journal of environmental sciences 109 (2021) 26–35

Available online at www.sciencedirect.com

www.elsevier.com/locate/jes

Natural attenuation characteristics and
comprehensive toxicity changes of C9 aromatics
under simulated marine conditions
Dawei Li 1,2, Jiangyue Wu 3, Jiaqi Liu 1,2, Aifeng Li 1,2, Fanping Meng 1,2,∗
1 Key

Laboratory of Marine Environment and Ecology, Ministry of Education, Ocean University of China, Qingdao
266100, China
2 College of Environmental Science and Engineering, Ocean University of China, Qingdao 266100, China
3 National Marine Hazard Mitigation Service, Ministry of Natural Resource of the People’s Republic of China, Beijing
100194, China

a r t i c l e

i n f o

a b s t r a c t

Article history:

Microcosmic experiments were performed under a simulated marine environment to in-

Received 4 December 2020

vestigate the natural attenuation of C9 aromatics using nine components (propylbenzene,

Revised 26 February 2021

isopropylbenzene, 2-ethyltoluene, 3-ethyltoluene, 4-ethyltoluene, 1,2,3-trimethylbenzene,

Accepted 26 February 2021

1,2,4-trimethylbenzene, 1,3,5-trimethylbenzene, and indene). This research aims to assess

Available online 11 March 2021

the contribution of biodegradation and abiotic activity to total attenuation of C9 aromatics
and ascertain the changes in the comprehensive toxicity of seawater in the natural environ-
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ment. The process of natural attenuation indicates the agreement with pseudo-first-order
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kinetics for all nine components in microcosmic experiments. The half-lives of the nine
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main compounds in C9 aromatics ranged between 0.34 day and 0.44 day under optimal

Marine

conditions. The experiments showed that the natural attenuation of nine aromatic hydro-

Microcosm

carbons mainly occurred via abiotic processes. Seawater samples significantly inhibited the

Toxicity changes

luminescence of P. phosphoreum (the luminescence inhibition ratio reached 100%) at the beginning of the experiment. In addition, the toxicity declined slowly and continued for 25
days. The attenuation kinetics and changes in toxicity could be applied to explore the natural attenuation of C9 aromatics in the marine environment.
© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
Hazardous chemicals exhibit toxicity, corrosion, explosion,
and combustion risks that negatively influence the ecosystem and human health (Kim et al., 2019; Jhamb et al., 2019).
With the development of industrialization, the global maritime transport of hazardous chemicals increased from 132
∗
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million tons to 286 million tons, and the number of hazardous chemical transport ships increased from 1882 to 3923
from 1996 to 2016 (Şanlıer, 2018). The risk of hazardous chemical spills at sea caused by loading and unloading operations, marine collisions, and grounding is rising due to the
increasing amount of global marine transportation of chemicals (IMO, 2012). In recent years, there have been hundreds
of accidents of hazardous chemicals leaking into the marine
environment (EMSA et al., 2016). Although the amount of hazardous noxious substance (HNS) transported by sea is less vo-
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luminous than the seaborne oil trade, the potential ecological
hazards and risks posed by HNS spills are much less recognized and understood (Neuparth et al., 2013). To evaluate the
risk caused by hazardous chemical spills, it is necessary to understand the behavior and toxicities of hazardous chemicals
in the marine environment.
C9 aromatics are produced during the catalytic reformation of petroleum feedstock and the cracking process used for
ethylene production. The typical composition of C9 aromatics includes trimethyl benzene, ethyl toluene, phenylpropane,
etc. (Firth, 2008). It has been reported that C9 aromatics as a
by-product account for 5%−15% of ethylene production in the
process of cracking petroleum. Ethylene consumption reached
150 million tons worldwide in 2017 (Gao et al., 2019). For instance, 69.1 tons of C9 aromatics spilled into the sea when
a chemical ship berthing at Quanzhou Port (China) unloaded
its cargo in 2018 (Chemical Safety Association, 2018), posing a threat to marine ecosystems. No data with respect to
the analysis of the natural attenuation of C9 aromatics under marine environmentally relevant conditions could be acquired. Subsequent emergency response work is restricted
owing to the lack of information on the natural attenuation
of C9 aromatics in seawater. Hence, it is necessary to understand the environmental fate of hazardous chemicals to support the implementation of ecological restoration measures
(Rocha et al., 2016).
The natural attenuation of o-xylene, m-xylene, and pxylene in the marine environment was conducted in microcosmic trials with natural seawater, considering the oxidation, photodegradation, biodegradation, and volatilization
therein (Duan et al., 2019). The decay of phenols was undertaken in a microcosm designed to simulate the marine environment, and subsequent attenuation kinetics were calculated (Wang et al., 2017), however, the comprehensive toxicity
changes in the attenuation of contamination were not studied. In addition, most research focusing on the attenuation
of a single substance cannot be used to infer the attenuation
of multiple components. The combined toxicity cannot be reflected by determining the concentration of a single component.
In this study, attenuation of C9 aromatics (npropylbenzene,
isopropylbenzene,
2-ethyltoluene,
3ethyltoluene, 4-ethyltoluene, 1,2,3-trimethylbenzene, 1,2,4trimethylbenzene, 1,3,5-trimethylbenzene, and indene)
dispersed in clean seawater after a leakage accident was simulated in microcosm: biodegradation was removed by adding
NaN3 to assess the contribution of microorganisms and abiotic activity during the natural attenuation of C9 aromatics.
Furthermore, luminous bacteria (Photobacterium phosphoreum
T3 spp.) were employed to assess the comprehensive toxicity
of seawater of the microcosm. The reliability of ecotoxicity
assays using P. phosphoreum has been validated elsewhere
(Alexandrova et al., 2011; Chen et al., 2019; Jia et al., 2019)
and the concentrations of nine components were analyzed
by GC–MS. The purpose of the present study is to evaluate
the contribution of biodegradation and abiotic attenuation to
the natural decay of C9 aromatics and ascertain the changes
in the comprehensive toxicity of seawater after a simulated
accidental leakage, which can provide theoretical guidance
for ecological restoration after leakage.
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Fig. 1 – Schematic diagram of the test apparatus
(Wang et al., 2017). 1. thermostatic chamber; 2. aeration
pump; 3. xenon lamp; 4. gas flowmeter; 5. air conditioner;
6. sample connection; 7. air outlet.

