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Abstract: Fragrances can cause general health issues, and special concerns exist surrounding the issue of skin safety.
Cinnamyl alcohol (CAL) is a frequent fragrance contact allergen that has various toxic effects on indiscriminate animals. In the
present study, the photodegradation transformation mechanism of CAL and toxicity evolution during this process were
examined. The results showed that CAL (50 μM) can be completely degraded after 90‐min ultraviolet (UV) irradiation with a
degradation rate of 0.086min–1. Increased toxicity on bioluminescent bacteria was observed during this process, with
lethality increasing from 10.6% (0min) to 50.2% (90min) under UV light irradiation. Further, the photodegradation mecha-
nisms of CAL were explored to find the reason behind the increased toxicity observed. Laser flash photolysis and quenching
experiments showed that O2

•–, 1O2, and
•OH were mainly responsible for CAL photodegradation, together with 3CAL* and

eaq
–. The 5 main photodegradation products were cinnamyl aldehyde, benzaldehyde, benzenepropanal, cinnamic acid, and

toluene, as identified using gas chromatography–mass spectrometry and liquid chromatography–quadrupole‐time‐of‐
flight–mass spectrometry. Once exposed to air, CAL was found to be easily oxidized to cinnamyl aldehyde and subsequently
to cinnamic acid by O2

•–‐ or 1O2‐mediated pathways, leading to increased toxicity. Benzaldehyde exhibited bioreactive
toxicity, increasing the toxicity through •OH‐mediated pathways. Theoretical prediction of skin irritation indicated that
cinnamyl aldehyde (0.83), benzenepropanal (0.69), cinnamyl aldehyde (0.69), and benzaldehyde (0.70) were higher than CAL
(0.63), which may cause a profound impact on an individual's health and well‐being. Overall, the present study advances the
understanding of the photodegradation processes and health impacts of fragrance ingredients. Environ Toxicol Chem
2021;00:1–10. © 2021 SETAC
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INTRODUCTION
Fragrance ingredients are generally employed in consumer

goods such as fabric softeners, detergents, cosmetics, air
fresheners, and fine fragrances to give off pleasant scents
(Bickers et al. 2005; Letizia et al. 2005). They have been used
for several thousand years, and consciously or unconsciously,
everyone will come into close contact with them throughout
daily life. Although fragrance ingredients are thought to be safe
for human beings, studies done by the fragrance industry still

leave various blind spots in terms of their effect on health and
the environment. For instance, fragrance ingredients are known
to trigger disorders of the central nervous system, asthma, al-
lergic or nonallergic rhinitis, or chronic respiratory disease
(Bridges 1999; Zhang et al. 2013; Sealey et al. 2015). Fur-
thermore, the fact that fragrance ingredients can persist in
various environmental media and accumulate in adipose tissue
of aquatic life has also become a focus of concern (Zhang et al.
2013; Peng et al. 2020). Because of this, the environmental
behavior and potential health effects of fragrance ingredients
are worth examining.

The fragrance ingredient cinnamyl alcohol (CAL; Chemical
Abstracts Service no. 104‐54‐1) not only is present in balms like
balsam and styrax of Peru but can also be naturally found in the
inner bark and leaves of genus Cinnamomum (Niklasson et al.
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2013). It possesses the odor of hyacinth and therefore is often
employed as a fragrance ingredient in consumer goods such as
fine fragrances, soaps, and shampoos (Letizia et al. 2005). It can
now be manufactured in commercial batches, and the world-
wide annual amount of CAL used in industry was reported to be
approximately 207 metric tons (Smith et al. 2000). Fragrances
are common causes of contact allergy, cases of which are in-
creasing as fragrance use is increasing worldwide. There is
mounting evidence that fragrances can have serious side ef-
fects for both humans and animals (Thyssen et al. 2010; Uter
et al. 2010). In acute toxicity studies, CAL has a low order of
toxicity for oral and dermal exposure (Bickers et al. 2005).
Despite this, CAL is a known contact allergen, causing skin
reactions in a considerable number of people who have allergic
reactions after contact with cosmetics (Niklasson et al. 2013). It
has been shown to cause allergic contact dermatitis in humans
(Johansen et al. 1996; Katsarou et al. 1999). It has been dem-
onstrated that CAL can serve as a prohapten to form hapten
cinnamal by oxidative metabolism in the skin because it lacks
the structural alarm of protein reactivity (Basketter 1992;
Cheung et al. 2003). The phototoxic effects of CAL have been
observed using a photohemolysis assay with red blood cells as
well as in a yeast assay using Candida utilis, indicating its
phototoxicity (Bickers et al. 2005).

