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Sodium dodecyl benzene sulfonate (DBS) is a widely used surfactant that is now found extensively in water
bodies because of anthropogenic emissions. Since the degradation of DBS in the environment mainly relies
on microorganisms, it is essential to study the mechanism by which DBS is biodegraded. In this study,
Chlorella vulgaris was used to research the biodegradation process of DBS. The C. vulgaris suspension
was centrifuged to remove the supernatant, then secondary deionized water and DBS were added to the
C. vulgaris. And the intermediate products were detected in real time by electrospray ionization mass
spectrometry (ESI-MS). Some novel intermediate products, including 4-sodium sulfophenyldodecanoate
acid and its homologs, were detected that had not been mentioned in previous studies. In this work, the

process of DBS degradation was indicated, which consisted of three main steps: chain-shorting
Received 10th April 2021 idati . . idati fb ) dd dati ¢ i l les. BY i tigati
Accepted 1st June 2021 oxidation, ring-opening oxidation of benzene rings, and degradation of small molecules. By investigating
the process of DBS degradation by C. vulgaris, we were able to propose a preliminary mechanism of

DOI: 10.1039/d1ra02791c DBS biodegradation, which is of great significance for research on the migration and conversion of
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1. Introduction

Sodium dodecyl benzene sulfonate (DBS) is a typical surfactant
that is widely used in industry, such as food processing, phar-
maceutical, cosmetics, and papermaking industries;* it also is
used in geoponics® and daily chemical products.* Globally,
surfactant consumption reached almost 9 000 000 tons in the
mid-1990s,* and it is expected that the yearly amount of
surfactants used will quadruple by 2050.°> Because of their
widespread industrial applications, numerous surfactants are
discharged into the environment where they cause pollution,**°
such as reducing dissolved oxygen in water'* and affecting the
survival of aquatic organisms.”> Further, DBS and other
surfactants are known to adversely affect human health; for
example, some surfactants can anaesthetize the eyeball”® or
cause dermatitis and aphthous,"* yet there is no established link
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between using products containing these surfactants and the
risk of cancer.” In the microbial world, DBS have deleterious
effects on various bacteria such as the phosphate-solubilizing
Acinetobacter junii.'® Klebensberger's research proved that
damaged DNA and starvation were found as counterparts even
in bacteria capable of utilizing DBS as sole carbon source."”
Given their wide distribution in natural water systems, the
degradation of DBS in the environment mainly relies on
microorganisms, including bacteria and algae.”® For this
reason, it is essential to study the mechanism by which DBS is
biodegraded.

The degradation of DBS has been proposed by many inves-
tigators. Beltran found the high oxidizing capacity of ozone
capable of decreasing the concentration of surfactants in
drinking water," and later Oz-based or H,0,-based oxidation
methods were shown to increase the removal rate of DBS in
water samples in work by Rivera-Utrilla.*® Both TiO, and UV
light can break the alkyl chain of DBS,** and the addition of
either H,0, or Fe** to an ultrasonic irradiation system can
enhance the removal of DBS.”*** Some algae and bacteria were
also used to study the kinetics model of DBS degradation.**>®
Several methods are used to detect the concentration of DBS in
water samples, such as methylene blue colourimetry,* liquid
chromatography-mass spectrometry (LC-MS),*® and indirect
atomic absorption spectroscopy.” However, these detection
methods require much time to prepare the samples and the use
of toxic chemical reagents such as trichloromethane may harm
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both the experimenter and the environment. Moreover, there
are relatively few studies devoted to the degradation process per
se and its intermediate products; some researchers have sug-
gested probable intermediate products but without sufficient
evidence to prove their conjecture due to inherent limits of the
analytical methods used.”***** Therefore, establishing an
accurate detection method of the intermediate products of DBS
and using it to investigate the biodegradation process of DBS is
essential.