1.

Materials and methods

1.1.

Seawater

Seawater collected from the nearshore waters of Qingdao (Shandong Province, China.) was used for microcosmic experiments. To remove large detritus and metazoans,
the sample was filtered through a 200 μm nylon screen.
The physico-chemical properties of the seawater are similar to those in a previous study (Wang et al., 2017): pH
(7.90), salinity (32), dissolved oxygen (7.6 mg/L), conductivity
(4.52 × 104 μS/cm), turbidity (2.85 NTU), Cl– (492.5 mmol/L),
SO4 2– (28 mmol/L), dissolved inorganic nitrogen (0.095 mg/L),
and PO4 -P (5.8 × 10−3 mg/L). The background values of nine
components of C9 aromatics in seawater had been measured
before the experiment, and none of them could be detected.

1.2.

Chemicals

n-Propylbenzene (n-PBZ, purity > 99%), isopropylbenzene (iPBZ, purity > 99%), 2-ethyltoluene (2-ET, purity > 99%),
3-ethyltoluene (3-ET, purity > 98%), 4-ethyltoluene (4-ET,
purity > 97%), 1,2,3-trimethylbenzene (1,2,3-TMB, purity >
80%), 1,2,4-trimethylbenzene (1,2,4-TMB, purity > 98%), 1,3,5trimethylbenzene (1,3,5-TMB, purity > 97%), and indene (purity > 98%) were purchased from Tokyo Chemical Industry
Co., Ltd. (Shanghai, China); dichloromethane (CH2 Cl2 , HPLC
grade) was obtained from Merck Chemicals (Shanghai) Co., Ltd
(Shanghai, China); NaCl, NaN3 , and HgCl2 (analytical grade)
were purchased from Sinopharm Chemical Reagent Co., Ltd
(Shanghai, China); P. phosphoreum T3 spp. freeze-dried powder was purchased from the Nanjing Institute of Soil Science
(Nanjing, China).

1.3.