As mentioned, products with these ingredients are routinely
used as personal and household products (Zhang et al. 2013;
Pinkas et al. 2017). Fragrance ingredients have become a
dominant factor in the goods sold because they provide
pleasant scents for consumers; because of this, it stands to
reason that the consumption of fragrance will increase in the
future. These ingredients can discharge into municipal sewage
during both production and use and can enter groundwater via
exchange with surface water as well as remaining in surface
waters. Fragrance ingredients in the air could also be captured
by dust, and after falling to the ground, they could be carried to
surface water by wind or fall into surface water directly.
Moreover, fragrance ingredients can also reach surface and
groundwater as leftover or expired household detergents and
shampoos are sent to landfills. Fragrances can enter the body
and cause harm through being inhaled through the nose, in-
gested through the mouth, or absorbed by the skin; from these
routes of entry, they can then enter the bloodstream (Research
Institute for Fragrance Materials 1987). A study from Stanford
University revealed that the capability of human cells to battle
toxic chemicals can be blocked by some fragrance ingredients,
even at low concentrations (≤0.3 ppm; Banihani et al. 2009).
Despite knowledge that fragrance ingredients persist in the
effluent wastewater discharged from conventional treatment
plants, the removal and transformation of the fragrance
through photo treatment have been rarely investigated
(Godayol et al. 2015); the transformation products of fragrance
ingredients were previously studied and identified by utilizing
ozone treatment (Janzen et al. 2011) instead of photo-
degradation. Lopez et al. (2013) studied the degradation
products of galaxolide that were generated under irradiation.
The results of other previously published studies demonstrated
that fragrance ingredients could persist in the environment with

only partial removal being accomplished, alongside being
partially transformed into different and more stable inter-
mediates. Therefore, the photodegradation mechanism of the
fragrance ingredient CAL needs to be studied, together with
the evaluation of toxicity of CAL and its degradation products
in water.

It is of great importance to study the fate, degradation
mechanisms, and risk of fragrances in the environment. The
primary objective of the present study was to broaden research
in the field of fragrance ingredient photolysis by specifically
focusing on one such ingredient (CAL). Our study aimed to
examine the photodegradation kinetics and mechanism of CAL
under ultraviolet (UV) irradiation, evaluate the potential risk
posed to organisms from CAL during the process of photo-
degradation, and gain insight into the potential sensitivity of
humans to the photodegradation by‐products of CAL. These
results will help fill information gaps regarding the photo-
degradation mechanism and ecotoxicological information of
CAL in the environment.

MATERIALS AND METHODS
Reagents

Both CAL (purity >99%) and p‐benzoquinone (p‐BQ, purity
>99%) were obtained from Macklin Reagent. Acetone,
n‐hexane, acetonitrile (methyl cyanide [MeCN]), and methanol,
all high performance liquid chromatography (HPLC) grade,
were purchased from ANPEL Laboratory Technologies. Furfuryl
alcohol (FFA), potassium iodide (KI), isopropanol, and trietha-
nolamine were obtained from Adamas Reagent (purity>95%).
2,2,6,6‐Tetramethylpiperidine (TEMP) and dimethyl pyridine
N‐oxide (DMPO) were from Sigma‐Aldrich. Luminescent Pho-
tobacterium phosphoreum were kindly provided by the In-
stitute of Soil Science, Chinese Academy of Sciences, China.
Other reagents were at least of analytical grade and used as
received. Ultrapure water was prepared from a Milli‐Q System
(Millipore; 18.25MΩ cm). All experimental solutions were pre-
pared by dissolving reagents directly in Milli‐Q water. High‐
purity (99.99%) N2 and O2 were used to adjust the
atmospheric environment of the reaction systems for some
specific experiments.