Algae and biofilm are able to degrade many organic
pollutants,*-** including DBS, for which photosynthesis by
algae is the main contributing factor.*® Chlorella vulgaris,
which belongs to the phylum Chlorophyta, is spherical or
ellipsoid in shape and 3-12 pum in diameter.>” It has been
proven that C. vulgaris is the dominant algae species of biofilm
cultivated in natural water systems,*® so C. vulgaris is usually
selected as a kind of representative algae by researchers.
O'Toole defines biofilm as a single microbial species or
multiple microbial species that form on a range of biotic and
abiotic surfaces.* Biofilm is widely distributed on stones and
surface sediment in rivers, pools, and wetlands,* having
a composition that includes algae, bacteria, and minerals.**
The application of biofilm has been the subject of myriad
studies. Notably, Mezohegyi demonstrated biofilm's ability to
remove colour from textile wastewaters via its combined
action with active carbon.*” Studies have shown that C. vulgaris
can accelerate the degradation of chlortetracycline under light
conditions, and 'O, contributes to the degradation
process.**** According to previous research reported, waste-
water containing Chlorella pyrenoidosa can reduce nitrogen
and phosphorus emissions and increase the consumption of
organic matter.*’

Using an electrospray ionization (ESI) source as a soft ioni-
zation method was first put forth by Fenn.* Since then, elec-
trospray ionization mass spectrometer (ESI-MS) and other
derived ESI-MS based technologies have gained wider use for
the detection of a complex matrix.*”*® In our study here, we
used ESI-MS to establish a detection method and study the
intermediate products of a complex system, namely the DBS
solution degraded by C. vulgaris. First, a light simulation system
was built to simulate a natural water system. Then, a detection
method for DBS based on ESI-MS was established. Finally,
a collision-induced dissociation experiment (CID)** was used to
identify the molecular structure of the intermediate products.
In this study, DBS was chosen because of its known environ-
mental hazards and its nonvolatile and non-photodegradation
properties.** Our study applies mass spectrometry to the
dynamic monitoring of the degradation of DBS by C. vulgaris to
determine the degradation products and infer the degradation
products. A method based on mass spectrometry to determine
the degradation products of organic pollutants can determine
the degradation products of organic pollutants in polluted
water when the composition of the water sample is unknown.
The study of intermediate products and degradation processes
will provide an indication of the stage of bioremediation of
polluted water bodies. Many other organic pollutants degraded
by algae will be studied in further work based on this method,
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which should promote more research into the biodegradation
of organic pollutants. At the same time, expand the application
of mass spectrometry in environmental chemistry, and provide
new ideas for future environmental chemistry research.

2. Materials and methods
2.1 Materials and reagents

Sodium dodecyl benzene sulfonate was purchased from
Shanghai Macklin Biochemical Co., China (analytical grade).
Methanol was of high-performance liquid chromatography
(HPLC) grade and bought from ROE Scientific Inc. (Newark,
USA). Secondary deionized water was purified by the Milli-Q
water purification system (Milli-Q Academic, USA). Its conduc-
tivity: <0.01 mS m™' and absorbance (254 nm, 1 cm path
length): <0.001. Chlorella vulgaris (FACHB-1068) was purchased
from the Freshwater Algae Culture Collection at the Institute of
Hydrobiology. Haemocytometer was purchased from Shanghai
Qiujing Biochemical Reagent Instrument Co., China (XB.K. 25).
Natural water was collected from East Lake at Jilin University,
China.

2.2 Experimental design

2.2.1 Preparation of DBS samples. Add two (2) mg of DBS
powder to 1 L secondary deionized water to prepare a 2 mg L™
solution of DBS. Put it into the light simulation system. This
system was controlled at 25 °C, with a magnetic stirrer used to
simulate the natural water flow. This time was defined as
0 hours. From 0 hours to 12 hours, every 1 h, a 5 mL water
sample was taken, centrifuged at 12 000 rpm for 5 min, and its
supernatant was diluted 10 000 times for detection by ESI-MS.