Experimental apparatus and conditions

The microcosm used in this experiment was the same as that
reported by Wang et al. (2017) and Duan et al. (2019) (Fig. 1). It
consisted of a 14.7 L cylindrical plexiglass tank, a 500 W xenon
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lamp (GX 500, Tianmai Henghui Light Source Electrical Appliance Co., Ltd., Beijing), and a mobile air conditioner (KY-32/MY,
TCL Delonghi Home Appliance (Zhongshan) Co., Ltd., China).
The tank was sealed with a glass cover with an air inlet, an
air outlet, and a sampling port. The air inlet was connected
to an aeration pump through a flow meter which produced
the required wind speed on the water surface in the tank. By
doing so, the sea surface wind speed in the vicinity of the accident could be simulated. The xenon lamp was used to simulate natural sunlight by emitting light at wavelengths ranging
from 290 to 800 nm.
To compare the differences in natural attenuation of C9
aromatics with and without biological action, two treatments
were designed: these were called OPBV (i.e., biodegradation coexisting with oxidation, photodegradation, and volatilization)
and OPV (i.e., natural attenuation without biodegradation), respectively. For OPBV treatment, 10 L seawater and nine components (1 g each) of the C9 aromatics were mixed in the dark
at 20 °C. When the vapor-liquid equilibrium was reached, the
concentration of each component in the seawater was measured and taken as its initial value. Then the seawater containing C9 aromatics was transferred to the tank, and the microcosm ran immediately at a temperature of 20 °C, a wind
speed of 5 m/sec, and a light-dark cycle of 14 hr/10 hr, which
were consistent with the annual marine conditions of Quangang Port (Quanzhou Oceanic and Fishery Bureau, 2018) where
a C9 aromatics accident occurred in 2018. For OPV treatment,
the experiment was conducted in a similar manner as OPBV
treatment, except that 200 mg/L NaN3 was added to the seawater to kill the microorganisms in the seawater (Xu et al.,
2008) before running the microcosm.
Both experiments lasted for 25 days. On each day, 10 mL
seawater sample was collected from each microcosm for assay
of the nine target components.

1.4.

Analysis of C9 aromatic concentrations

The 10 mL seawater sample was collected to determine the
concentrations of nine components. Samples were treated
using liquid-phase extraction (Jin et al., 2013) and then to
measure the concentration of each component by GC–MS
(6980 N/5975B, Agilent, USA) equipped with an HP-5 capillary
column (30 m × 0.32 mm I.D., film thickness 0.25 μm). The carrier gas was high-purity helium with a flow rate of 1.0 mL/min.
The GC oven was programmed to warm the specimens from
35 °C to 60 °C at 2 °C /min, then from 60 °C to 170 °C at 8 °C
/min, and thereafter to 240 °C at 15 °C /min. The resulting concentrations are expressed as mean ± standard deviation.

1.5.

Toxicity bioassay using P. phosphoreum

According to prevailing Chinese standards (GB/T 15,441–1995:
Water quality – Determination of the acute toxicity – Luminescent bacteria test), the acute toxicity of a seawater sample can be evaluated by the rate of inhibition of luminescence
or the concentration of a reference toxicant, e.g., HgCl2 . The
bioassay was undertaken as follows: luminescent bacteria P.
phosphoreum was revived by adding the freeze-dried powder to
1 mL cold-sterilized 2% NaCl solution at 4 °C for 10 min. The
reaction mixture was composed of a 2 mL seawater sample,

2 mL 3% NaCl solution, and 10 μL revived bacteria. The 4 mL
3% NaCl solution was treated as a negative control. In another
set of tests conducted simultaneously, a series of HgCl2 solutions (0.02 to 0.16 mg/L), prepared by dissolving HgCl2 in 3%
NaCl solution, were used to replace 2 mL 3% NaCl solution in
the aforementioned reaction mixture.
All such mixtures were incubated at the prevailing ambient
indoor temperature for 15 min followed by the measurement
of luminescent intensity using a Microtox Toxicity Analyzer
(DXY-3, Nanjing Institute of Soil Science, Chinese Academy of
Science). For each seawater sample or HgCl2 solution, the toxicological response of luminescent bacteria was expressed as
the inhibition rate (η) of luminescence, which was calculated
as follows:
η=

I0 − I
× 100%
I0

(1)

where, I0 is the luminescence of the control; I is the luminescence of the seawater sample or HgCl2 solution. Each sample
or HgCl2 solution could be tested in triplicate and toxicity values were expressed as mean ± standard deviation.

