical methods for atmospheric
carbonyl compounds, the databases of Web of Science, Google Scholar, and China National
Knowledge Network (CNKI) were systematically searched. Keywords such as “carbonyls

v

analytical methods”, “OVOCs analytical methods”,

i

tion”,

monitoring techniques”, “derivatiza-
online mass spectrometry”, “formaldehyde gas sensor”, and “HCHO spectroscopy”
were used to conduct the subject search, and 434 articles were obtained. By screening
and analyzing the search results to eliminate duplicates and optimize keywords, it was
determined that detailed information on 269 articles needed to be retrieved, of which
6 articles were excluded as they could not be obtained through available channels. Sub-
sequently, based on the objectives of this review, the titles, abstracts, and full texts of the
263 articles were identified for further review. A total of 82 articles were excluded due to
their irrelevance to the research topic, redundancy, and poor citation value resulting from
incomplete or missing full text information. Finally, 180 research articles were obtained
through the database. In addition, 36 research materials were obtained through other
methods, such as websites, university and research institute sites, and citation searching.
After deduplication and evaluation, 23 materials were included in this review. In total,
through various methods, 202 eligible materials were selected and used in this review. The
review followed the PRISMA flow methodological phases, as shown in Figure 1, together
with the corresponding inclusion and exclusion criteria.
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Figure 1. PRISMA flow diagram.
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As shown in Figure 2, the research materials used in this review included 72 domestic
and 79 international articles and standards spanning the period from the 1970s to the
2020s. To further analyze the research materials, the majority of them were divided into
three major sections based on the research subjects (formaldehyde, multiple carbonyl
compounds, and chambers). The formaldehyde section included offline (derivatization)
and online (spectroscopy and sensor), while the multiple carbonyl compounds section
included offline (LC/GC-MS and DNPH-HPLC-UV) and online (GC-FID/MS and online
MS). Additionally, due to the comprehensive nature of review articles, the unique source of
standard documents, and the use of other types of documents in the Section 1, the remaining
materials were categorized into reviews, standards, and others. It was observed that articles
on carbonyl compounds analytical methods have increased rapidly since the 1990s. For
formaldehyde, the research mainly focused on online analytical methods, while both online
and offline methods for multiple carbonyl compounds were relatively abundant.

80
Chamber
8.3% LC/GC-MS
70 Others 19.6%
4 8.8%
60 —
= 4 Other countries Standards
5 osod % 3.4%
g : Multiple
Reviews
é 5.4% carb onyl DNPH-HPLC-uv
= 40 9.3%
5 ' istributi Sensors compounds
8 1 The quantity distribution of e roaldeh
g 30 relevant materials in China ’ y
2 and other countries
GC-FID/MS
20 — 8.3%
Spectroscopy
13.7%
10 < —~— g
Derivatization ~ Online MS
) 5.9% 13.2%
0 0
. l ! ' ! ' ! ' ! ' | % % . & %
1970s 1980s 1990s 2000s 2010s 2020s The quantitative distribution of relevant

: materials based on their content
Time
Figure 2. Distribution of 151 materials on analytical methods for atmospheric carbonyl compounds
from the perspectives of countries and content.

3. Sampling Methods for Atmospheric Carbonyl Compounds

Sampling methods for atmospheric carbonyl compounds can be categorized into
direct and indirect sampling methods. Direct sampling methods include tube sampling,
canister sampling, and cryogenic enrichment techniques. Tube sampling was applied
to carbonyl compounds in the 1960s-1970s, while cryogenic enrichment was primarily
used for sampling VOCs. Canister sampling began to be employed for VOCs in the
1970s-1980s. With advancements in new adsorbent materials, refrigeration techniques,
canister materials, and analytical instruments, tube sampling was extended to other VOC
types, and cryogenic enrichment enabled targeted sampling of carbonyl compounds in the
1980s-1990s. Canister sampling efficiency for carbonyl compounds significantly improved
in the 1990s. Indirect sampling methods primarily rely on derivatization techniques,
which originated in the 1960s-1970s. Various derivatization reagents and coating methods
emerged in the 1980s-1990s. In the 2000s, the automation of various sampling techniques
improved, and combined approaches began to be employed (Figure 3).
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Figure 3. Development of main sampling methods for atmospheric carbonyl compounds.
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3.1. Direct Sampling Methods

Tube sampling techniques achieve efficient collection of carbonyl compounds by en-
riching them with solvents or adsorbents. Solvent absorption is simple and cost-effective
but is only suitable for carbonyl compounds with low molecular weight and high concen-
tration, such as formaldehyde. Adsorbents are more effective for aldehydes (>C5). The
use of multi-layer adsorption tubes enhances the ability to sample C4 aldehydes effec-
tively [30]. Under certain cryogenic conditions, low-boiling-point carbonyl compounds
can also be adsorbed. Furthermore, highly polar carbonyl compounds may undergo ir-
reversible adsorption in adsorption tubes [31]. Using cryogenic polytetrafluoroethylene
(Teflon) sampling tubes can mitigate this issue [32], effectively improving the sampling
efficiency of carbonyl compounds. However, different solvents or adsorbents are only suit-
able for capturing specific types of compounds, posing certain limitations in applications
involving simultaneous sampling of multi-component carbonyl compounds. Currently,
tube sampling methods often integrate physical collection with chemical derivatization,
such as DNPH-coated silica gel or PFPH (pentafluorophenylhydrazine)-coated Tenax TA
adsorbents, to collect a broader range of carbonyl compounds [33,34]. Solvent absorption
or adsorbent collection alone is currently limited to formaldehyde sampling.

Canister sampling techniques use specially designed stainless steel or metal canisters
to collect atmospheric samples. It is a standard VOC sampling method recommended
by the U.S. Environmental Protection Agency (EPA) (TO-14A, TO-15), typically coupled
with GC-MS for offline detection of various types of VOCs [35,36]. Its application to
carbonyl compound sampling represents a natural extension of existing VOC analytical
methods. Canister sampling is widely used due to its advantages of multi-component
analysis, environmental friendliness, and repeatable sample injection. However, due to
the high reactivity of carbonyl compounds, the storage stability of samples collected using
canister sampling is relatively poor, making this method currently suitable only for a
limited number of carbonyl compound species [37,38].

Cryogenic enrichment techniques create low-temperature environments to concen-
trate low-boiling-point atmospheric carbonyl compounds. These techniques are typically
coupled with online GC-FID/MS for detecting VOCs, including carbonyl compounds. Cur-
rently, most applications utilize liquid nitrogen or other refrigerants to achieve ultra-low
temperatures. Cryogenic trap-freezing techniques based on liquid nitrogen enhance the
capture of polar carbonyl compounds [39]. When combined with thermal desorption, these
methods improve collection efficiency and reduce losses of carbonyl compounds [32], en-
abling continuous monitoring of more than ten species. However, these techniques heavily
rely on refrigerants, and the associated cryogenic traps are bulky and complex, limiting
their use in remote areas. Mechanical refrigeration systems that do not require refrigerants
are currently applicable to only a limited range of carbonyl compounds (C3-C6) [40]. In ad-
dition, the online spectroscopy and sensor-based monitoring technologies for formaldehyde
sampling directly draw air through pipeline systems.

3.2. Indirect Sampling Methods

Indirect sampling methods primarily employ derivatization techniques, which reduce
the polarity and reactivity of target analytes to enhance the stability of carbonyl compound
samples [41]. Following sampling with this method, carbonyl compound samples require
pretreatment before analysis with relevant instruments, which can result in higher sample
loss and increased time consumption [42]. Derivatization techniques are typically used for
the offline detection of formaldehyde or combined with chromatography for analyzing mul-
tiple carbonyl compounds. The choice of derivatization reagent requires careful evaluation
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to ensure stable reaction products compatible with the selected separation and detection
procedures [43]. Common derivatization reagents include DNPH, PFPH, and PFBHA.

DNPH is suitable for derivatization detection using LC, and the most commonly used
sampling method involves directly passing gas into a device containing a DNPH solution
or a cartridge with an acidic solid adsorbent. The device with the DNPH solution is suitable
for the enrichment of formaldehyde alone [44], while the cartridge with the adsorbent is
suitable for multiple species, with its adsorption performance dependent on the type of
adsorbent. Silica cartridges with DNPH have a cleaner background and better breakthrough
resistance compared with C18 [45], and they can remain stable at <4 °C for up to six months.
However, the background levels of formaldehyde and acetone may increase with prolonged
storage times and elevated temperatures. Studies have found that using a gas-phase coating
method [46] can reduce the background concentration levels of carbonyl compounds.
DNPH is prone to react with oxidants in the environment, such as NOx and O3, generating
interfering compounds. Attaching an IK column or a glass annular tube to the front of the
sampling device can remove interference from O3 and other photochemical oxidants on the
derivatives [47,48]. Furthermore, unsaturated carbonyl compound derivatives can further
react with DNPH, forming dimers and trimers, and silica gel adsorbents may promote
this reaction, leading to uncertainties in concentration measurements [49]. Kahnt et al. [50]
compared denuders coated with XAD-4 resin and those simultaneously coated with XAD-4
and DNPH and found that using XAD-4 with DNPH improved the collection efficiency of
carbonyl compounds. In contrast, XAD-4 resin alone had lower collection efficiency for
high-volatility carbonyl compounds, such as formaldehyde, acetaldehyde, acetone, and
methacrolein, but was less affected by atmospheric oxidants, including NO, and Os.