2.2.2 Preparation of mixed samples of DBS and C. vulgaris.
A 50 mL C. vulgaris suspension was taken and centrifuged at
10 000 rpm for 2 min. The ensuing supernatant was discarded
and then secondary deionized water added to the algae. The
total volume of the mixture of algae and secondary deionized
water was adjusted to 1 L. Then two (2) mg of DBS powder was
added to 1 L mixture of algae and secondary deionized water.
Put it into the light simulation system. Then the same experi-
mental procedure described in Section 2.2.1 was followed.

2.2.3 Preparation of C. vulgaris samples. The entire
experiment is depicted in Fig. S7.1 The C. vulgaris was cultivated
in BG-11 medium under sterile conditions, in an illumination
incubator, at 25 °C for 20 days.

Microscope photography of the C. vulgaris used in the
experiment (Fig. S81) showed its cells to be green in colour and
almost round in shape. The haemocytometer was used to
determine the cell density of the C. vulgaris suspension. A 20
microlitres of the C. vulgaris suspension was aspirated with
a micropipette, and the haemocytometer was filled. Manual
counting of C. vulgaris cells on the haemocytometer was then
performed under light microscopy. The cell density of the C.
vulgaris suspension was calculated as 1.7 x 10° cells per milli-
litre. Therefor the cell density of the 2 mg L™ " DBS solution used
in subsequent experiments was 8.5 x 10° cells per millilitre. A
50 mL C. vulgaris suspension was taken and centrifuged at

© 2021 The Author(s). Published by the Royal Society of Chemistry
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10 000 rpm for 2 min. The ensuing supernatant was discarded
and then secondary deionized water added to the algae. The
total volume of the mixture of algae and secondary deionized
water was adjusted to 1 L. Put it into the light simulation
system. Then the same experimental procedure described in
Section 2.2.1 was followed.

2.2.4 Preparation of mixed samples of DBS and natural
water. Natural water was collected from East Lake at Jilin
University, China. Add two (2) mg of DBS powder to 1 L natural
water. Put it into the light simulation system. Then the same
experimental procedure described in Section 2.2.1 was
followed.

2.2.5 ESI-MS analysis of samples. For each experiment,
water samples were analysed by an Orbitrap mass spectrometer
(Orbitrap Fusion™ Tribrid™, Thermo Scientific, USA) with an
ESI source and equipped with Xcalibur 3.0 data processing
system. The ions from the ESI source were introduced into the
ion trap, yielding mass spectra in the range of m/z 50-500 in the
negative ion detection mode; the ionization voltage was —3.5
kv; the ion transfer tube was maintained at 300 °C; pressure of
nitrogen sheath gas was 35 Arb. This is to detect what products
are present in the sample. By comparing the difference between
the products in the C. vulgaris samples and the mixed samples
of DBS and C. vulgaris samples, we can get what new products
are produced. Collision-induced dissociation (CID) experiments
were carried out with a mass-to-charge ratio window width of
1.5 Da to precursor ion isolation and 35% collision energy. This
is to analyse the feature fragment information of the newly
produced substance, so as to determine the intermediate
products.
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To ensure the data reliability, each experiment was repeated
until obtain at least 3 consistent results.

3. Results and discussion
3.1 The detection of DBS samples by ESI-MS

The optimization of the experimental conditions and the
quantitative analysis are detailed in the ESIL{ Briefly, the DBS
solution was first detected (Fig. 1A), and, to determine the
characteristic peak of DBS, secondary deionized water was also
detected (Fig. 1B). Comparing Fig. 1A and B, two new ion peaks
of m/z 325.18538 and m/z 311.16982 were present in Fig. 1A.
This proves that these two ion peaks are caused by the addition
of DBS. The ion peak m/z 325.18538 was determined to be the
characteristic peak of DBS. Some previous studies used LC-ESI-
MS to obtain the ion peaks of surfactants, including linear
alkylbenzene sulfonate (LAS), which is similar to DBS in terms
of its chemical structure. Fig. 1A result is similar that reported
in previous studies.’*** In our experiment the signal-to-noise
ratio (S/N) of m/z 325.18538 was good. Because DBS is difficult
to purify and some homologues such as undecyl benzene
sulfonate also exist, the ion peak m/z 311.16982 formed
(Fig. 1A).