1.6.

Calculation of half-life

The natural attenuation of n-PBZ, i-PBZ, 2-ET, 3-ET, 4-ET, 1,2,3TMB, 1,2,4-TMB, 1,3,5-TMB, and indene over time was fitted by
the pseudo-first-order kinetic equation, and the half-life (t1/2 )
can be calculated using Eq. (2):
t1/2 =

ln 2
K

(2)

where K is the attenuation rate constant of the pseudo-firstorder reaction kinetic, statistical analyses were conducted using SPSS 19.0 (SPSS, Chicago, IL, USA).

1.7.

Statistical analysis

The results were expressed as means and standard deviation
of three replicates. Statistical analysis was conducted using
one-way ANOVA in SPSS 17.0 (USA). Differences in results between control groups were considered significant at P < 0.05.

2.

Results

2.1.
The attenuation of C9 aromatics in two treatments
using microcosms
The attenuation of nine components in two treatments is illustrated in Fig. 2. The initial concentrations of n-PBZ, i-PBZ,
2-ET, 3-ET, 4-ET, 1,3,5-TMB, 1,2,4-TMB, 1,2,3-TMB, and indene
on day 0 were: 19.1, 19.5, 21.0, 20.3, 21.4, 20.3, 19.5, 19.2, and
24.8 mg/L respectively. The concentration of each component
in both treatments decreased rapidly at the beginning, and the
removal rates ranged from 77.07% to 85.98% after 1 day. Subsequently, the concentration of each component decreased
slowly. According to the statistical analysis, for each component, a significant difference (P < 0.05) in residual concentration between the two treatments was observed in the mid
and late-stage of experiment (such as on day 10 and/or day
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Fig. 2 – The residual concentrations of n- PBZ (a), i-PBZ (b), 2-ET (c), 3-ET (d), 4-ET (e), 1,3,5-TMB (f), 1,2,4-TMB (g), 1,2,3-TMB
(h), and indene (i) at different times in two treatments (OPBV and OPV). Data are expressed as the mean of triplicate
experiments ± standard deviation.

15 or day 20). For example, in OPV treatment, the residual
concentrations of n-PBZ were 0.48 mg/L and 0.36 mg/L respectively after 10 days and 15 days: these were significantly
higher than those after OPBV treatment (P < 0.05). This might
be due to the lack of biodegradation occurring in OPV treatment. These differences were caused by the lack of biodegradation in OPV treatment. At the end of the experiments, all
compounds (except indene) were detected in the OPBV treatment, among which the residual concentration of 4-ET was
the highest (25 μg/L), and the residual concentration of other
components ranged from 2 to 10 μg/L. All other components
were detected in the OPV, and the residual concentration of
indene was the highest (314 μg/L), and the concentration of
other components was between 118 and 219 μg/L.

kinetic model satisfactorily matched the experimental data
with higher correlation coefficients (R2 was between 0.9922
and 0.9981) compared with the other two kinetic models.
Based on the pseudo first-order kinetic model, the attenuation
rate constants (K) and half-lives (t½ ) for nine components were
obtained (Table 1). For each component, the K value in OPBV
treatment was greater than that in OPV treatment, and the difference even reached a significant level (P < 0.05) for 2-ET, 4-ET,
and 1,2,3-TMB. Accordingly, each component in OPBV treatment disappeared more rapidly compared with OPV treatment (t½ : 0.34 to 0.44 d v. 0.36 to 0.47 day). In each treatment,
indene had the longest half-life among the nine components.

2.3.
2.2.
Natural attenuation kinetics of C9 aromatics in
seawater
To determine the attenuation rate constant and half-life of
C9 aromatics in each treatment, three kinetic equations (zeroorder model, first-order model, and pseudo first-order model)
were applied in fitting the changes in concentration of each
component with time in Fig. 2. The fitting results (Table 1)
showed that the predictions based on the pseudo first-order

Comprehensive toxicity changes in water samples

The luminescence inhibition ratios of seawater samples in
OPBV treatment at different times were measured to determine the comprehensive toxicity of each component and its
intermediates. As shown in Fig. 3, the maximum luminescence inhibition ratios of seawater samples to P. phosphoreum
appeared at day 0 (100%); after four days of attenuation, the
luminescence inhibition ratios of seawater samples dropped
to 31.1%; at this time, the toxicity is equivalent to that of HgCl2
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Table 1 – Attenuation kinetic parameters and half-lives of nine components in two treatments.
Compound
nPBZ
iPBZ
2ET
3ET
4ET
1,3,5TMB
1,2,4TMB
1,2,3TMB
Indene