The five fluorine atoms in O-(2,3,4,5,6-pentafluorobenzyl) hydroxylamine (PFBHA)
and PFPH make the carbonyl-PFPH/PFBHA derivatives more thermally stable and volatile
than DNPH derivatives, making them suitable for GC [51]. PFPH is relatively inexpensive
compared with PFBHA and exhibits better derivatization performance. The compatible
sampling systems include adsorption tubes, denuders, impactors, and cartridges. The
most common and easy-to-operate method is to use derivatizing reagents coated on solid
adsorbent tubes. Coating methods include solid-phase adsorption, gas-phase coating, and
liquid-phase coating [52]. The same GC-MS analytical technique requires adjustments in
coating methods based on different detection needs and analytical objectives [53]. Common
adsorbents include silica gel, XAD series, and Tenax series adsorbents. XAD-2 and XAD-7
are thermally unstable, while C18 silica gel has lower efficiency than Tenax adsorbents
in desorbing PFBHA derivatives [54]. Tenax TA adsorbents show varying absorption
efficiencies and collection rates for different species under different derivatizing reagent
coatings. Tenax TA adsorbents with PFBHA require lower rates and collect fewer species,
while Tenax TA adsorbents with PFPH are widely used and suitable for C1-C10 species [55].
The combination of the same adsorbent with different derivatizing reagents can also affect
the derivatization reaction. Tenax GR adsorbents with PFBHA remain stable for only
one day, while Tenax TA adsorbents with PFBHA can last for ten days. Additionally,
silica gel cartridges coated with PFPH can effectively capture carbonyl compounds in the
air, with a lower detection limit compared with the classic HPLC-UV /visible spectrome-
try method [56].

Solid-phase microextraction (SPME) is a sampling and enrichment technique first
developed by Arthur and Pawliszyn (1990) [57]. SPME fibers can be directly derivatized [58]
and exposed to air or headspace during sampling to extract and retain analytes. Headspace
solid-phase microextraction (HS-SPME) avoids direct contact with complex sample matrices
by extracting the compounds in the sample’s headspace, while other SPME methods
extracts compounds by direct immersion in the sample. The choice of method depends



Atmosphere 2025, 16, 107

9 of 35

on the nature of the sample, the volatility of the target analytes, and the requirements for
analytical sensitivity and selectivity. The advantages of SPME include high selectivity and
sensitivity, the option for automation to minimize human error and solvent consumption,
and increased analytical throughput due to fewer preparation steps and shorter extraction
times [59]. However, due to the limited adsorption capacity of the fibers, competition
between saturation effects and analytes may affect the performance and reproducibility of
SPME. Fiber effects can alter the extraction efficiency [60], and cooling the fibers during
extraction can improve the SPME efficiency [61]. Studies have found that the effectiveness
of different derivatizing reagents on SPME fibers varies significantly. PFPH-coated SPME
fibers remain stable for about 11 weeks, while PFBHA-coated SPME fibers remain stable for
only about 3 days. Ketones react much more slowly than aldehydes with PFBHA-coated
SPME fibers. Furthermore, the loading of PFPH-coated SPME fibers is at least five times
greater than that of PFBHA, but the byproducts generated from PFPH derivatization are
significantly more than those from PFBHA [62].

The sampling methods mentioned above lack the ability to differentiate between the
gas phase and particle phase, making it difficult to simultaneously measure the gas- and
particle-phase concentrations of carbonyl compounds. Traditional filter membrane sam-
pling systems are a technique used to collect particulate matter and semi-volatile organic
compounds (SVOCs) in the atmosphere. By combining with derivatization techniques,
this system can facilitate the collection of carbonyl compounds. Particles are collected on
quartz or PTFE filters, followed by sample extraction using solvent extraction, supercritical
fluid extraction, or thermal desorption. The extracted samples are then analyzed using
analytical techniques. Filtered samples typically require several hours or days of sampling,
and compound loss may occur due to volatilization, gas-phase adsorption, and reactions
during the collection process [9].

Collecting particle-phase samples on impact surfaces is an effective method for high-
throughput sample collection. The thermally desorbed particle beam mass spectrometer
(TDPB-MS) [63] focuses particles using an aerodynamic lens, then samples the cooled
impact surface in a high-vacuum chamber. Williams et al. [64] proposed a new in situ
instrument, the thermal desorption aerosol GC/MS-FID (TAG), collecting aerosols on
impact surfaces, including both the gas and particle phases of carbonyl compounds. These
methods offer high sample throughput, but they are not compatible with a range of different
detectors. Hohaus et al. [65] developed an aerosol collection module (ACM) for sampling
atmospheric aerosols, which allows derivatization during the collection process. This
system is suitable for smoke chamber studies with limited sample volumes where large-
volume collectors cannot be used. The ACM allows for the selection of detector types based
on specific analytical capabilities, addressing different scientific questions without altering
the sampling method. For example, it can be used with GC-MS to study isomers in samples
or with PTR-MS for high-resolution detection of species.

The denuder sampling method has been proven effective for accurately measuring
the gas-particle distribution of volatile organic compounds. Denuders coated with XAD-4
resin and PFBHA are an effective method for measuring the gas-particle distribution and
partitioning of semi-volatile carbonyl compounds. Appropriate sampling flow rates can
achieve satisfactory collection efficiency for mono-, di-, and aromatic carbonyl compounds,
as well as carbonyl-containing furans and quinones. However, prolonged sampling times
lead to a sharp decline in collection efficiency. Temime et al. [66] compared the absorption
efficiency of denuders using adsorbents alone versus those using both adsorbents and
derivatization reagents. They found that the PFBHA-coated denuder had a collection
efficiency exceeding 90%, significantly higher than that of denuders using XAD-4 as the sole
adsorbent. Compared with traditional filter sampling methods, the PFBHA-coated denuder—
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filter system reduces gas-phase adsorption onto the filter, thereby minimizing errors during
the sampling process. Based on the denuder technique, Eichler et al. [67] proposed a
novel modular injection system called “chemical analysis of aerosol online” (CHARON). It
consists of a gas-phase denuder, an aerodynamic lens, and a thermal desorption device,
aiming to provide online chemical characterization of semi-volatile submicron particles.

3.3. Applicability and Selection Principles of Sampling Methods

Direct sampling methods for atmospheric carbonyl compounds do not require chemi-
cal reactions, thus minimizing human-induced interference; however, they face challenges
in ensuring the stability of the sampled compounds. Among them, tube sampling methods
are suitable for collecting strong volatile low-molecular-weight carbonyl compounds, and
when combined with chemical derivatization, a wider range of carbonyl compound species
can be collected. Canister sampling methods are used for offline sampling of various
VOCs, including less reactive carbonyl compound species; however, the storage stability of
samples containing highly reactive carbonyl compounds is relatively poor. The cryogenic
enrichment technique requires the rapid and stable capture and release of target com-
pounds, making it suitable for online enrichment of low-boiling and highly polar carbonyl
compound species.

Samples collected via indirect sampling methods are more stable but require sample
pre-treatment, leading to higher sample loss and time consumption. The selection of
derivatization reagents, adsorbents, coating methods for reagents, and sampling devices
must be carefully evaluated according to different detection requirements and analytical
objectives. For example, DNPH solid-phase adsorbent cartridge and denuder sampling are
commonly combined with LC, while PFPH and PFBHA are typically used with various
adsorbents and sampling devices for sampling, followed by GC analysis. Filters, impactors,
and denuders generally use PFPH and PFBHA for derivatization, coupled with GC or
PTR-MS for detecting particle-phase carbonyls.

4. Analytical Methods for Atmospheric Formaldehyde

Analytical methods for formaldehyde are classified into online and offline techniques.
In the 1970s, derivatization-based fluorescence and spectrophotometry methods were
introduced for offline formaldehyde detection, followed by efforts to develop novel deriva-
tization reagents and optimize chemical reaction conditions. During the 1980s and 1990s,
techniques such as DOAS, LIF, and semiconductor and electrochemical sensors were the
primary methods for online formaldehyde monitoring. In the early 21st century, CEAS,
CRDS, and photochemical sensors were introduced.