The MS/MS (MS?) method was utilized to further enhance
the identification of DBS. In the MS* mass spectrum of DBS
(Fig. 1C), the deprotonated DBS easily formed the ion at m/z
183.01 ([DBS-C;0H,,-Na] ™), by losing a C;oH,, molecule and
a CgH,, molecule to generate the ion at m/z 197.03 ([DBS-

CoH,o-Na] ). Hence, the DBS in the water sample was
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Fig.1 The electrospray ionization mass spectrometry (ESI-MS) spectra of dodecyl benzene sulfonate (DBS) standard solution (A), the secondary

deionized water (B), and the MS? spectrum of ion m/z 325.18 (C).
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Fig. 2 The ESI-MS spectra of mixed samples of DBS and C. vulgaris at 0 h (A), 6 h (B), and 12 h (C).

successfully detected via ESI-MS, and m/z 183.01 was chosen as
the quantitative peak to establish the DBS detection method.

3.2 Detection of mixed samples of DBS and C. vulgaris by
ESI-MS

In the negative mode, the DBS solution at different degradation
time points was detected by ESI-MS, and the first-order mass
spectrum of m/z 50-500 was obtained. As Fig. 2 shows, MS
spectra at 0 h, 6 h, and 12 h differed in their ion peaks during
the degradation of DBS. An ion peak represents a substance.
The comparison of the mass spectra at 0 hour, 6 hours and 12
hours is to prove whether there are new products in the samples
at 6 hours and 12 hours. To clarify these slight differences, the
m/z at 100-120, m/z 200-280, and m/z 340-360 were each
magnified 10 times.

This evinced that the main differences happened at m/z 200-
280, though a few differences were also seen in m/z 340-360.
This indicates that new products were detected in the 6 hour
and 12 hour samples. The new product detected indicates that
DBS has been degraded by C. vulgaris. By comparing Fig. 2A and
B, we can find that some new ion peaks appear in Fig. 2B, such
as m/z 355.15869, m/z 299.09473, m/z 271.06379, m/z 243.03234,
m/z 215.00125, m/z 171.13848. This indicates that DBS has been
degraded into some macromolecular degraded products. By
comparing Fig. 2B and C, we can find that some new ion peaks
appear in Fig. 2B, such as m/z 146.98299, m/z 117.01806, m/z
59.01227. This indicates that macromolecular degraded prod-
ucts are further degraded into small molecule degraded prod-
ucts. Previous studies have shown that the degradation
products of DBS include sodium benzoate, benzene, benzoic
acid and 4-hydroxybenzenesulfonic acid, which are consistent
with the above ion peaks.>**

20306 | RSC Adv, 2021, 11, 20303-20312

3.3 Detection of C. vulgaris samples by ESI-MS

The C. vulgaris used during the degradation process were ana-
lysed to ensure these intermediate products did come from the
degradation of DBS and not from the C. vuigaris. The latter's MS
spectra at 0 h, 6 h, and 12 h during the degradation are shown in
Fig. 3; to better convey the differences among them, m/z 50-500
was chosen. By comparing Fig. 3A-C, it can be found that a new
ion peak m/z 435.87421, m/z 355.20634, m/z 146.98192 appears
in Fig. 3B, and a new ion peak m/z 449.17163, m/z 402.22677, m/z
375.20839, m/z 96.95910 appears in Fig. 3C. This indicates that
the metabolism of the C. vulgaris has also produced some new
products. The ion peak mentioned in Section 3.2 does not
appear here, which indicates that the ion peak in Section 3.2 is
produced by the degradation of DBS, rather than the metabo-
lism of the C. vulgaris. However, the ion peak of DBS (m/z
325.18538) was present, since DBS easily attaches to the cells of
this algae species.>