Photodegradation procedure
Steady‐state photolysis. Photodegradation experiments
were performed in a stirred batch photoreactor at 25± 1 °C. A
schematic diagram of experimental equipment, which was from
Bilon Instrument, is shown in Supplemental Data, Figure S1.
The aqueous solutions were prepared and irradiated with a
mercury lamp, which provided UV‐visible (UV‐Vis) light irradi-
ation (220−800 nm). The lamp was set 10 cm away from the
reactor, and light intensity was fixed at 7.2mW cm‒2 (Chen
et al. 2019). Aqueous solutions (30mL) of CAL were added to
these same quartz tubes (total volume= 50mL) and sealed with
Teflon caps before photodegradation began.

The quenching reaction was run at the same time as the
previous experiment to study the changes in degradation rate
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under the same experimental conditions for the photo-
degradation mechanism of CAL. During the experiments, an
aliquot of 1mL of reaction solution was sampled from the
quartz tubes at different times and immediately analyzed using
HPLC. Each experiment was performed in triplicate.

Transient photolysis. Ground state absorption spectra of
CAL in water were accessed with a UV‐Vis spectrophotometer
(Agilent Cary 300) at 250 nm (Supplemental Data, Figure S2).
Laser flash photolysis (LFP) was carried out with an Nd‐YAG
solid laser (LKS80; Applied Photophysics) at an excitation
wavelength of 266 nm. A xenon lamp with an enhanced pulse
width of 400 ps for photolytic detection was used to detect the
light source. The analytical lights and the laser light vertically
passed through a quartz sample pool with an optical path of
1 cm. Emergent light was separated by a monochromator with
an R955 photomultiplier. Output electrical signal was trans-
ferred to the Agilent infinitum model type digital oscilloscope
for processing with self‐developed software. The LFP setup
followed protocols in previous studies (Riyad 2017; Zhang
et al. 2019).

The transient spectra were recorded using 1 × 1–cm quartz
cells (4 mL) of 50 μM CAL solution and bubbled with O2 or N2

for 30min. To analyze reactive species, LFP experiments were
also carried out with addition of triethanolamine (triplet
quencher), KI (used as a cation radical quencher), or MeCN
(hydrated electron quencher) to the CAL solution. Absorbance
of the samples was maintained between 0.001 and 0.1 at ex-
citation laser wavelength. All experiments were performed at
approximately 25± 1 °C (room temperature). Each assessment
was repeated 3 times.

Toxicity assessments
To evaluate the toxicity evolution of CAL during photo-

degradation, both theoretical and experimental evaluations
were carried out.

Experimentally, acute toxicity was analyzed through in-
hibition of luminescent P. phosphoreum by the reaction sol-
ution when sampled at various reaction times. Toxicity
assessments were performed with a Dxy‐3 toxicity analyzer
(Nanjing Kuake) according to methodology from previous
studies (Fang et al. 2013; Wu et al. 2021).

For theoretical evaluation, the ACD/Percepta platform was
used, which is an industry‐leading property prediction and a
leading optimization design tool that can quickly and accu-
rately predict the toxicity properties of compounds based on
a large‐background database. The software was used in this
experiment to predict the skin and eye allergic reaction
potential of CAL and its products in relation to aquatic
organisms.

Analytical methods
The levels of unconverted CAL compounds at different ir-

radiation intervals were determined using HPLC analysis. The
chromatograph was an HPLC (Agilent 1200 series) with a diode

array detector and C18 column (250mm × 4.6mm × 5 μm;
Kromasil 100‐5C18). The column temperature was set to 30 °C.
The mobile phase was 70% methanol (A) and 30% water (B)
with a flow rate of 0.5mLmin–1. Injection volume was 10 μL.