4.1. Offline Analytical Methods for Formaldehyde

Offline analytical methods for formaldehyde primarily include derivatization-based
fluorescence and spectrophotometry methods. The fluorescence method is based on the
Hantzsch reaction, quantifying formaldehyde by measuring the fluorescence intensity of
the sample. Fluorescence intensity is influenced by reaction temperature, time, and reagents,
with the choice of fluorescence reagents directly affecting detection sensitivity, selectivity,
stability, and cost efficiency [68]. Dong et al. [69] designed and synthesized a fluorescence
reagent with high selectivity for formaldehyde. This reagent operates under mild reaction
conditions, exhibits vigorous chemical reactivity, and produces strong fluorescence intensity.
Li et al. [70] developed a reagent applicable to both fluorescence and spectrophotometry
methods. The fluorescence method offers a lower detection limit and higher sensitivity,
while the spectrophotometry method is more economical and user-friendly.
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The spectrophotometric method, also based on the Hantzsch reaction, detects formalde-
hyde by utilizing its light absorption characteristics at specific wavelengths. The results are
significantly influenced by factors such as chromogenic temperature, reaction time, and
chromogenic reagent [71]. By incorporating different reagents and optimizing analytical
conditions, this method enables rapid detection of formaldehyde under various scenar-
ios [23]. The phenol-reagent spectrophotometric method offers advantages such as low
reagent cost and operational simplicity. Moreover, it demonstrates excellent overall perfor-
mance in terms of detection limits, sensitivity, and anti-interference capabilities [44]. This
method is widely used as an offline technique for detecting low concentrations of formalde-
hyde [72,73]. Ji et al. [74], following the experimental steps for formaldehyde detection
specified in the national standard GB/T 18204.2—2014 [75], achieved low-concentration
detection (0.061 pg) by optimizing the chromogenic reagent concentration, absorbent con-
centration, and chromogenic conditions. The acetylacetone-reagent method exhibits stable
linearity and a wider detection limit range, making it suitable for detecting higher concen-
trations of formaldehyde with greater accuracy [72]. The AHMT-reagent method offers
high selectivity and sensitivity [76], while spectrophotometric methods based on colori-
metric probes demonstrate broad applicability [77]. Both approaches enable the accurate
detection of formaldehyde concentrations in air. Ashraf et al. [78] developed a low-cost,
highly sensitive, and selective offline analytical method for determining formaldehyde and
acetaldehyde based on the DPD (N, N-diethyl-p-phenylenediamine) spectrophotometric
method, achieving a resolution of at least 30 s.

4.2. Online Analytical Methods for Formaldehyde

Online analytical methods for formaldehyde primarily include spectroscopic and
sensor-based methods (Table 1). Spectroscopy quantifies formaldehyde concentration
based on the linear relationship between the light absorption or reflection intensity of
formaldehyde or its derivatives and their concentrations. The detection limit is typically
lower than that of sensor-based methods [24]. Spectroscopic techniques require a sta-
ble light source to minimize environmental interference and an extended optical path to
achieve high sensitivity in field measurements [79,80], resulting in large and bulky equip-
ment. Catoire et al. [81] demonstrated that the optical path length significantly affects
TDLAS performance, with longer paths leading to lower detection limits and improved
resolution. CRDS utilizes high-reflectivity mirrors, enabling light to reflect multiple times
within the cavity to extend the effective optical path. However, this requires a large and
complex cavity design [82,83]. Online application of fluorescence methods requires well-
designed workflows for derivatization-based sample enrichment [84] and the ability to
achieve low time resolution [85] to monitor formaldehyde in environments with significant
concentration fluctuations [86].

Additionally, spectroscopic detection technologies have been used to detect di-
carbonyl compounds, addressing the issue where PTR-MS is unable to effectively monitor
acetaldehyde and methylglyoxal due to interference from similar fragment ions or iso-
mers. The laser-induced phosphorescence of (methyl) GLyOxal spectrometry (LIPGLOS)
method can be used for the simultaneous real-time quantification of acetaldehyde and
methylglyoxal in the air, utilizing the unique phosphorescence lifetime of each molecule.
At a single wavelength, acetaldehyde has a detection limit of 11 pptv in 5 min, and methyl-
glyoxal has a detection limit of 243 pptv in 5 min [87]. The DOAS technique was first
used for the direct measurement of acetaldehyde, with a detection sensitivity of 150 pptv
over 2-15 min [88]. Improved technologies, such as long-path DOAS (LP-DOAS) [89] and
passive multi-axis DOAS (MAX-DOAS) [90], have enhanced the sensitivity of acetaldehyde
measurement, with detection limits of 100-200 ppt/10 min and 20 ppt/15 min, respec-
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tively. Light-emitting-diodes cavity-enhanced DOAS (LED-CE-DOAS) can also be used
to measure acetaldehyde (detection limit, 28.5 ppt/min) and methylglyoxal (detection
limit, 255 ppt/min) [91]. Another spectroscopic technique, incoherent broadband cavity-
enhanced absorption spectroscopy (IBBCEAS), involves simultaneous detection across
multiple wavelengths. When measuring acetaldehyde, it can achieve a detection limit of
29 ppt/min [92]. Compared with CRDS with wavelength-specific detection, IBBCEAS is
better suited for humid environments and complex samples. Broadband cavity-enhanced
absorption spectroscopy (BBCEAS) combined with a charge-coupled device (CCD) offers
higher time resolution and lower detection limits (10 ppt/min), while coupling with a
photomultiplier tube (PMT) provides a more cost-effective alternative [93].

Gas sensors can be categorized based on their detection principles into electrochemi-
cal, optical, and semiconductor gas sensors. These sensors are portable and exhibit high
selectivity for formaldehyde but are susceptible to temperature and humidity fluctuations.
Their performance is highly dependent on the sensor materials [94]. Electrochemical sen-
sors quantify formaldehyde based on electrical signals generated by its adsorption onto
sensor materials. However, these signals are prone to interference and lack stability [26].
Optical sensors rely on the optical properties of gases or their reaction products but are
sensitive to dust interference [95,96]. Semiconductor gas sensors operate on the principle
of changes in electrical properties caused by the adsorption of gas molecules onto semi-
conductor materials. Despite limitations such as a short linear range and susceptibility
to interference, advancements in semiconductor materials and their diversity have made
these sensors a research hot spot. Their advantages include fast response times, low cost,
simple structures, long lifespan, miniaturization, and ease of operation [97]. Additionally,
Warneke et al. [98] employed PTR-MS techniques to detect formaldehyde exclusively, en-
abling a rapid single 16 s data acquisition of formaldehyde in the troposphere and marine
boundary layer from aircraft. The above technologies offer diverse solutions for real-time
and accurate formaldehyde monitoring, ranging from portable environmental monitoring
to high-precision industrial and airborne detection.

Table 1. Main online monitoring methods for atmospheric formaldehyde .

Method Principle Optimization LOD TR or Remarks Ref.
LP-DOAS 0.45 ppb 20 min 5km [99]
Xenon lamp as light source 540-1200 ppt 10-20 min ~ 4.9-8.2km Pathway located in the [79]
Spectral R atmosphere; wide
DOAS absorption Tungsten .lamp as light 198-1500 ppt 5-20 min 5-15 km measurement range; no [100]
L source and different detectors . . oo

characteristics calibration required; poor
Low optical path 3—4 ppt -2 426 m time resolution [101]
MAX-DOAS 0.7-4.2 ppb 5 min 40 km [102]
Eight-mirror multi-reflection 4ppb 10 min 1.08 km Simultgneous analysis of [103]

Infrared spectral unit system multiple components;

FTIR f - ; requires appropriate gas
absorption FTIR system equipment 0.6 ppb 5 min 1km qualitative and quantitative [80]
Commercial FTIR 1.05-1.1 ppm 0.2-1s 3.2-10m prediction models [104]

Operate stably over the long

Hantzsch Hantzsch Online analytical instrument 84 ppt 120s - term; significant differences [86]

fluorimetry reaction based on Hantzsch reaction between devices; requires
0.05 ppb 18 min - independent design [85]
Frequency-doubled tunable -
dye laser 50 ppt - - [105]

No sample collection, water .
Fluorescence extraction, or further 10 ppt 100 s - Laser as the hght source, [106]
signal intensity at ~ chemical treatment required relatively complex
LIF a specific N calibration process;
wavelength of N((Jjbaclfglround d'etechor;l 36 ppt 1s - larger size; [107]
the laser and aerial SUrveying use high measurement accuracy
Direct in situ detection in a

white multi-channel cell 51 ppt ls B [108]
Non-resonant-LIF (NR-LIF) 261 ppt 10s - [109]
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Table 1. Cont.

Method Principle Optimization LOD TR or Remarks Ref.
0.75 ppb/ . 33.5m/ ;
Lead salt laser 300 ppt 3 min 153 m [110,111]
Difference frequency 299 pot 1 min 100 m [112]
Molecular generation (DFG) laser PP High accuracy; relatively
TDLAS absorption - compact setup; suitable for
spectroscopy Quantum cascade laser 335(1)2%13;1/3 " llirl%ns/ ZZOmn< airborne and other fields [113,114]
Interband cascade laser (ICL) 21%%%%2/ 9100 SS/ 53'66““:/ [115,116]
Vibrational Pulsed CRDS 300 ppb - - Small sampling volume; &
absorption OPQ (ophca@ parametric 112 ppt 1s 300 m unaffected by l}ght source [83]
CRDS spectral oscillator) light source fluctuations.
chargcteristics 12 ppby/ Interference by external
System based on CRDS _3 pppﬁ) ~s - environmental [117,118]
IBBCEAS 1.14 ppb 30s 215km High sensitivity requires [119,120]
proper technological
Mode-locked (ML)-CEAS 3.3 ppb - - integration; complex system [118]
CEAS Beer-Lambert Vhaoed CEAS " m P with poor stability. High ~ ————~——
~shape ppt s 27 xm stability and resolution be (121]
Pound-Drever-Hall (PDH) achieved by sacrificing
technique 75 ppb Ls 20m optical path. [122]
Electrochemical Electrical signal generated by formaldehyde 20~50 pob 20s to Good repeatability; high resolution; high 126]
sensor adsorption on the sensor material PP 30 min cost; poor stability
Optical sensor Optical properties 0.03~0.20 ppm 15 min High accuracy; affected by dust; expensive [95,96]
. Changes in electrical properties generated by the .
Semi-conductor . 50 ppm to Performance is related to the
sensor adsorption of gas molecules on 10 ppb 8-131s semiconductor material. 71

semiconductor materials

2 u

1 LOD, limit of detection; TR, time resolution; OP, optical path; Ref., reference. means no data.

In summary, the results of offline formaldehyde detection are primarily influenced by
chemical reagents and reaction conditions. By integrating various reagents and optimizing
analytical conditions, rapid formaldehyde detection can be achieved for different scenarios.
Spectroscopic online monitoring requires a stable light source to minimize environmental
interference and an extended optical path to achieve high sensitivity. Most instruments are
bulky, and optimized technologies such as CRDS and CRES feature complex systems. Gas
sensors are portable and exhibit high selectivity for formaldehyde, but they are susceptible
to environmental factors and highly dependent on the performance of sensor materials.