Treatment
OPBV
OPV
OPBV
OPV
OPBV
OPV
OPBV
OPV
OPBV
OPV
OPBV
OPV
OPBV
OPV
OPBV
OPV
OPBV
OPV

K (day−1 )
bc

1.8166±0.0399
1.7253±0.0459c
2.0091±0.0662ab
1.9418±0.0857ab
2.0488±0.0514a
1.9013±0.1509b
1.9567±0.0594ab
1.8807±0.1212b
2.0186±0.0650a
1.9094±0.0412b
1.9697±0.0224ab
1.8341±0.0350b
2.0000±0.0706ab
1.8839±0.0125b
1.8252±0.0537b
1.6785±0.0250cd
1.5900±0.0549d
1.5085±0.0362d

R2

t½ (day)

0.9960
0.9960
0.9976
0.9970
0.9977
0.9981
0.9970
0.9969
0.9976
0.9976
0.9974
0.9969
0.9968
0.9968
0.9943
0.9948
0.9934
0.9922

0.38±0.01
0.40±0.01
0.35±0.01
0.36±0.02
0.34±0.01
0.37±0.03
0.35±0.01
0.37±0.02
0.34±0.01
0.36±0.01
0.35±0.01
0.38±0.01
0.35±0.01
0.37±0.01
0.38±0.01
0.41±0.01
0.44±0.02
0.47±0.01

Data within the “K” row followed by different letters indicate statistically significant differences (P < 0.05) among all K values.

3.

Fig. 3 – Changes in comprehensive toxicity (expressed by
luminescence inhibition ratio) of seawater during natural
attenuation in OPBV treatment.

at a concentration of 0.065 mg/L (Appendix A Fig. S1 and Table
S2).
The rate of change in luminescence inhibition ratios of the
seawater samples decreased from day 5. Until 10 days, 15 days,
and 20 days, the luminescence inhibition ratio decreased to
18.80%, 12.70%, and 5.20%, equivalent to a toxicity of 0.051,
0.044, and 0.036 mg/L HgCl2 , respectively. After natural attenuation for 25 days, the luminescence inhibition ratios of seawater samples became negative, indicating that C9 aromatics
(including their degradation products) were not toxic to organisms, and were even conducive to bacterial luminescence,
which was similar to the stimulation effect of 0.02 mg/L HgCl2
on luminous bacteria.

Discussion

The saturated vapor pressure of nine components is greater
than 10 Pa (Appendix A Table S1), so they pertain to volatile
organic compounds. According to the physical properties of
C9 aromatics and the European classification of environmental behavior (Agreement Bonn., 1994), the C9 aromatics after
leakage into the sea embody exhibit either floating (F) or floating/volatile (FE) action: this does not mean that C9 aromatics
spilled into the sea have no toxic effect on marine life. According to Appendix A Table S1, the components of C9 aromatics have a low solubility in water ranging from 48.2 mg/L
to 248.6 mg/L, however, they may be toxic to marine organisms at such levels which are much higher than their safe
concentration (SC). As we know, SC that has the same meaning as the predicted no-effect level (PNEC) can be calculated
by dividing the median lethal concentration (LC50 ) or median
effect concentration (EC50 ) value by an AF equal to 1000, i.e.,
SC = LC50 × 0.001 or SC = EC50 × 0.001 (European Commission, 2003). It can be seen from Table 3 that several components in C9 aromatics exhibited toxicity to algae with a 72 hr
or 96 hr EC50 of 1.8 to 2.6 mg/L, fish with a 96 hr LC50 of 7.72 to
12.5 mg/L, and crustaceans with a 24/48/96 hr EC50 or LC50 of
3.6 to 25 mg/L. It is therefore important to study the natural attenuation process of C9 aromatics in the marine environment
and determine the time required for reducing their concentration to below SC.
Under the simulated marine environment of Quangang
Port (Fujian Province, China), nine components in the OPBV
treatment showed a similar trend of attenuation (Fig. 2), with
a sharp decrease in concentration at the beginning of the experiment (i.e., the first two days) followed by a slow decline (i.e.,
the next 23 days). Similar changes were also observed during
OPV treatment but there was a slower decrease in concentration of each component during the mid and later-stages of the
experiment. This was mainly due to the absence of biodegra-