Gas chromatography–mass spectrometry (GC‐MS; Agilent
7890B‐5977B) was employed to measure the products of CAL
during photoirradiation. Approximately 30mL of the reaction
solution was extracted into 1.5mL by n‐hexane and then
measured using GC‐MS. The GC (7890 B; Agilent) was
equipped with a capillary column (HP‐5MS, 30m × 0.25mm
i.d. × 0.25 μm; Agilent), and the MS (5977B; Agilent) was per-
formed with electron impact ionization. The GC‐MS conditions
were selective ion scanning mode, inlet temperature 290 °C,
electron energy 70 eV, carrier gas flow rate 1.00mL/min, stigma
pressure 68.9 kPa, 1 μL nonshunt injection. The temperature
program was initial temperature 50 °C, retention 2.5 min,
heating to 200 °C at 20 °C/min and holding for 2 min; heating
to 240 °C at 5 °C/min and holding for 2min; heating to 290 °C
at 3 °C/min after 5‐min retention. Furthermore, LC–quadrupole‐
time‐of‐flight–MS (LC‐Q‐TOF/MS; Agilent 1200‐6520) was also
used to identify photodegradation products. The high‐pressure
EcilpsePlus C18 column (50mm × 2.1 mm × 1.8 μm) was used in
the LC‐Q‐TOF/MS process. The mobile phase was composed
of 50% methanol (A) and 50% water (B) with a flow rate of
0.2mLmin–1. The injection volume was 10 μL, and the column
temperature was 30 °C. This was carried out on a Thermo LCQ
Advantages instrument (Quest LCQ Duo) with electrospray
ionization and in positive electrospray ionization mode. The
parameters were as follows: ion spray voltage floating (4000 V),
temperature (350 °C), ion source gas pressure (35 psi), curtain
gas flow (12 Lmin–1), declustering potential (80 V), collision
energy (35 eV), and collision energy (±15 eV). Mass spectrom-
etry was performed in a full‐scan TOF‐MS mode across m/z
ranging 50 to 1100 and in MS/MS mode.

In addition, the electron paramagnetic resonance system
(EPR; Bruker; emxplus‐10/12) was used, recorded with a Bruker
EMX spectrometer at 295 K and performed at 9.75 GHz with a
quartz capillary tube (150 μL in a TM 110). A UV‐Vis spec-
trophotometer (Agilent Cary 300) was used to obtain the
UV‐Vis absorption spectra. To analyze the degree of minerali-
zation during the degradation process, total organic carbon
(TOC) was analyzed using a TOC analyzer (TOC‐V CPH; Shi-
madzu).

RESULTS AND DISCUSSION
Kinetic studies on the photolysis of CAL

The photodegradation of 50 μM CAL was first carried out
without light, under visible light, and with UV light irradiation.
As shown in Figure 1, only 0.04% of CAL was removed within
90min with no light irradiation, suggesting that it was difficult
to hydrolyze in the absence of light. Comparatively, a slight
increase of degradation efficiency of CAL (10.2%) was achieved
under visible light irradiation, though it had a weak effect. In
contrast, almost complete degradation of CAL (99.9%) was
achieved within 90min under UV irradiation. The corre-
sponding pseudo‐first‐order rate constants (k; R2> 0.90;
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Figure 1) as well as the half‐lives (t1/2) of CAL were calculated
(Supplemental Data, Table S1). As shown, rate constants of
0.0006± 0.0001, 0.0016± 0.0002, and 0.086± 0.003min–1

were obtained under no light, visible light, and UV light
irradiation, respectively, whereas the degradation half‐lives
were 1155.25± 9.84, 433.22± 5.82, and 8.07± 0.09min, re-
spectively. From this, it can clearly be observed that CAL was
easily degraded under UV irradiation but is unlikely to degrade
via direct photochemical processes under natural sunlight
irradiation.

Identification of photodegradation by‐products
To reveal the photodegradation mechanisms, by‐products

were identified during UV light irradiation. Firstly, the changes
in the concentration of CAL and its photolysis products over
time were examined using HPLC. There were 6 peaks in

chromatograms over time, including the peak corresponding to
CAL (retention time [tR]= 10.49min) along with 5 new peaks
(P1− P5, with tR= 5.09, 5.71, 7.88, 8.79, and 10.94min, re-
spectively). As Supplemental Data, Figure S3 shows, the peak
area ratio (St:∑St) was used to describe the variation of different
products (St= the absorption peak area of the substance in
different time periods; ∑St= the sum of the absorption peak
area of the substance in different time periods). The peak area
of P4 increased rapidly during irradiation, peaking after 5min
before decreasing; this indicated that P4 was the main primary
intermediate of CAL. Comparatively, the peak area of P3 in-
creased slowly before accelerating slightly in growth at ap-
proximately 30min, indicating that P3 might be a main
intermediate as well. The peak area of P5 increased first slowly
and then swiftly, with its maximum peak area at 15min being
15 times higher than that of P4 after 5min of UV irradiation.
This indicates that P5 might be the secondary intermediate. In
contrast, the peak areas of P1 and P2 slightly increased as the
photodegradation process continued, but their peak areas
were very small, indicating that P1 and P2 were likely not main
intermediates.