5. Simultaneous Analytical Methods for Multiple Atmospheric
Carbonyl Compounds

Analytical methods for multiple carbonyl compounds are classified into online and of-
fline techniques. In the 1970s and 1980s, HPLC-UV began to be used for offline detection of
multiple carbonyl compounds. With advances in MS, HPLC-MS became a primary method
in the 1990s, while canister-GC-MS enabled the detection of multiple VOC types. In the
early 2000s, the development of various sampling methods led to significant advancements
in GC-MS, and online monitoring technologies for multiple carbonyl compounds also
began to emerge. By the 2010s, various online MS techniques were applied to the online
monitoring of multiple carbonyl compounds (Figure 4).

5.1. Offline Analytical Methods for Multiple Carbonyl Compounds

Offline analytical methods for multiple carbonyl compounds are suitable for simulta-
neous multi-point sampling and for studying regional distribution patterns. These methods
allow ample time for analytical preparation, enabling thorough qualitative and quantitative
detection of target carbonyl compounds. The most commonly used offline methods include
DNPH-HPLC-UV, GC-MS, and HPLC-MS techniques (Table 2).
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1970s—-1980s

Main techniques: DNPH-HPLC-UV/

1990s

Main techniques: DNPH-HPLC-MS

Advantage:

® Enhanced sensitivity and selectivity

® Provides molecular weight and structural

information

Distinguishes isomers

® Detects various carbonyl species in
complex environments

Deficiencies:

W Expensive equipment

W Long analysis time, complex operation

Advantage :
® Low cost; simple operation

® Suitable for environmental monitoring of common

carbonyl species.
Deficiencies:

® Low sensitivity (difficult to detect extremely low

concentrations of carbonyl compounds)

® Poor selectivity (easily affected by coexisting

substances)

@ Unable to provide molecular weight information

® Poor isomer differentiation ability

1990s

Main techniques: Canisters-GC-MS

2000s

Main techniques: online GC-FID/MS

Advantage :

@® Capable of continuously monitoring
various types of VOCs

® Fewer human influence

Deficiencies:

B Fewer carbonyl species monitored.

B Single sample collection method

Development of

simultaneous analysis

methods for multiple
carbonyl compounds

Advantage:

® Long-term and long-distance sample
preservation and transport

® Detection of various types of VOCs

® Non-destructive sampling method.

Deficiencies:

B Complex sample handling

W Fewer carbonyl species detected.

2000s

Main techniques: offline GC-MS
( Multiple sampling methods )

Advantage:

® Multiple sampling and pre-treatment
methods

® Increased number and variety of carbonyl
species detected

® High selectivity for carbonyl species

Deficiencies:

® Complex derivatization process

2010s—

® High sample degradation risk
® Preliminary experiments required.

Main techni online MS techni

Advantage :

® Higher time resolution and lower detection limits.

® Obtain detailed structural information of samples

® Carbonyl compounds with complex molecular

structures or multiple isomers detected.

Deficiencies:

B High costs (equipment and maintenance)

B Complex data processing (high information
density of detection results)

B Poor stability (frequent calibration and
maintenance)

Figure 4. Development of simultaneous analytical methods for multiple atmospheric carbonyl compounds.

5.1.1. DNPH-HPLC-UV

The DNPH-HPLC-UV technique is based on the reaction of carbonyl compounds
with DNPH to form hydrazone derivatives, which are then eluted and analyzed using
HPLC equipped with a UV detector [138]. This method’s high sensitivity, selectivity,
and ease of use have led to its widespread adoption globally. In China, the “Ambient
air—Determination of aldehyde and ketone compounds—High performance liquid chro-
matography (HJ 683-2014)” standard [139] follows the main guidelines from the U.S. EPA’s
1999 TO-11 method, making it suitable for detecting low-carbon atmospheric carbonyl com-
pounds [42,140], although it has limitations in distinguishing between C3 [45] and C4 [141]
carbonyls. The EPA’s 2016 TO-11 revision also removed unsaturated aldehydes from its
analyte list. Researchers have found that using appropriate gradient elution conditions, col-
umn temperature, or specific chromatographic columns can enhance HPLC's resolution of
C3 and C4 carbonyls [142]. Possanzini et al. [143] demonstrated a secondary derivatization
mechanism for alkenals (acrolein and crotonaldehyde) and optimized the mobile phase
to separate these from other carbonyls. Wang et al. [131] selected appropriate columns
and used a dual-gradient HPLC method with temperature and solvent control to address
separation challenges for C3 (acrolein, acetone, and propanal) and C4 (crotonaldehyde,
methacrolein, butanone, and butyraldehyde) compounds. Zhang et al. [144] improved
separation of acrolein, acetone, and propanal using multiple mobile phases, while other
researchers completed the detection of 13 OVOCs within 10 min by using specialized
columns [145]. The 2020 Chinese standard, “ Ambient air—Determination of aldehyde and
ketone compounds—Solution absorption-High performance liquid chromatography (HJ
1154-2020)”, builds on the 2014 standard by enriching carbonyl compounds via solution
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absorption, followed by liquid extraction and concentration for the detection of 16 different
carbonyl compounds [146]. Although the above DNPH-HPLC-UV techniques provides
stable detection for common carbonyls, the number of detectable species remains limited

due to detector constraints.

Table 2. Main offline analytical methods for multiple atmospheric carbonyl compounds.

Method

Canisters GC-MS

Optimization LOD! TR 2 Species Remarks Ref.
Optimize instrument
arameters and column . Suitable for the determination of
P 049~1.1 pg/m? 30 min 13 carbonyls low-concentration OVOCs (C4-C8) [39,42]

temperature box
heating program

Combining Deans Switch 9 Improved separation performance )
center cutting technique 0.009~0.134 nmol /mol 1h 13 carbonyls of GC [123,124]

Super-critical fluid Supercritical fluid as the 57 carbonyls Enhanced separation capability;
chromatography p mobile phase - 1h (13 aldehydes and  addressing the limited peak capacity [125]
(SFC)-GC-MS P 44 ketones) issue of GC-MS
3.7-11.6 ng/tube 20 carbonyls [34]
PFPH as derivatization 1h Straggk_'g—}:}l'lain Improved stability of derivatives and
reagent 3-10 ng/tube aldehydes and increased sampling efficiency [51]

Liquid coatin
P

some ketones

H-GC-M:
Multi-bed adsorbent and Achieved simultaneous detection of
u l:fB teachsnoir ueél an 1.8~25.4 ng/tube 1h 6 carbonyls aldehydes, ketones, and aromatic [126]
! hydrocarbons
. Low detection limit and simplified
TD technique 0.3 ppb/24L 1h 16 carbonyls operation process [52]
Gas coatin Optimal saénplling flow 0.08~0.20 ppb/24 L 1h 21 carbonyl Low species background [46]
PFPH-GC-MS ratz;gacsé)oxem . <V PP carbonyls concentration level
Aromatic ; :
. . Several to Suitable for the detection and
ImpmgPeFr];IE’IIXammg 5~679 ppb dozens of alg;ailg;;ieess, identification of various carbonyl [127]
hours dgcarbonyis compounds in smog
GC-MS
. Several Suitable for gas-particle distribution
]:I))%r}augg :r?gt;igih 0.2-0.7 pg/m? tens of 23 carbonyls research, with strong ability to [66]
minutes distinguish isomers
GC-MS Derivatization with - r?qeizizls C;ldeel?l lgl:: d [128]
PFBHA on SPME fiber Y In situ derivatization
GC-MS/GC-FID 0.2-1.9 pg/m? <30 min 5 carbonyls [62]
Single-use micro-silica Achieved continuous operation of
DNPH column and - 2h 6 carbonyls sampling and analysis, reducing [129]
automated system manual intervention

Significantly shortened analysis time,

Ultra-HPLC (UHPLC) 0.002~0.004 mg/L 4 min addressing the high-throughput [130]
sample demand

Temperature and binary 3 . Addressed the issue of difficulty in ’
Solid adsorption solvent gradient 0.04-0.19 pg/m 35 min 13 carbonyls separating C3 and C4 components [131]
DNPH-HPLC-UV From reaction kinetics perspective
AtCI}CJhC DNP%—I adsi)rgtlon addressed the issue of the impact of
tg e samp 11111gée u ;\({m 0.16~0.71 pg/m? 30 min hydrazone derivatives of [132]
ime controlled within unsaturated aldehydes
on quantification
New type of
chromatography column 3 . Improved chromatographic
and column temperature 0.025~0.091 ng/m 40 min 22 carbonyls separation capability [133]
regulation
DNPH-HPLC-UV Solution absorption 0.001~0.002 mg/m? 40 min 16 carbonyls Liquid-phase sampling method [134]
Denuder coated by
HPLC-ESI-TOF-MS XAD-4 and 2,4- 0.9 ppt-0.3 ppb 1h 12 carbonyls In situ derivatization [50]
DNPH

