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Abstract: Polyhaloaromatic compounds (XAr) are ubiquitous and recalcitrant in the environment.
They are potentially carcinogenic to organisms and may induce serious risks to the ecosystem,
raising increasing public concern. Therefore, it is important to detect and quantify these ubiquitous
XAr in the environment, and to monitor their degradation kinetics during the treatment of these
recalcitrant pollutants. We have previously found that unprecedented intrinsic chemiluminescence
(CL) can be produced by a haloquinones/H2O2 system, a newly-found •OH-generating system
different from the classic Fenton system. Recently, we found that the degradation of priority pollutant
pentachlorophenol by the classic Fe(II)-Fenton system could produce intrinsic CL, which was mainly
dependent on the generation of chloroquinone intermediates. Analogous effects were observed
for all nineteen chlorophenols, other halophenols and several classes of XAr, and a novel, rapid
and sensitive CL-based analytical method was developed to detect these XAr and monitor their
degradation kinetics. Interestingly, for those XAr with halohydroxyl quinoid structure, a Co(II)-
mediated Fenton-like system could induce a stronger CL emission and higher degradation, probably
due to site-specific generation of highly-effective •OH. These findings may have broad chemical and
environmental implications for future studies, which would be helpful for developing new analytical
methods and technologies to investigate those ubiquitous XAr.

Keywords: polyhaloaromatic compounds; chemiluminescence; analytical method; Fenton system;
hydroxyl radicals

1. Introduction

1.1. Polyhaloaromatics (XAr) and Their Toxicity

Polyhaloaromatic compounds (XAr) have been found world-wide in pesticides, phar-
maceuticals, flame retardants and personal care products [1–4]. Most of these compounds
are persistent and widely existing in the environment because of their recalcitrant proper-
ties in the soil and water. More importantly, not only the oxidative DNA damage, but also
protein and DNA adducts may be induced by these XAr compounds in vitro and in vivo
systems [5–9], which possibly makes them carcinogenic to mammalian organisms [10,11].
One typical group of XAr are polyhalophenols, some of which, such as 2,4,6-trichlorophenol
and pentachlorophenol (PCP, the widely-used wood preservative) have been classified as
priority pollutants by the U.S. Environmental Protection Agency (US-EPA) [12]. PCP was
also classified as a group I human carcinogen by the International Agency for Research on
Cancer (IARC) [13]. PCP is potentially carcinogenic to mammals. Hepatocellular carcino-
mas and hemangiosarcomas were observed from B6C3F1 mice under exposure to PCP [14].
In individuals with occupational exposure to PCP, malignant lymphoma and leukemia in
humans were also found to relate to PCP [15].

Molecules 2021, 26, 3365. https://doi.org/10.3390/molecules26113365 https://www.mdpi.com/journal/molecules1
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1.2. The Detection of XAr

The widespread distribution and highly-toxic nature, together with the recalcitrant
and carcinogenic characteristics of these XAr, have raised public concerns about their
potential risks to human health and ecosystems [4,16–21]. Therefore, detecting and quanti-
fying these widespread polyhaloaromatic pollutants or pharmaceutics in the environment
is crucial. The traditional analytical methods used to detect XAr, such as UV−Vis spec-
trophotometry, high-performance liquid chromatography (HPLC) and gas chromatography
(GC) [22,23], usually have many shortcomings: such as low sensitivity, time-consuming,
requiring sample pretreatment, expensive apparatus and complicated operation. Therefore,
a sensitive, simple, low-cost and effective analytical method to detect and quantify the
ubiquitous XAr is urgently needed.

Chemiluminescence (CL) is well regarded as a kind of light emission from complicated
chemical reactions, during which high-energy excited-states can be generated and energy is
released [24–27]. Since the CL intensity depends on the rate of the chemical reactions, it can
be used to detect and quantify the specific compounds that determine the generation of CL
emission. For the CL-based analytical method, which exhibits the excellent properties of
relatively simple, rapid, sensitive, without complicated pretreatment [28], has been widely
used as the analytical method in environmental analysis, clinical diagnosis and food safety
monitoring [29–31]. So if the CL analytical method can be successfully applied to detect
and quantify the highly-toxic XAr, it will be significant for the degradation and pollution
control of these persistent and recalcitrant substances.

1.3. The Degradation and Treatment of XAr

A variety of methods and technologies have been used to degrade and treat recalcitrant
XAr in the environment, including enzymatic biodegradation, physical adsorption and
chemically advanced oxidation. Among them, advanced oxidation processes (AOPs)
have been considered to be the most widely-used means for degrading and treating XAr,
mainly because they are highly-effective and environmentally green [2,32,33]. Several
alternative AOPs, such as Fenton and Fenton-like oxidation [17,34], UV-photolysis [35], and
ozonation [36], have also been developed to effectively degrade and treat the recalcitrant
XAr. In these green AOP systems, the most reactive intermediate for degradation is the
strong oxidative radical species hydroxyl radical (•OH) [32].