To gain a better understanding of the newly formed inter-
mediates, further analyses were performed during 90min of UV
irradiation using GC‐MS and LC‐Q‐TOF/MS (Supplemental
Data, Figures S4 and S5); this time frame was chosen because it
has been shown to be the approximate time of total CAL re-
moval. Five absorption peaks were found in the GC‐MS
spectrum, corresponding to toluene (m/z 92.14), benzaldehyde
(m/z 106.12), cinnamyl aldehyde (m/z 132.16), benzenepropanal
(m/z 134.18), and CAL (m/z 134.18) according to the spectral
library. The compound cinnamic acid (m/z 148.16) was
identified using LC‐Q‐TOF/MS. As shown in Supplemental Data,
Figure S5, the compound identified at 1.8min increased with
the extension of the photodegradation time. This compound
was identified as cinnamic acid according to the ion fragment.
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FIGURE 1: The photodegradation process of 50 μM cinnamyl alcohol
under visible light, UV light, and without light, respectively.

TABLE 1: Summary of the photolysis products of cinnamyl alcohol by gas chromatography–mass spectrometry and liquid
chromatography–quadrupole‐time‐of‐flight–mass spectrometry

Name (abbreviation) m/z Formula Retention time (min) Structure

Cinnamyl alcohol 134.18 C9H10O 9.9a

Benzenepropanal 134.18 C9H10O 9.3a

Cinnamyl aldehyde 132.16 C9H8O 8.7a

Benzaldehyde 106.12 C7H6O 7.8a

Toluene 92.14 C7H8 7.6a

Cinnamic acid 148.16 C9H8O2 1.8b

aGas chromatography–mass spectrometry retention time.
bLiquid chromatography–quadrupole‐time‐of‐flight–mass spectrometry retention time.
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The possible chemical structure was assessed for each peak
(Table 1). After 90min of UV light exposure and with the cal-
culation on the basis of GC‐MS total ion chromatogram peak
areas, the almost total loss of CAL could be explained by the
presence of the observed products. These results indicated that
the primary photodegradation products of CAL could be de-
graded into other intermediates as well.

Evaluation of the toxicity of CAL and its
degradation products

Generally, the manufacturers and distributors would address
the issue of fragrance ingredient safety in their newly devel-
oped products; however, there are still many blind spots in
these studies. As reported, fragrance ingredients such as ace-
tylethyltetramethyltetralin, musk ambrette, and musk xylol can
trigger disorders of the central nervous system, asthma, allergic
or nonallergic rhinitis, or chronic respiratory disease (Zhang
et al. 2013; Pablos et al. 2015). Therefore, the present study
evaluated toxicity and irritation at different stages of the CAL
photodegradation process.

By comparing the inhibition of bioluminescence for the
phototransformed intermediates of CAL to that of the
standards, it was seen that the phototransformation products
possessed higher toxicity than the parent compound
(Supplemental Data, Figure S6). The initial lethality of the bio-
luminescence bacteria was 10.63% for the CAL solution,
indicating that it has a certain level of biological toxicity.
However, the toxicity of the photogenerated products dem-
onstrated 50.19% inhibition after 90‐min UV irradiation, in-
dicating that their harmful effect toward P. phosphoreum was
much higher than that of the parent compound. These toxicity
assessments confirmed that more toxic intermediates were
produced during photoirradiation; this is a serious concern
from an environmental viewpoint because UV light illumination
is an important technology for water disinfection in wastewater
treatment.

In view of the acute toxicity analysis, it can be concluded
that CAL has toxic effects toward aquatic organisms. To further
analyze whether or not it has an effect on human health, the
irritation risks of CAL and its photodegradation products were
assessed theoretically using ACD/Percepta. Irritation analysis
was based on the possible cause of the increased stimulus for
the eyes and skin of the model animal rabbit (Cunha et al. 2016;
Alves et al. 2018); the higher the probability, the more likely the
compound is to produce moderate or higher stimuli (Alves
et al. 2018). Calculation results are shown in Figure 2. It was
found that the probability of skin irritation from the photo-
degradation products (cinnamic acid [0.83], benzenepropanal
[0.69], cinnamyl aldehyde [0.69], and benzaldehyde [0.70]) was
higher than that of CAL (0.63). However, as for the probability
of eye irritation, only cinnamic acid (0.94) was higher than the
probability found for CAL (0.91), though all had the potential to
cause eye irritation. Nonetheless, it can be concluded that all
the products had a certain irritation effect to the skin and eyes,
and some are more likely to cause allergies than the parent
compound, making the degraded aqueous solution more

allergenic. These allergic contact dermatitis reactions can dra-
matically impact quality of life as well as the working ability of
individuals and are prevalent occupational and environmental
diseases (Alves et al. 2016). Therefore, in the future, further
environmental investigations and analyses of the ecological
toxicity of alcohol fragrances should be taken into consid-
eration for not only the original compounds but also their
phototransformation by‐products, intermediates, or end
products.