DNPH-HPLC/ESI-

Difficult to distinguish compounds
ESIion source 0.4-9.4 ng/m? 1h 32 carbonyls with the same molecular weight or [135]

MS/MS similar chemical properties

DNPH- : 3 Difficult to distinguish isomers with
HPLC/APCI-MS APCI ion source 0.005-0.049 pg/m: 1h 30 carbonyls similar retention mes [136]
DNPH-UHPLC- 3 Capable of analyzing multiple types

MS/MS MS/MS 0.002~0.07 pg/m 1h 47 carbonyls of OVOCs [137]

1 The limit of detection for offline measurements depends on the sampling volume and specie. 2 TR here refers to
the time required for the instrument to analyze the sample as the sampling time is significantly influenced by
human factors.
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5.1.2. Chromatography Tandem MS

Chromatography tandem MS is currently the most widely used method in laborato-
ries for detecting multiple carbonyl compounds, primarily including LC-MS and GC-MS
techniques. Optimizing this technique allows for the differentiation of various types of
carbonyl compounds and enables the detection of a broader range of species, although it
often involves complex procedures [147]. Studies have found that the ionization source
in MS significantly influences detection performance. When using electrospray ionization
(ESI) in combination with the single-ion monitoring (SIM) mode, the detection limit is
minimized [148]. The use of atmospheric pressure photoionization (APPI) allows for the
detection of carbonyls without the need for dopants, reducing the potential interference
caused by dopants [149]. The HPLC-MS/MS (tandem MS) method has been shown to dif-
ferentiate between aldehydes and ketones, linear and branched structures, and unsaturated
and aromatic carbonyl compounds [46]. Fourier transform ion cyclotron resonance MS
(FTICR-MS) with nano-electrospray ionization (nano-ESI) allows for direct sample injection
without the need for derivatization [150]. Zhang et al. [136] optimized sampling and analy-
sis processes, using DNPH-HPLC/APCI-MS (atmospheric pressure chemical ionization)
to detect 30 OVOCs, including mono-carbonyl, di-carbonyl, and oxygen-containing and
heterocyclic carbonyl. Chi et al. [135] made customized adjustments to ESI and MS/MS pa-
rameters for different carbonyl compounds, achieving the detection of 32 carbonyl species
using DNPH-HPLC-ESI-MS/MS. Xu et al. [137] developed a novel UHPLC-MS/MS-based
analytical method to identify and quantify 47 carbonyl compounds with carbon num-
bers ranging from 1 to 13, including 28 aliphatic saturated mono-carbonyls, 8 aromatic
mono-carbonyls, 8 other unsaturated mono-carbonyls, and 3 di-carbonyl compounds.

The canister sampling GC-MS method is the standard offline method for measuring
VOC:s as specified by the Ministry of Ecology and Environment, typically measuring only a
limited number of carbonyl compounds, such as acetone, acrolein, and 2-butanone [151].
Some researchers have achieved the measurement of low-concentration carbonyl com-
pounds in the C4-C8 range by adjusting various parameters of instruments and the column
temperature program [39,42]. The Deans Switch central cutting device enables the simul-
taneous measurement of other VOCs and 13 carbonyl compounds in a single analysis
run [123,124]. The use of supercritical fluid as a mobile phase has addressed the issue of
limited peak capacity in GC-MS [125]. The collection efficiency of carbonyl compounds can
be greatly enhanced by using sampling methods such as sampling tubes, sampling columns,
denuders, and SPME fibers, as well as optimizing the sample pretreatment and analysis
processes. Zou et al. [152] collected atmospheric samples using a Tenax-TA sampling tube
coated with PFBHA and determined 14 mono-carbonylic compounds and 2 di-carbonyl
compounds in the atmosphere using solvent extraction coupled with GC-MS. After collect-
ing carbonyl compounds with PFPH tubing, pretreatment is required, typically involving
solvent desorption, and this process can be complex [51]. Li et al. [34] developed a GC/MS
method for the simultaneous determination of 20 carbonyl compounds by altering the
solvent extraction reagent and found that formaldehyde was not completely separated
due to significant human factors. The TD technique can significantly simplify the oper-
ation process and enable automated desorption, concentration, and analysis [52]. Chien
et al. [126] used liquid-coated PFPH tubing combined with TD-GC-MS and multiple-bed
adsorbent tubes to achieve simultaneous detection of carbonyl compounds and aromatic
hydrocarbons. Wang et al. [153] used multi-bed absorption tubes combined with two-stage
TD and GC-MS techniques to detect 28 OVOC species in Hong Kong, including aldehydes,
ketones, alcohols, acrylates, acetate esters, and ethers, although the process was highly
complex. Kahnt et al. [50] used an XAD-4/DNPH denuder for in situ derivatization on
the surface, reducing the sample preparation steps, and detected 12 carbonyl compounds
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using HPLC/ESI-TOF-MS techniques. Temime and Brice [66] employed an XAD-4/PFBHA
denuder-filter sampling method, combined with GC-MS, to detect gas- and particle-phase
arbonyl compounds, identifying 23 aldehydes and ketones, with a distinct advantage in the
analysis of isomers. Bourdin and Desauziers [62] and Poole et al. [128] used SPME fibers
for in situ PFPH derivatization, significantly improving the time resolution for aldehyde
species detection while reducing the sample preparation steps.

Quinone compounds are organic compounds that contain one or more carbonyl
groups (C=0), typically consisting of one or more aromatic rings. Until the 2010s, only a
few studies had reported the concentration and gas-particle distribution of environmental
quinones. Few reports have been made on the spectroscopic detection techniques for
quinones. As early as the 1950s, Fuson et al. [154] conducted an infrared spectroscopic
study on various types of ketones, benzoquinones, and naphthoquinones, investigating
the influence of carbonyl (C=0) stretching frequencies. They found that the molecular
structure, conjugation effects, substituent effects, and ring strain all affect spectral de-
tection. Spectroscopic techniques, such as LP-FTIR, detect fewer species compared with
GC-MS techniques [155]. Compared with spectroscopic detection techniques, GC-MS is the
most commonly used method. Due to the large differences in the properties of quinone
species, some studies choose to use derivatization followed by CI or EI ionization for
GC-MS detection to enhance analytical sensitivity [156]. However, not all quinones can
be effectively derivatized. During the derivatization and analysis processes, thermally
unstable quinones may undergo transformation and/or degradation [157]. Some studies
have found that for certain compounds, the GC-MS measurements of derivatized and
non-derivatized quinones showed no significant differences [158]. HPLC-MS/MS does
not require derivatization of thermally unstable, non-volatile, or highly polar compounds,
offering certain advantages [159]. dos Santos et al. [160] used cold-fiber SPME-GC-MS
(CF-SPME-GC-MS) to achieve higher detection sensitivity and lower detection limits. Four
quinone compounds (2-methyl-1,4-naphthoquinone, 2,6-di-tert-butyl-1,4-benzoquinone,
methyl-1,4-benzoquinone, and 2,3-dimethylanthraquinone) were detected for the first time
in ambient air. Jo et al. [161] developed a quantitative chemical ionization technique based
on GC-MS and GC-MS/MS, which can be used for the quantitative analysis of oxidized
polycyclic aromatic hydrocarbons (OPAHs) across different concentration ranges and is
suitable for detecting various types of OPAHs.

In summary, the main offline analytical methods for multiple carbonyl compounds
include DNPH-HPLC-UV and chromatographic tandem MS techniques. DNPH-HPLC-UV
is a straightforward technique, and by optimizing gradient elution conditions and column
temperature or selecting the appropriate chromatographic column, it can enable the detec-
tion of more than ten common carbonyl compounds. The optimization of chromatographic
tandem MS techniques is always accompanied by improvements in the complex sampling,
pretreatment, and analytical processes, which demand high expertise from the researchers.
By optimizing chromatographic tandem MS, it is possible to distinguish between various
types of carbonyl compounds (e.g., aldehydes and ketones, straight-chain and branched
structures, and unsaturated aromatics; mono-carbonyl, di-carbonyl, oxygenated, and hete-
rocyclic carbonyls; and carbonyl compounds, alcohols, acrylic esters, acetate esters, ethers,
and quinones).

5.2. Online Analytical Methods for Multiple Carbonyl Compounds

Online analytical methods for multiple carbonyl compounds can provide higher time
resolution, avoid measurement errors caused by target species’ reactions or volatilization
during the measurement process, and obtain complete and detailed time series. The most
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commonly used online methods include online MS techniques, such as GC-FID/MS and
RTR-MS (Table 3).

Table 3. Main online analytical methods for multiple atmospheric carbonyl compounds.