journal of environmental sciences 109 (2021) 26–35

31

Fig. 4 – Contribution of biotic and abiotic processes to the natural attenuation of C9 aromatics: n-PBZ (a); i-PBZ (b); 2-ET (c);
3-ET (d); 4-ET (e); 1,3,5-TMB (f); 1,2,4-TMB (g); 1,2,3-TMB (h); indene (i).

dation in this treatment. According to the rates of removal
at different times during the experiment (Fig. 4), the natural attenuation of each component arose mainly from abiotic
loss with a rate of removal accounting for 98.86% to 99.73%
of the total attenuation rate, while biotic degradation could
only cause a small fraction (0.54% to 1.27%) of natural attenuation. This was probably because the microorganisms (bacteria,
fungi, microalgae, etc.) in seawater were significantly inhibited
by the high concentration of C9 aromatics (Table 3) at the beginning of the experiment, and the inhibition decreased with
natural attenuation.
Generally, the abiotic attenuation of organic pollutants
in aquatic environment includes the following pathways:
volatilization, oxidation, photodegradation, and hydrolysis.
For C9 aromatics, the hydrolysis pathway has a very limited
effect on their transformation in seawater, because it has been
proved that benzene homologues are difficult to hydrolyze

in the natural environment due to lack of hydrolytic functional groups (such as ester groups and amino groups) in their
molecules (Lyman et al., 1990). On the contrary, volatilization may be one of the major pathways for removal of C9
aromatics from seawater, due to their higher saturated vapor pressures (Appendix A Table S1) which are conducive to
their dissipation (after evaporation) in air. As for photodegradation (or photolysis), it can be divided into direct photolysis (i.e., transformation of chemicals mainly driven by the irradiation of chromophores rather than by UV-produced reactive species) (Wang et al., 2020) and indirect photolysis (i.e.,
the transformation induced by interaction between chemicals
and free radicals from other substances) (Challis et al., 2014).
The latter often plays a major role in the overall photolytic
fate of chemicals, especially for those chemicals that do not
appreciably absorb light above 290 nm (Challis et al., 2014).
It has been reported that most benzene homologues cannot
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Table 2 – The correlation coefficients between the attenuation rate constant of C9 aromatics and their physical properties.
Experiment
Total attenuation rate constant
Abiotic attenuation rate constant
∗∗

Specific gravity
∗∗

−0.678
−0.606∗∗

logKow
∗∗

0.625
0.617∗∗

Vapor pressure
∗∗

0.581
0.662∗∗

Solubility
−0.623∗∗
−0.554∗∗

Significant correlation (P < 0.01).

absorb light with wavelengths of above 290 nm, so their removal by direct photolysis in seawater is small (Stathis et al.,
2016). By contrast, under sunlight or artificial light, natural seawater can produce hydroxyl radicals (•OH) oxidizing
benzene homologues, with a rate of generation of (0.28 to
3.45) × 10−11 mol/(L•sec) (Mopper and Zhou, 1990) and (0.055
to 1.05) × 10−11 mol/(L•sec) (Timko et al., 2014), respectively.
Therefore, we believe that indirect photolysis instead of direct one may also contribute to the decay of C9 compounds
in seawater. Oxidation refers to the degradation through reactions of organic chemicals with oxygen and other chemicals in seawater in the absence of sunlight and artificial light
(Theodorakis and Walker, 2014). During this experiment, there
was an abundance of oxygen present in the two treatments,
because air was constantly conveyed in from the outside in the
simulation of the wind conditions prevailing at the scene of
the accident. This would facilitate the removal of C9 aromatics
from seawater. Overall, we speculate that the natural attenuation of C9 aromatics in seawater may come from three abiotic pathways (volatilization, indirect photodegradation, and
oxidation), and further research is needed to determine their
relative contributions.
Under the same marine environment conditions, the total attenuation rate constants K (Table 1) of the nine components were arranged (in descending order) as follows: 2-ET, 4ET, i-PBZ, 1,2,4-TMB, 1,3,5-TMB, 3-ET, 1,2,3-TMB, n-PBZ, then
indene. The reason for this is that, compared with the other
eight components, indene has the highest density and solubility and the lowest saturated vapor pressure. These properties,
which allow indene to persist longer in the ocean, and enable
it to have the longest half-life (0.44 day−1 ), could be increased
in the absence of biodegradation (0.47 day−1 ). The correlation
analysis (Table 2) showed that the total attenuation rate constant of C9 aromatics in seawater was significantly negatively
correlated with their density and solubility (P < 0.01) and significantly positively correlated with saturated vapor pressure
and logKow (P < 0.01). The abiotic attenuation rate constant
was also significantly correlated with these physical properties (P < 0.01), and its correlation coefficient with saturated vapor pressure was greater than that between total attenuation
rate constant and saturated vapor pressure. The saturated vapor pressure of C9 aromatics affects their abiotic attenuation
to a significant extent.
From the data pertaining to EC50 or LC50 (mg/L), GESAMP
(The Joint Group of Experts on the Scientific Aspects of Marine
Environmental Protection) classified the toxicity of chemicals
to marine organisms (1–10, moderate toxicity; 10–100, low toxicity) in the Revised GESAMP Hazard Evaluation Procedure for
Chemical Substances Carried by Ships (GESAMP (Group of Experts on the Scientific Aspects of Marine Pollution) 2013). As