Identification of reactive species and transient
intermediates

The photodegradation behavior of CAL under UV irradiation
was investigated to reveal its fate in water, and the reactive
species and transient intermediates were verified. This in-
formation will help in understanding the degradation mecha-
nism of CAL and the relationship between toxicity and
degradation.

Firstly, the presence of hydroxyl radicals (•OH), singlet
oxygen (1O2), and superoxide radicals (O2

•−) in the CAL
aqueous solutions was detected during the UV irradiation
process using EPR spectra. After addition of CAL, as shown in
Figure 3A, the peak intensities of DMPO‐O2

•− were sig-
nificantly induced as illumination time increased; this is seen
through the 6 typical characteristic peaks of DMPO‐O2

•− spin
adducts (aN= 14G, aH= 8 G) in methanol solution as found in
previously published reports (Villamena et al. 2005; Tiwari et al.
2013; Ragul et al. 2020). These spin‐trap experiments dem-
onstrated that O2

•− radicals played a role in the transformation
of CAL under UV light irradiation. Furthermore, TEMP was
added to the CAL solution to present proof for 1O2 partic-
ipation in the reaction (Nardi et al. 2014; Qu et al. 2018). As
Figure 3B demonstrates, the EPR spectrum possessed a triplet
of lines, with parameters of hyperfine constant aN= 1.63 mT
and g value= 2.000. The spectrum intensity increased with
prolonged lighting time. These parameters were in good
agreement with those of commercial TEMP‐O radicals from the
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FIGURE 2: The skin and eye irritation analysis of cinnamyl alcohol and
its by‐products. CAL= cinnamyl alcohol; CAD= cinnamyl aldehyde;
BPL= benzenepropanal; CA= cinnamic acid; BZD= benzaldehyde;
TL= toluene.
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reaction of 1O2 with TEMP (Zang et al. 1995). Regarding the
formation of 1O2, natural sensitizers might serve as the pho-
tosensitizers under aerobic conditions, which then might con-
vert an oxygen molecule to 1O2 (Yang et al. 2020); this can then
react with the organic compound CAL. In addition, the typical
DMPO‐OH adduct can be formed by the reaction of DMPO
with •OH (Han et al. 2011; Qu et al. 2018), which can confirm
the generation of •OH during the photodegradation of CAL.
The spectrum of DMPO‐OH exactly matched with the previous
parameters, as presented in Figure 3C, which is composed of a
quartet of lines with a peak height ratio of 1:2:2:1 and the
hyperfine constants (aN= aH= 1.5mT and g value= 2.000).
Based on the results of EPR, it can be confirmed that O2

•‒, 1O2,
and •OH were involved in the photoreaction with CAL under
UV light irradiation.

To explore the evolution of the transient intermediates
during the UV photolysis of CAL, LFP experiments with 50 μM
CAL were further performed. Figure 4 shows strong absorption
peaks at 320 nm and a wide band from 500 to 800 nm, which
may be the excited triplet and hydrated electrons (Yuan et al.
2012; An et al. 2014; Fang et al. 2017). As shown in Figure 5,
transient species with maximum absorption at 320 nm swiftly
increased in saturation of N2 and decreased in the presence of
O2, which can be expected in that N2 and O2 are the protector
and scavenger of the excited state, respectively. The transient
species with an absorption band ranging from 500 to 800 nm
was also able to be quenched by O2 because of the eaq

−

(hydrated electron; Yuan et al. 2012; Radomska et al. 2018). In
addition, an LFP experiment of the CAL solution containing
20% MeCN was conducted to further determine the properties
of the compounds for the 500‐ to 800‐nm absorption peaks

because eaq
− can be quenched by MeCN (Singh et al. 1968;

Zhang et al. 2012). Thus, the characteristic transient absorption
peaks at 320 and 500 to 800 nm could be identified as the
excited state of CAL (3CAL*) and eaq

−, respectively. The
mechanism in 266‐nm LFP of CAL solution is demonstrated as
in Equations 1 and 2.