Method Optimization LOD TR Species Remarks Ref.
C2-C3 hydrocarbons;
Ultra-low- C5-C12 hydrocarbons, Detection limit lower than
temperature - 10 min halogenated that of manual [39]
pre-concentration hydrocarbons, and sampling detection
OVOCs
Improved detection
Three-stage trap : capability for
pre-concentration <5 ppt 30 min MAC and MVK low-concentration [162]
compounds
Addressed the irreversible
o Loyt
empty tube 3 ;
cryo-concentration 0.03~0.7 pg/m Th 13 carbonyls capture capability for [30]
technique polar aldehydes
and ketones
Refrigeration svstem 0.008~ Suitable for remote areas
g . 8y - 60 min C3-C6 carbonyls or regions lacking liquid [40]
without refrigerant 0.026 ppb nitrogen supply
enpo g oo Speces o s educed
per . & y 1h 12 carbonyls through cold trap water [32]
collection device and 0.012 ppb | and PTFE tubi
thermal desorption removalan ubing
Online SPME . Direct sampling
GC-MS derivatization 6-100 pptv <20 min 12 carbonyls and derivatization 591
Linear C5 to C9
Online TD combined aldehydes, C8 to C13 In situ testing; used in
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5.2.1. GC-FID/MS

GC-FID/MS can achieve online monitoring of various types of VOCs but has limited
detection capability for carbonyl compounds. Traditional online GC-FID/MS systems
mainly use a dual-channel sampling, dual-column separation, and dual-detector sys-
tems [41]. Different types of atmospheric species are split into two streams at the channel
inlet, separately sampled and analyzed by different detectors. The FID detector is primarily
used for low-carbon hydrocarbons (C2-C5, with lower boiling points), while hydrocarbons
from C5 to C12, halogenated hydrocarbons, and carbonyl compounds are detected by the
MS detector. Typically, up to 12 carbonyl compound species can be detected [168]. The
availability of additional standard gases for carbonyl compounds can expand the range of
target species identified by GC-FID/MS [32]. The entire analysis process takes about 1 h.
To capture rapid variations or fluctuations of environmental pollutants, Apel et al. [169] in-
troduced a portable, fast-response GC-MS capable of high-frequency monitoring of C2-C4
carbonyl compounds on board aircraft within 5 min. However, this technique is still based
on direct injection measurement without enrichment or efficient desorption of species. It
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remains insufficiently sensitive for trace compounds, and the range of detected species is
still limited.

Researchers often optimize sampling and pretreatment methods to improve the de-
tection performance of online GC-FID/MS technique. Apel et al. [162] utilized a custom
three-stage preconcentration system combined with MS (SIM), enabling stable online
monitoring of low-concentration carbonyl compounds. Li et al. [30] applied a cryogenic
empty-tube freezing preconcentration technique combined with a GC-FID/MS analysis
system for automated online monitoring. This method allowed flexible selection of the
sampling flow rate, sampling time, and trapping temperature, achieving stable online
monitoring of 13 carbonyl compounds. However, the reliance on refrigerants limits the ap-
plicability of these cryogenic preconcentration techniques in remote areas. Wang et al. [40]
developed a refrigerant-free GC-FID/MS system, which was validated to accurately detect
C3-C6 carbonyl compounds through comparison with results from other technologies.

The analysis of carbonyl compounds in aerosols is particularly challenging. Typically,
chemical reagents are used for derivatization prior to GC/MS analysis, with specially
designed in situ online aerosol collection devices and TD techniques being the primary
sampling methods [170]. Williams et al. [171] used a thermal desorption aerosol gas
chromatography system (TAG) for real-time, in situ measurement of organic and inorganic
compounds in atmospheric aerosols. A small portion of organic aerosol mass (10-40%) was
analyzed, and alcohol species derived from isoprene were detected. Hamilton et al. [163]
used direct thermal desorption combined with comprehensive two-dimensional GC x GC-
TOF/MS to analyze oxygenated components in organic aerosol samples. They detected
linear-chain aldehydes from C5 to C9, ketones from C8 to C13, and some cyclic products
such as furanone.

5.2.2. Online MS Techniques Without Chromatographic Separation

Online MS allows direct sample injection, minimizing potential human errors during
sample collection and pretreatment [25], and provides high temporal resolution for a deeper
understanding of chemical transformations. The development of ionization sources and
mass analyzers is one of the driving forces behind advancements in MS and a key reason
for its online application [172]. Electron ionization (EI) [173] is the most traditional form of
hard ionization, widely used in the GC-MS technique. It produces numerous fragments,
making accurate determination of molecular ion masses challenging [174]. Soft ionization
methods primarily include chemical ionization (CI) [175], photoionization (PI) [176], and
ESI [177]. These ionization methods offer high temporal resolution and enable the online
detection of atmospheric carbonyl compounds [178].

PTR-MS is an online MS technique for detecting multiple carbonyl compounds without
chromatographic separation. Its basic principle involves proton transfer reactions between
target compounds in the environment and reagent ions, with the resulting product ions
analyzed in a mass analyzer. Its detection limit and analysis time are typically lower
than those of GC-FID/MS, but the method often requires extensive data analysis, heavily
relying on machine learning and artificial intelligence [179]. Currently, PTR-MS primarily
employs CI and can be equipped with various mass analyzers, including quadrupole (Q),
ion trap (IT), and time-of-flight (TOF). PTR-Q-MS can detect compounds overlooked by
GC-MS [180]. However, Q mass analyzers exhibit low transmission efficiency for heavier
ions, resulting in reduced sensitivity for high-mass compounds [181]. PTR-IT-MS has been
shown to analyze the entire mass spectrum almost simultaneously and distinguish ions with
the same nominal mass [165], although it has a relatively high detection limit [164]. PTR-
TOF-MS offers higher sensitivity and lower detection limits [166]. It has been successfully
applied in airborne measurements [182] and outperforms various online spectroscopic
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methods in detecting glyoxal and methylglyoxal [183]. Advances in light sources have
greatly driven the development of the PI technique. Synchrotron light sources can reduce
or eliminate ion fragmentation [184], but both synchrotron and laser light sources [185] are
complex, bulky, and expensive, limiting their application to laboratory-based fundamental
research rather than online or field applications. The vacuum ultraviolet (VUV) PI-MS
technique, characterized by minimal ion fragmentation, no need for sample pretreatment,
and low polarity requirements for analytes [186,187], has been widely applied in the online
monitoring of VOCs under various conditions [188]. Liu et al. [167] combined CI with VUV-
PI-MS to develop a new method integrating a chemical ionization focusing ion source (CIFI)
with TOF-MS, significantly improving ionization and ion transmission efficiency. CIFI-
TOEF-MS has been validated as a highly efficient and sensitive online monitoring technique,
capable of real-time detection and analysis of 12 carbonyl compounds. The selected ion
flow tube mass spectrometer (SIFT-MS) [189] can be used to detect formaldehyde and
acetaldehyde and is capable of using multiple reagent ions simultaneously, with a detection
limit for formaldehyde of less than 200 ppt/1 s.

In the analysis of particle-phase carbonyl compounds, the online use of TD can be
affected by thermal decomposition during desorption and ion dissociation during the
ionization process in the PTR-MS drift tube [190] and may not avoid surface collection
artifacts [191]. Vogel et al. [192] employed a miniaturized, versatile aerosol concentration en-
richment system (mVACES) to address the issue of particulate matter collection and applied
it in the field. Additionally, several aerosol online collection devices, such as ACM [65] and
CHARON [67], have been widely used in smoke chambers. Thompson et al. [193] utilized
four different instruments to study the gas-particle distribution of carbonyl compounds,
including FIGAERO (filter inlet for gases and aerosols)-ToF-CIMS, SV-TAG (semi-volatile
thermal desorption aerosol gas chromatograph)/TD-PTR-MS, and NO3 ™ -IMS (nitrate ion
mobility spectrometry)-TOE-MS. They found that the mass spectrometry techniques with
specific ion sources limited the range of measurable compounds and exhibited interference
from different ion sources, making it difficult to recognize isomers.

In summary, the main online analytical methods for multiple carbonyl compounds
include GC-FID/MS and other online MS techniques, such as PTR-MS and VUV-PI-MS.
GC-FID/MS systems are primarily used for detecting various types of VOCs. By optimizing
sampling and pretreatment methods, stable detection of certain carbonyl compounds can
be achieved. Other online MS techniques can integrate diverse ionization sources, mass
analyzers, and online sampling systems to enhance detection performance, achieving lower
detection limits and higher temporal resolution.

6. Analytical Methods for Carbonyl Compounds in Atmospheric
Photochemical Smog Chamber Simulation Studies

The smog chamber allows for precise control of added reagents and environmental
conditions, gradually increasing the complexity of chemical reactions to simulate different
environmental and chemical systems. Currently, the analysis of multi-functional products
(including carbonyl compounds) formed during VOC photooxidation in the smog chamber
is typically conducted using spectroscopic methods or independent MS. Spectroscopic
methods are simple to operate and require no complex pre-treatment steps, but they can
only detect species with specific optical properties. Klotz et al. [194] used the DOAS
technique to detect photooxidation products of toluene, identifying benzaldehyde and
methylphenol. Olariu [155] used FTIR to detect carbonyl compounds formed from reactions
between OH radicals and phenol, ortho-, meta-, and para- methylphenol and first identified
1,2-dihydroxybenzene and 1,4-benzoquinone as new products of OH radical-induced
phenol and methylphenol oxidation. Thalman et al. [183] demonstrated the differences in
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detecting di-carbonyls using seven different measurement techniques in smog chambers
in the U.S. and Europe. They found that spectral detectors, such as BBCEAS, CE-DOAS,
white-cell DOAS, FTIR, and LIP, were all affected by interference from water vapor, aerosols,
or other gases in the environment, leading to poor stability.