3.4 Analysis of biodegradation intermediate products by ESI-
MS

Perform collision-induced dissociation (CID) experiment on the
ion peaks in Section 3.2 (i.e., following the MS® method) was
carried out to determine the intermediate products and to
analyse the feature fragment information of these ions. From
this, we inferred that m/z 299.09473 represents 4-sodium sul-
fophenyldodecanoate acid, m/z 215.00125 corresponds to the
characteristic peak of 4-sodium sulfobenzoic acid, while m/z
117.01806 is butanedioic acid. Further, m/z 215.00125, m/z
243.03234,m/z271.06379, m/z 299.09473, m/z 327.12720, and m/
z 355.15869 were detected in the reaction system, having char-
acteristic fragment ions similar to m/z 299.09473, and identified
as homologs. From the CID experimentation applied to m/z

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The MS spectra of Chlorella vulgaris sample at 0 h (A), 6 h (B), and 12 h (C).

355.15869, m/z 327.12720, m/z 299.09473, m/z 271.06379, and m/
z 243.03234, the MS® spectra of these ions were obtained
(Fig. S4t), as were those for m/z 215.00125, m/z 200.98528, m/z
121.02892 and m/z 117.01806 (Fig. S51). It is inferred that these
compounds are related to DBS because of the similar ion peaks
among the MS? spectra and the benzene ring in the molecule
from DBS.

3.5 Detection of mixed samples of DBS and natural water by
ESI-MS

In order to determine whether the degradation process exists in
natural waters, ESI-MS was used to detect the mixed samples of
DBS and natural water. The MS spectra for DBS degraded in
natural (field) water at 0 h and 12 h are shown in Fig. 4, from
which several ion peaks including m/z 355.15875 and m/z
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299.09452 were detected. This is consistent with the ion peak in
Section 3.2. However, because of their low concentrations, the
ion peaks of some small molecules including m/z 146.98299 and
m/z 117.01806 are were not detected.

3.6 The changed amount of DBS during its degradation
process

To describe the changed amount of DBS during its degradation
process, the signal intensity of the intermediate product was
used as the evaluation standard. Fig. 5A and B show the signal
intensity of every intermediate product during the degradation
process. Evidently the homologs of 4-sodium sulfophenyldo-
decanoate acid (m/z 355.15869) displayed similar regularity

2.0
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(Fig. 5A), which is degraded DBS that had stabilized after 8 h,
while the small molecule products that arose during its degra-
dation are depicted in Fig. 5B. The reason why these curves start
to appear after 0 h is that DBS has not been degraded by C.
vulgaris at 0 h, so these ion peaks not appear at 0 h. The inter-
mediate product benzoic acid (m/z 121.02982) shows the same
regular with the homologs of 4-sodium sulfophenyldodeca-
noate acid, whereas ethanoic acid (m/z 59.01227) did not show
a clear regularity. It may be so because the signal intensity is
quite close to the detection limit, rendering the change
unstable.

The homologs in Fig. 5A are the products of aliphatic long-
chain cleavage and oxidization. Since they show the same
change regular of m/z 355, both acetic acid (m/z 59.01227) and

—#— 355.15869
—e— 327.12720|
—a&—299.09473
—v—271.06379
—4—243.03234
—»—215.00125

0.0 T T T

time (h)

Signal Intensity (x10%)

—=— 121.02892
—e—117.01806
—A— 77.03872
—v— 59.01227

time (h)

Fig.5 Signalintensities of the intermediate products: (A) signal intensity of m/z 355.15869, m/z 327.12720, m/z 299.09473, m/z 271.06379, m/z
243.03234, and m/z 215.00125; (B) the signal intensity of m/z 121.02892, m/z 117.01806, m/z 77.03872, and m/z 59.01227.
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Fig. 6 Several structures proposed for the m/z spectral species detected by ESI-MS in the degradation of DBS.

butane dioic acid (m/z 117.01806) were also determined, which
had formed when the benzene ring was disrupted and oxidized.
Combining the Fig. 3 results with those of Fig. 5A and B, it is
highly likely that some small molecular-weight intermediate
products were the products of 4-sodium sulfophenyldodeca-
noate acid and its homologs. This was inferred by their change
being similar to that of 4-sodium sulfophenyldodecanoate acid
and its homologs, albeit delayed by several hours.