⟶ ⟶* *CAL CAL CAL
hv isc1 3

(1)

⟶ ++ −CAL CAL e
hv

aq (2)

Further, the respective contribution rate was obtained
to analyze the role of the main active species during

(A) (B) (C)

FIGURE 3: The analysis of the active species (O2
•−, 1O2,

•OH) in the cinnamyl alcohol aqueous solution by electron paramagnetic resonance.
DMPO= dimethyl pyridine N‐oxide; TEMP= 2,2,6,6‐tetramethylpiperidine; a.u.= arbitrary units.

FIGURE 4: The transient absorption spectra at different time intervals
of 50 μM cinnamyl alcohol in pure water.
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photodegradation. Special experiments with various scav-
engers, including p‐BQ, FFA, isopropanol, triethanolamine,
MeCN, acetone, and different gas saturation (air and N2), were
designed to identify the main reactive species generated

during the photodegradation of CAL (An et al. 2014). As shown
in Figure 6, the degradation rate of CAL was accelerated under
nitrogen and acetone but slowed down under other quenching
conditions. In addition, the observed pseudo‐first‐order deg-
radation rate constants were obtained from degradation curves
(Supplemental Data, Table S2). An obvious suppression of CAL
photodegradation was seen in the presence of p‐BQ, which is a
well‐known scavenger of superoxide radicals (Xing et al. 2013);
this indicated that O2

•– was tremendously contributive to the
CAL photodegradation (42.0% contribution). Similarly, the re-
sult from quenching with FFA confirmed that 1O2 contributed
to approximately 34.2% of CAL photodegradation. When •OH
was quenched by isopropanol, photodegradation of CAL was
slightly inhibited (∼14.3%), indicating that •OH was involved in
the reaction but did not contribute much. In addition, the re-
action rate constants with and without the protection or stim-
ulation of the excited state of CAL (3CAL*) were measured
using N2 or acetone, respectively. The degradation rate of CAL
under nitrogen or acetone was faster, with degradation half‐
lives of 5.01 and 2.52min, suggesting that 3CAL* contributed
during this photodegradation process (Supplemental Data,
Table S2). Furthermore, when 3CAL* was quenched by trie-
thanolamine, the photodegradation rate of CAL decreased to
91.2%, indicating that 3CAL* does participate in the reaction.
These results are in good agreement with data showing that
some reactive intermediates such as bromophenols (Bertoti
et al. 2015; Jiang et al. 2017; Fujitsuka and Majima 2018) could
be produced in this process (with a contribution of 8.7%). In
addition, low inhibition (0.4%) of CAL photodegradation was
observed when the eaq

− was excluded by addition of the
quencher MeCN. From these results, it can be concluded that
O2

•‒, 1O2, and •OH were the main reactive species during
photodegradation and were largely responsible for the pho-
todegradation of CAL (contribution rates of 42.0, 34.2, and
14.3%, respectively). Along with these, 3CAL* and eaq

− also
participate in this reaction.

The photochemical degradation mechanism
The photodegradation product was not observed by MS;

either it degraded faster than it was formed or it was too difficult
to analyze using LC‐Q‐TOF/MS and GC‐MS. Based on the results
from the identification of intermediates and the confirmation of
reactive species, schematic reaction pathways for the photo-
degradation of CAL were suggested. As shown in Figure 7,
photochemical degradation mechanisms of CAL mostly involved
O2

•– or 1O2−, •OH−, 3CAL*‐, and eaq
−‐mediated reaction

pathways.

O2
•–‐ or 1O2‐mediated reaction pathways. O2

•– is gen-
erated through a reaction of molecular oxygen, which leads to
the oxidation of double bonds of the organics (Sugimoto et al.
1987). In the present study, CAL could be easily oxidized to
cinnamyl aldehyde and then to cinnamic acid once exposed to
the air (Niklasson et al. 2013), which may be a main pathway
leading to toxicity enhancement.

FIGURE 5: Transient absorption spectra of 50 μM cinnamyl alcohol in
air, N2‐, and O2‐saturated solution with a ventilation flow rate of
0.1m s‒1 and quenching agent (20% MeCN solution) at 150 ns.
CAL= cinnamyl alcohol; MeCN= acetonitrile (methyl cyanide).