PTR-MS is a powerful soft ionization technique that allows for the direct injection
and quantification of photochemical oxidation products and precursor VOCs, providing
additional insights into potential photochemical oxidation products [195]. Eichler et al. [67]
used a CHARON-PTR-ToF-MS combination device to measure organic and ammonium
components in submicron particles in real time, detecting carbonyl compound signals.
Holzinger et al. [196] used TD-PTR-MS to detect products such as formaldehyde and
formic acid during the reaction between ozone and terpenes and found that the desorption
temperature of samples in the smog chamber was much lower than that of environmental
samples, suggesting a significant discrepancy between the smog chamber experimental
conditions and atmospheric conditions. Gkatzelis et al. [197] conducted a comparative
study on the gas-particle partitioning of major biogenic oxidation products. In the exper-
iment, different sampling inlets (ACM, CHARON, and TD units) were connected to the
PTR-ToF-MS, and it was found that all three systems were capable of detecting aldehyde
and ketone compounds. However, since PTR-MS provides molecular formulas rather
than specific compound structures, there is a possibility that original chemical compo-
nents may not be accurately identified due to isomeric compounds or fragments generated
by thermal dissociation and ion fragmentation. Furthermore, as different thermal des-
orption temperatures and operational conditions affect ion fragmentation, the detection
limits and time resolutions of each system also vary. TD has the lowest detection limit
(1073 ng/m3), while ACM has the highest detection limit (250 ng/m?). CHARON provides
real-time measurements (10 s), while the sampling times for ACM and TD are 120 min and
240 min, respectively.

GC-MS can effectively identify isomeric information. Yu et al. [127] employed im-
pinger -PFBHA-GC-MS in both indoor Teflon bag reactors (ITBRs) and outdoor Teflon smog
chambers to analyze the carbonyl compounds produced from the reactions between six
alkylbenzenes and OH radicals. They detected aromatic aldehydes, quinones, di-carbonyls,
and other carbonyl products, with a particular focus on distinguishing various isomeric
forms of di-carbonyl products. Kourtchev et al. [198,199] utilized Denuder-PFBHA-GC-
MS to study the reactions of (E)-B-farnesene with O3 and OH radicals in the gas phase,
including the determination of rate coefficient and analysis of carbonyl products and
distinguishing isomeric forms. These offline techniques separate the sampling and deriva-
tization processes, resulting in significant time consumption. Borras et al. [59] employed
in situ dual derivatization SPME-GC-MS at EUPHORE to identify various compounds,
including aldehydes, ketones, x-di-carbonyl compounds, hydroxy aldehydes, hydroxy
ketones, and carboxylic acids. They applied this method to the ozonolysis of isoprene,
tracking the formation of multi-functional oxygenated compounds. Spittler et al. [200]
studied the dark reactions between NOj3 radicals and two monoterpenes—limonene and
a-pinene—and their role in SOA formation in the EUPHORE photoreactor facility and a
large volume laboratory photoreactor, where the main carbonyl products, pinonaldehyde
and endolim, were successfully detected and quantified using long-path FTIR, HPLC-
UV /Vis, and GC-FID. Hohaus et al. [65] connected the ACM to a GC-MS/FID system and
successfully detected several carbonyl compounds in SOA during (3-pinene ozonolysis,
including acetone, bicyclo[3,1,1]hept-3-ene-2-one, myrtanal, myrtenol, 1-hydroxynopinone,
3-oxonopinone, and 3,7-dihydroxynopinone. Although these techniques have undergone
optimization in sampling systems and pretreatment processes, their temporal resolution
remains inferior to that of PTR-MS technique.
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Combining isomeric information from GC-MS with high-time-resolution data from
PTR-ToF MS can expand and improve insights obtained from photochemical oxidation
experiments. Gomez Alvarez et al. [201] employed a method combining SPME with
PFBHA and used PTR-MS, GC-FID, and FTIR instruments to detect di-carbonyl compounds
during the photochemical oxidation of toluene and benzene. Finja Loher et al. [202]
constructed a Teflon atmospheric simulation chamber, which was connected to a PTR-
ToF-MS and an SPME-GC-MS system. Under NOx-free conditions, they detected the
first-generation products of toluene oxidation and compared their results with those of
Borras [59]. They found that different smog chamber devices (the Teflon chamber and the
EUPHORE chamber) affected the experimental results for acrolein.

7. Problems and Challenges

In the ongoing development and optimization of various commonly used sampling
techniques and analytical methods, these approaches have revealed distinct and significant
problems and face different challenges for further development and optimization. Table 4
summarizes the main problems and challenges of commonly used sampling techniques
and analytical methods.

Table 4. Problems and challenges of analytical methods for atmospheric carbonyl compounds.

Type Method

Problem

Challenge

Tube sampling

Canister sampling

Simultaneous sampling of multiple
carbonyl species

Developing novel adsorbents or efficient solvents

Designing canisters made from new materials

Sampling Cryogenic Advancing cryogen-free enrichment techniques and
method enrichment optimizing cold trap devices
Designing derivatization reagents with immediate
Derivatization Sample loss: time consumption derivatization, high derivative stability, and good
technique P / P sensitivity and selectivity; efficient combination of
sampling equipment and derivative materials
. Poor stability; bqlky VOlume; multlple Research on optical path improvement technique
Spectroscopic program units for derivative . ¢ . .
fluorescence equipment and design of precision equipment
Online Gas sensors Slg.m.ﬁca.n t egv1ronmental mp act; Developing new sensor materials
; limitations in sensor materials
analytical
methods Unstable instrument status; lack of Instrument maintenance; development of new
GC-FID/MS o . ; .
standard gas; single capture technique standard gas and sampling technique
Other online MS I;O?r stal')lﬁtg (:‘leon source, qlfflcultl to Ion source optimization; MS maintenance;
1sunguis meassiio%éiﬁ?;ﬁrs’ complex combining big data technique
Fluorescence and . . o . e
spectrophotometry Multlple_types of reagents; low Optimization of analyS{s conditions;
time resolution reagent selection
methods
Offline High blanks; sampling parameter
analytical DNPH-HPLC-UV settings; derivative products impacting  Standardization of sampling methods; exploration
methods on detection results; limited availability of derivatization mechanisms
of standards
Chromatography Complex MS operations; multiple Improving MS operation techniques; determining
tandem MS pre-experiments the instrument analysis conditions
Spectroscopic Poor stability Complex environment detection
Analytical PTR-MS Difficult to distinguish between isomers Use of multiple methods combined
methods for GC-MS Poor time resolution
chamber

PTR-MS/GC-MS

Complex data processing and operation,
significant influence of chamber itself
and sampling system

Combining big data technique; conduct research on
the impact of chamber itself and sampling system
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7.1. Sampling Methods

Direct sampling methods for atmospheric carbonyl compounds have limitations in
simultaneous sampling of multiple carbonyl species. Tube sampling requires chemical
derivatization to collect a broader range of carbonyl compounds, whereas canister sampling
and cryogenic enrichment techniques are typically coupled with specific chromatographic
systems and are suitable for sampling various VOCs (limited carbonyl species). Challenges
in direct sampling of carbonyl compounds include developing novel adsorbents or efficient
solvents to reduce reliance on derivatization in tube sampling, designing canisters made
from new materials to enhance sample stability, and advancing cryogen-free enrichment
techniques alongside optimizing cold trap devices.

Indirect sampling methods are often associated with significant sample loss and high
time consumption. Furthermore, the selection of derivatization reagents, adsorbents, coating
methods for reagents, and sampling devices is complex, requiring careful adjustment to meet
diverse detection requirements and analytical objectives. Designing derivatization reagents
with immediate derivatization, high derivative stability, and good sensitivity and selectivity,
as well as rapidly determining sampling schemes, remains a significant challenge.

7.2. Analytical Methods of Formaldehyde

Fluorescence and spectrophotometric methods are limited to the detection of single
species and exhibit low time resolution. The selection of reagents and optimization of ana-
lytical conditions often vary with environmental contexts, making multiple pre-experiments
necessary to achieve accurate formaldehyde detection results.

Spectroscopic detection techniques are highly sensitive to environmental conditions,
with overlapping or missing spectral signals being common issues. The development
of spectroscopic instruments with stable selectivity is therefore critical. Formaldehyde
monitoring devices based on chemical methods often involve multiple steps, requiring
customized designs. Currently, high-precision spectrometers are typically bulky to meet
the requirements for long optical paths, limiting their applicability for field monitoring.
Although advanced CRDS and CRES achieve extended optical paths, their instruments are
complex and prohibitively expensive. Gas sensors are greatly affected by the environment,
and their performance is highly dependent on sensor materials. Developing new sensor
materials is crucial.