shown in Table 3, the nine components of C9 aromatics have
medium or low toxicity to marine organisms, however, when
they enter the sea at the same time due to accidental leakage, the luminescence inhibition ratio to P. phosphoreum can
reach 100% (Fig. 3), indicating that their comprehensive toxicity at the beginning of their leakage into the sea is extremely
high, equivalent to the toxicity produced by 0.144 mg/L HgCl2
(0.106 mg/L Hg2+ ) (Appendix A Table S2). According to the
Sea Water Quality Standard of China (GB 3097–1997), the criteria values of Class-I (suitable for nature reserves, marine
fishery, endangered species reserves) and Class-II (suitable for
mariculture, seawater bathing, etc.) of Hg2+ are 0.00005 and
0.0002 mg/L, respectively, therefore, the comprehensive toxicity of the nine components just released into the sea upon
accidental leakage could be 2120 times and 530 times greater
than those of Hg2+ at its criteria for Class I and Class II, respectively. After four days of natural attenuation, the toxicity of the
seawater sample remained equivalent to that of 0.065 mg/L
HgCl2 (the luminescence inhibition ratio decreased to 68.9%).
The comprehensive toxicity of seawater did not disappear until after 25 days of attenuation. The toxicity of C9 aromatics
dissolved in seawater persisted to threaten marine organisms,
therefore, bioremediation measures must be adopted to promote the elimination of these aromatic substances in seawater and reduce their harm to marine ecosystems.
The comprehensive toxicity (in terms of the η value) of seawater during the attenuation process might be the result of
joint action of the residual parent compounds and some intermediates produced by photolysis and oxidation. Based on
Ehrhardt (1987), 4-methylbenzyl alcohol and p-tolylaldehyde
were the photodegradation products found in marine water for p-xylene. In our recent study (Duan et al., 2019), 4methylbenzyl alcohol, p-methyl benzaldehyde, and p-toluic
acid, were identified as the major intermediates during the
natural attenuation of p-xylene in seawater; these intermediates have been found to have lower toxicities than p-xylene
(Li et al., 2019). In the present study, the parent compound concentrations were reduced rapidly in the initial stage (within
four days), resulting in the generation of a variety of intermediates for which the toxicities might be lower than their predecessors, so, the rapid decrease in comprehensive toxicity at
this stage might be mainly attributed to the removal of parent compounds, however, it was different in the mid and latestages, because these intermediates were transformed by oxidation, biodegradation, and other pathways, leading to a further reduction in toxicity, from 31% after 4 days to 0% after 25
days in η value. Further research is needed to identify the intermediates formed during attenuation and evaluate the toxicity difference between them and the parent compounds, the
better to understand the change of comprehensive toxicity. In
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Table 3 – Acute toxicity of C9 aromatics to marine organisms.