(A)

(B)

FIGURE 6: Degradation kinetics of 50 μM cinnamyl alcohol under UV
irradiation with (A) no scavenger, N2‐saturated solution, or 10% ace-
tone solution, and (B) quenching agents (100 μM furfuryl alcohol, 5 mM
isopropanol, in 20% acetonitrile solution, 5mM triethanolamine, and
5mM p‐benzoquinone). CAL= cinnamyl alcohol; FFA= furfuryl alcohol;
IPA= isopropanol; MeCN= acetonitrile (methyl cyanide); TEOA=
triethanolamine; pBQ= p‐benzoquinone.
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•OH‐mediated reaction pathways. Hydroxylation at the
other side of the double bond of cinnamic acid, followed by
attaching the superoxide or oxygen at the radical center and a
reverse‐aldol reaction cleaving the C−C bond, produces ben-
zaldehyde as well as O=CH−CO2H; this has been documented
as an important pathway for the reaction of •OH with cinnamic
acid (Santos and Vieira 2013). Benzaldehyde is a reactive
chemical (Jin et al. 1998), which exhibits bioreactive toxicity to
increase the overall toxicity of the system. The subsequent
steps in the photodegradation reaction may be involved in the
attack of +H on –CHO, resulting in toluene intermediates
through a reduction reaction because toluene can produce
benzaldehyde under the action of a hydroxyl group oxidation
reaction which tends to undergo a substitution reaction or
hydrogen abstraction (Homlok et al. 2020; Salta et al. 2020).

3CAL*‐mediated reaction pathways. The excited state of
CAL, 3CAL*, can be generated from CAL by absorption of
photon energy, following which 1O2 could have be produced
when the excited singlet and triplet states were quenched by the
ground state molecular oxygen. In this photolysis process ben-
zenepropanal was the most likely by‐product to be produced.

eaq
−‐mediated reaction pathways. Possibly, CAL could be

attacked by eaq
− generated during this process, leading to the

formation of the dehydrogenation intermediate benzenepro-
panal.

To further identify the mineralization of these intermediates,
the TOC contents of the CAL reaction as a function of pho-
tolysis time were determined (Supplemental Data, Figure S7).

Although the concentration of CAL decreased dramatically
during the first 15min of the reaction, the TOC content did not
drop significantly, only decreasing by 0.31mg L‒1. Over the
total irradiation time (90min), TOC only decreased from 5.89 to
4.00mg L‒1. This indicated that under the specific irradiation
conditions CAL may be mainly transformed into some persis-
tent organic intermediates and not totally mineralized, which
needs more study to clarify.

Overall, it can be concluded that during the photochemical
degradation of CAL some sensitization, persistence, and bio-
accumulating intermediates might be produced, possibly re-
sulting in adverse effects on environmental and human health.
Thus, the ecotoxicity of these photodegradation intermediates
as well as the parent compound CAL should not be neglected.

CONCLUSIONS
In the present study, the phototransformation mechanisms

of CAL under UV light irradiation were investigated. The per-
sistent intermediates were identified, and their chemical
structures were confirmed by MS analysis. During the photo-
chemical degradation process, cinnamyl aldehyde, cinnamic
acid, benzaldehyde, toluene, and benzenepropanal were
initially generated from O2

•– or 1O2−, •OH−, 3CAL*−, and
eaq

−‐mediated reactions. The main active species, O2
•–, 1O2,

and •OH, were found in photodegradation quenching experi-
ments. The EPR spectra of aqueous CAL helped to confirm that
1O2, O2

•–, and •OH were present during photoirradiation. In
addition, the transient intermediates were identified with LFP

FIGURE 7: The photochemical degradation pathways of cinnamyl alcohol. CAL= cinnamyl alcohol; CAD= cinnamyl aldehyde.
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using a 266‐nm laser pulse and could be photolyzed to gen-
erate 3CAL* and eaq

− at 320 and 640 nm, respectively. Finally,
the irritation prediction and preliminary toxicity investigations
provided evidence that more toxic compounds were produced
during the photo‐irradiation procedure. The knowledge gained
in the present study should help in developing guidance for the
assessment of aquatic environmental fates of other fragrance
chemicals.
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