In prior research,” the total organic carbon (TOC) in the
degradation system decreases, so we anticipated the final
degradation products of DBS should be water, carbon dioxide,
and sodium sulfate. Structures of some compounds in the
degradation of DBS appear in Fig. 6; the corresponding detec-
tion results of these intermediate products can be found in
Table S1.t

We should point out that products having a higher molec-
ular weight were easier to detect in our experiment, and they

CHy(CHy)19CH3 CH,(CH,);,COOH

© _oxidase _ ©

m/z 325.18523

-CH;COOH
—_—

m/z 355.15869

were detected in more samples. An explanation for this
phenomenon is that small molecular products are degraded
further by macromolecular degradation products. Compared
with previous research, some intermediate products were
detected, such as sodium benzoate, benzene, and benzoic acid,
at the same time, yet others went undetected in our study (e.g.,
4-hydroxybenzenesulfonic acid). The oxidase enzymes that
affect the degradation of DBS cannot be ascertained according
to previous studies. However, reactive oxygen species (ROS)
were confirmed as the main driver behind the degradation of
DBS.*® Other research has found that some enzymes and plant
hormones, such as gibberellin and superoxide dismutase
(SOD), do affect the degradation of other organic pollutants by
algae.>*® These researches mainly focus on the influence of
different factors on the degradation amount of microbial
degradation of sodium dodecylbenzene sulfonate, and there are
few studies on the degradation process. Due to the limitations

CHa(CH,),COOH CH,COOH
m/z 327.12720, 299.09473, m/z 215.00125

271.06379, 243.03234

COOH CoO-
enzyme
SOy
m/z200.98528 m/z 121.02892
_— COz + H20 + Nast4

Fig. 7 The process of DBS degradation by Chlorella vulgaris.
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of the analysis method, some studies have given some possi-
bilities intermediate products. Our work uses mass spectrom-
etry technology to accurately analyse the characteristics of the
chemical composition of the analyte, detect the degradation
products of DBS, and infer the degradation mechanism of DBS.
This work provides a new research idea, which can combine the
research of influencing factors and intermediate products to
further infer the degradation mechanism of pollution. And this
work expands the application of mass spectrometry in envi-
ronmental chemistry. In addition, other ion peaks were detec-
ted in this work, namely m/z 340.23522, m/z 222.07625, m/z
209.99135, and m/z 264.15987, and several ion peaks detected in
this work—my/z 255, m/z 265, and m/z 227—occurred in the MS
spectrum. These ion peaks have not been determined in
previous work and this work. Further work by our lab will focus
on the chemical identification of those ion peaks and deter-
mining the internal degradation process in the algae cells.

4. Conclusions

Overall, this study detected the intermediate products of DBS
degraded by C. vulgaris, followed up with CID experimentation
(i.e., the MS/MS method) to determine what the intermediate
products are. To this end, we show the probable degradation
process in Fig. 7. First, the aliphatic long-chain end of DBS is
oxidized to a carboxyl. Then, the aliphatic long chain is short-
ened, and carboxyl formed. The final product in this process is
formic acid sulfonate. Afterwards, formic acid sulfonate is
desulfonated to benzoic acid; and the benzene ring is epoxi-
dized to acetic acid and succinic acid. Lastly, DBS is degraded to
some inorganic small molecules, such as water and carbon
dioxide. This study establishes a method for detecting the
intermediate products of DBS degraded by C. vulgaris, expands
the application of mass spectrometry in environmental chem-
istry, and provides a new method for elucidating organic
pollutant degradation.
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