Species group

Compound

Scientific name

Test end point

Toxic concentration
(mg/L)

Reference

Algae

i-PBZ

Green algae (FW)
Pseudokirchneriella
subcapitata

72 hr EC50

2.6

Galassi et al. (1988)

72 hr EC50
96 hr EC50

1.8
2.4

Marzio and Saenz (2006)

96 hr EC50
72 hr LC50
96 hr LC50
24 hr EC50

2.4
13.7
12.5
25

24 hr LC50

14.2

48 hr EC50

25

96 hr LC50

7.72

48 hr EC50

3.6

24 hr LC50

12

96 hr LC50

5.1

n-PBZ
i-PBZ

Fish

n-PBZ
1,3,5-TMB

Crustaceans

1,3,5-TMB
1,3,5-TMB

Algae

1,2,4-TMB

Fish

1,2,4-TMB

Crustaceans

1,2,4-TMB
1,2,4-TMB
1,2,4-TMB

Green algae (FW)
Scenedesmus
quadricauda
Crucian (FW)
Carassius auratus
Water flea (FW)
Daphnia magna
Artemia (SW)
Artemia salina
Green algae (SW)
Elasmopus pectinicrus
Fathead minnow
(FW)
Pimephales promelas
Water flea (FW)
Daphnia magna
Artemia (SW)
Artemia salina
Dungeness crab
(SW)
Cancer magister

National Center for Biotechnology
Information (NCBI) (2020)
National Center for Biotechnology
Information (NCBI) (2020)
National Center for Biotechnology
Information (NCBI) (2020)
National Center for Biotechnology
Information (NCBI) (2020)
National Center for Biotechnology
Information (NCBI) (2020)
National Center for Biotechnology
Information (NCBI) (2020)
National Center for Biotechnology
Information (NCBI) (2020)
National Center for Biotechnology
Information (NCBI) (2020)

Freshwater (FW); seawater (SW).

addition, since the C9 aromatics were present in seawater as
a mixture, there might be interactions among various components, i.e., additivity, synergism, and/or antagonism, which
would affect the comprehensive toxicity in seawater. Unfortunately, at present, there have been no report about their
combined toxicity, however, it has been reported that industrially relevant mixtures of organic chemicals show the highest
abundance of antagonism and least synergism (Parvez et al.,
2009). Therefore, we speculate that the comprehensive toxicity of C9 aromatics may be less than the sum of the toxicities
of each single component due to the antagonism arising between them (this warrants further experiments before a definite conclusion may be drawn).

4.

Conclusion

The attenuation process of nine components showed the correlation of pseudo-first-order kinetics equation with C9 aromatics. The half-lives of nine compounds ranged from 0.34
day to 0.44 day under optimal conditions. The lowest attenuation rate was observed for indene, which is related to its
molecular structural and physico-chemical properties. Abiotic
processes (volatilization, oxidation, photolysis, etc.) played a
decisive role in the natural attenuation of C9 aromatics compared with biodegradation. The results showed that seawater
with nine components dissolved therein at the same time had
high biological toxicity, and the luminescence inhibition ratio to luminescent bacteria reached 100% at the beginning of
the experiment. Although the comprehensive toxicity grad-

ually decreased with time, it took about 25 days to disappear completely. Generally speaking, although natural attenuation could gradually reduce the concentration and toxicity
of C9 aromatics in seawater, it took a long time (more than
20 days) for the toxicity to disappear, which means that the
adverse effects of C9 aromatics released into the sea would
last for a long time. Therefore, it is necessary to eliminate
the residual C9 aromatics and their degradation products as
soon as possible after any such accidental leakage. Bioremediation techniques based on marine microalgae that are considered as solar power-driven, ecologically comprehensive,
sustainable reclamation strategies may be promising tools
(Xiong et al., 2017). Many microalgae cannot only undergo autotrophic growth through photosynthesis, but also undergo
heterotrophic growth by utilizing organic chemicals as carbon
sources. In recent years, we have screened and isolated several
marine microalgae which can rapidly degrade phenol and pxylene (Wang et al., 2017; Duan et al., 2020; Li et al., 2020): we
believe that there should be sufficient microalgal degradation
of C9 aromatics in coastal seawater, especially in the vicinity of accidents or petrochemical plants. The research into the
isolation, degradation performance, and applicable conditions
of these microalgae will help to strengthen the recovery of water quality of polluted sea areas due to such accidents.
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