7.3. Analytical Methods of Multiple Carbonyl Compounds
7.3.1. Offline Analytical Methods

The DNPH-HPLC-UV method suffers from significant sample loss during sampling
and high background concentrations of carbonyl compounds. Additionally, there is no
coordinated control between the sampling volume and the flow rate. The duration of
sampling affects sample recovery, and derivatives may undergo isomerization, leading
to the formation of isomers that compromise accurate quantification and result in lower
reproducibility than expected. This method has limitations in the species it can detect, and
the lack of standard derivatives restricts the identification of unknown compounds [203].
Therefore, optimizing sorbent tubes, studying the derivatization mechanism, developing
new standard reference materials, and determining appropriate analytical conditions are
crucial for improving the method.

Chromatography tandem MS provides structural information on unknown com-
pounds but requires advanced experimental techniques. The MS may fail to detect peaks
captured by other detectors, such as UV detectors, which can lead to underestimation [136].
Therefore, combining multiple detectors in experiments is essential. Different ion sources
in MS require distinct operational adjustments for chromatographic coupling, and each
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ionization source has specific environmental requirements for sample analysis. Achiev-
ing optimal results often requires multiple pre-experiments to fine-tune experimental
conditions. Currently, MS often uses SIM mode, which detects only a few selected ions,
eliminating interference from other ions, but fails to provide a full spectrum, making the
qualitative analysis of unknown compounds challenging. In contrast, the full scan mode en-
ables the exploration of unknown compounds, which is crucial for detecting new carbonyl
compounds, although it is challenging to operate.

7.3.2. Online Analytical Methods

During continuous operation, GC-FID/MS equipment may experience changes in the
retention times of certain compounds due to factors such as decreased column efficiency
and variations in the heating rates of preprocessing devices. Consequently, it is necessary
to conduct weekly retention time checks for all target compounds to ensure accurate
identification. The lack of available standard gases limits the ability of GC to identify and
quantify various carbonyl compounds, often resulting in fewer detectable compounds
compared with offline analytical methods. Currently, online systems rely on cryogenic
enrichment techniques for carbonyl compounds, whereas alternative sampling methods
remain unsuitable for GC-based online analysis. As a result, the online GC-FID/MS
technique faces challenges related to instrument maintenance and the development of new
standard gases and sampling methods.

The performance of ion sources in online MS can be influenced by various factors,
such as temperature and humidity. Mass spectra are often complex, and simplifying them
typically requires the use of high-precision instruments, which demand regular mainte-
nance and calibration and are extremely costly, making them difficult for commercial use.
MS often encounters multiple isomers or fragment ions, making the correct identification
and differentiation of compounds a technical challenge. A thorough analysis of sample
information requires the combined use of GC-MS and PTR-MS, integrating the separation
advantages of GC with the qualitative capabilities of PTR-MS. However, the operation and
data processing are complex, requiring the integration of artificial intelligence and machine
learning techniques. In the analysis of the gas-particle distribution of carbonyl compounds,
MS often requires specific sampling systems, which can affect the analytical performance.

7.4. Analytical Methods in Smog Chamber Simulation Studies

In situ detection techniques, such as CEAS, DOAS, FTIR, and LIP, are more suited for
detection in simple environments due to the poor stability of their spectroscopic detectors
under certain conditions. Online techniques such as PTR-MS may fail to accurately identify
species composition due to isomers and fragmentation caused by thermal dissociation or
ion dissociation. Offline techniques such as GC-MS provide better isomer differentiation
capabilities but suffer from poor temporal resolution. The combination of PTR-MS and GC-
MS integrates isomer information with the high temporal resolution, thereby expanding and
refining the information obtained from photochemical oxidation experiments. However,
the data processing and operation are complex, and the smog chamber itself may influence
chemical reactions, leading to discrepancies compared with real atmospheric detection.
Therefore, detecting carbonyl compounds in smog chambers faces challenges in both
spectral detection in complex environments and the combined use of PTR-MS and GC-MS.
This necessitates the continued development of new sampling systems and comparative
studies with real atmospheric detection to characterize the effects of various smog chambers,
materials, and other factors on the samples
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8. Future Research Needs and Prospects

Future analytical technologies for atmospheric carbonyl compounds must meet the re-
quirements of detecting more high-molecular-weight carbonyl species, adapting to diverse
monitoring scenarios, and ensuring stable long-term operation. This will enable a more
comprehensive understanding of the environmental behavior and distribution character-
istics of carbonyl compounds. For offline detection, the focus should be on simplifying
procedures and minimizing measurement errors caused by manual operations. For online
monitoring, achieving a more stable operating environment, compact instrumentation, and
the ability to detect a wider range of carbonyl compounds with high reliability is essential.
For the detection in smog chambers, it is essential to achieve stable spectral detection and
characterize the impact of various sampling system, as well as the shape, light source, and
materials of the smog chamber, on the results of PTR-MS and GC-MS detection.

To meet the future demands of both offline detection and online monitoring tech-
nologies for atmospheric carbonyl compounds, research should prioritize the following
five areas: (D Develop derivatization reagents and adsorbents with immediate reaction
capabilities, high derivative stability, sensitivity, and selectivity to fundamentally improve
the accuracy of offline detection results for carbonyl compounds. 2) Achieve high levels
of automation in sampling, pretreatment, and analysis, which are crucial for improving
the temporal resolution of offline detection. (3) Conduct analytical research combining
multiple detectors to extract more comprehensive information on carbonyl compounds
in samples. (9 Develop additional standard gases for carbonyl compounds, stable light
sources, and MS ion sources, along with designing precise detectors. These advancements
will reduce the size of online monitoring instruments and ensure stable detection of car-
bonyl compounds across diverse environments. (5) Integrate artificial intelligence (AI) and
machine learning (ML) technologies to process and analyze the extensive data generated by
online monitoring instruments. () Continuously developing the sampling system for smog
chambers and characterizing the differences in the shape, light source, and materials of
various types of smog chambers are essential to minimize their impact on detection results.

9. Conclusions

Optimizing analytical methods for atmospheric carbonyl compounds has been an
ongoing effort. Over the past few decades, researchers worldwide have refined sampling,
pretreatment, and analysis processes to achieve adequate sensitivity, selectivity, temporal
resolution, accuracy, and operability for both laboratory research and routine monitoring.
Based on an extensive literature review and systematic analysis, the key conclusions are
as follows:

(1) Direct sampling methods for atmospheric carbonyl compounds encompass tube
sampling, canister sampling, and cryogenic enrichment techniques. These methods are
effective for collecting low-reactivity, low-boiling-point, highly polar, and volatile low-
molecular-weight carbonyl compounds. Indirect sampling methods primarily involve the
use of derivatization techniques in combination with specific sampling devices to collect
samples, suitable for carbonyl compound sampling in various environments and phases.
The reagents, adsorbents, coating methods for the reagents, and sampling devices all need
to be adjusted according to specific detection requirements and analytical objectives.

(2) Offline analytical methods for formaldehyde, including fluorescence and spec-
trophotometry, are highly sensitive to chemical reagents and reaction conditions. By
combining different reagents and optimizing analytical conditions, these methods enable
rapid detection of formaldehyde under varying scenarios. Online monitoring techniques
for formaldehyde primarily include spectroscopic and sensor-based detection methods.
Spectroscopic monitoring relies on stable light sources to reduce environmental interfer-
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ence and extended optical paths to achieve high sensitivity. However, these instruments
are frequently bulky and complex. In contrast, gas sensors are portable and exhibit high
selectivity for formaldehyde, but their performance is susceptible to environmental factors
and strongly dependent on sensor materials.

(3) Offline analytical methods for multiple carbonyl compounds primarily include
DNPH-HPLC-UV and chromatographic tandem MS. The DNPH-HPLC-UV method is
simple to operate and provides reliable detection of over ten common carbonyl compounds.
Advances in chromatographic tandem MS have been accompanied by improvements in
complex sampling, pretreatment, and analytical methods, facilitating the differentiation of
various types of carbonyl compounds. Online analytical methods for multiple carbonyl
compounds primarily include GC-FID/MS and other online MS techniques, such as PTR-
MS and VUV-PI-MS. GC-FID/MS systems are primarily employed for VOC analysis and
can reliably detect a limited range of carbonyl compounds. Other online MS techniques
can integrate various ionization sources, mass analyzers and online sampling systems to
enhance performance, enabling improved isomer differentiation, lower detection limits,
and shorter analysis times.

(4) Analytical methods for carbonyl compounds in smog chamber simulation studies
primarily include spectroscopy, PTR-MS, and GC-MS. Spectral detectors are suitable for
detection in simple environments. PTR-MS offers high time resolution, and GC-MS has
strong isomer identification capabilities. The combination of PTR-MS and GC-MS can
expand and improve the information obtained from detected samples. However, the smog
chamber itself and the connected sampling system influence the chemical reactions, which
in turn affect the detection results.

(5) Current offline analytical methods for carbonyl compounds heavily rely on the
optimization of sampling, pretreatment, and analytical methods, requiring extensive time
and advanced experimental skills for repeated pre-experiments. Online monitoring meth-
ods face challenges including limited stability and species coverage. In smog chamber
simulation studies, the detection of carbonyl compounds is heavily influenced by both
the sampling system and the chamber itself. Future detection methods should focus on
improving environmental adaptability and automation while emphasizing the integration
of multiple techniques and the impact of the sampling system and the smog chamber itself
on the detection in smog chamber simulation studies. This approach aims to enhance the
sensitivity, selectivity, temporal resolution, accuracy, and practicality of analytical methods.
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