1.4. Unprecedented •OH Generation and CL Emission Can Be Produced from H2O2 and
Polyhaloquinones, the Carcinogenic Metabolites of XAr

The most well-known pathway for •OH generation is through the classic Fenton
or Fenton-like reactions mediated by reactive transition metal ions [37,38]. We recently
found an unprecedented metal-independent •OH-generating system: polyhaloquinones
and H2O2, and the molecular mechanism of typical nucleophilic substitution coupling with
homolytic decomposition for •OH generation was proposed [3,39–47]. More interestingly,
an unexpected intrinsic CL emission can also be produced in this novel •OH-generating
system, which was found to be specifically dependent on •OH production [44,48–51]. Tak-
ing the reaction of tetrachloro-1,4-benzoquinone (TCBQ, a carcinogenic quinone metabolite
of PCP) with H2O2 as an example, a typical two-step CL emission can be clearly observed,
which is directly dependent on the two-step generating processes of •OH [44]. Moreover,
not only for TCBQ, but also for other polyhaloquinones, such as other chloroquinones, flu-
oroquinones, bromoquinones and halonaphthoquinones, similar intrinsic •OH-dependent
CL was produced. These results revealed an unprecedented •OH-generating and CL-
producing system: polyhaloquinones (XQs) and H2O2.

1.5. The Goal of This Paper

It has been previously known that a variety of XAr, such as PCP, can be chemically-
degraded into haloquinones during the AOPs with the generation and involvement of
•OH [17–19,52–54]. Then we wonder whether •OH-dependent CL emission can also be
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generated in the degradation of PCP mediated by these AOPs. In addition, as one of
the important final products of TCBQ after the interaction with H2O2, 2,5-dichloro-3,6-
dihydroxyl-1,4-benzoquinone (DDBQ, an inert halohydroxyl quinoid compound) would
not react with H2O2 to generate •OH and produce CL [44], but it is not clear whether
the addition of extra •OH will induce the production of CL emission. Therefore, in order
to answer the above questions, the following issues were addressed in a series of our
recent studies: (1) Can intrinsic CL be generated from the degradation of precursors XAr
(such as PCP and other chlorophenols) mediated by AOPs involving •OH-generation?
(2) If so, what is the potential molecular mechanism for the CL emission, and is there any
potential structure−activity relationship (SAR) between CL emission and the structures of
XAr? (3) Do •OH-generating systems induce the inert halohydroxyl quinoid compounds
to generate CL? (4) If so, what is the role of the typical bidentate coordination sites on
the structures of halohydroxyl quinoid compounds, and is the CL generated from them
different to that from other XAr? (5) Can we develop a sensitive and selective CL-based
analytical method for the detection and quantification of XAr? (6) What are the potential
chemical and environmental implications?

2. Chemiluminescence-Based Analytical Methods Induced by Fe(II)-Fenton System
for the Detection of XAr

2.1. Intrinsic •OH-Dependent CL Emission Can Be Generated from the Degradation of the Priority
Pollutant PCP in Fe(II)-Fenton System

We have previously known that the reaction between TCBQ and H2O2 could unex-
pectedly produce highly-reactive •OH and specific •OH-dependent CL [44]. Moreover,
PCP could be chemically degraded and converted to TCBQ in the classic •OH-generating
Fe(II)-Fenton system [52,54]. Then, we wanted to know whether CL could be generated
in the PCP degradation process mediated by AOPs composed of the classic Fe(II)-Fenton
system. As expected, neither •OH nor CL emission was detected when incubating PCP
with H2O2, whereas a remarkable CL emission (510−580 nm) was generated when extra
•OH was introduced by adding Fe(II)-EDTA (Fe(II)-ethylenediamine tetraacetic acid, a
classic Fenton reagent) (Figure 1A), indicating that the degradation of PCP mediated by
•OH-generating Fe(II)-Fenton system indeed produce intrinsic CL emissions [48].

Interestingly, similar to the CL generated from TCBQ/H2O2, the CL derived from
PCP/Fe(II)-Fenton system was also directly dependent on •OH generation, as shown
by the following line of evidence [48]: (1) The CL emission from the PCP/Fe(II)-Fenton
system was significantly inhibited by dimethyl sulfoxide (DMSO), a typical •OH scavenger
(Figure 1B); (2) both the yields of •OH and the intensity of CL emission increased with
the increasing dosage of Fenton reagents; (3) CL was also produced from the other widely
known •OH-generating Fenton agent Fe(II)-NTA (nitrilotriacetic acid) [55], and a good
correlation was observed between the CL emission and the kinetics of •OH formation.

Previous studies have reported that the degradation of chlorophenol could produce
chloroquinone as intermediates [52,54]. Considering that obvious CL could be gener-
ated from the interaction of TCBQ (or other haloquinones) with H2O2, we hypothesized
that the critical species initiating the CL emission from PCP/Fe(II)-Fenton system might
be such chloroquinone intermediates. As expected, five transient chloroquinone inter-
mediates were identified (Figure 1C,D), they were TCBQ, tetrachloro-1,4-hydroquinone
(TCHQ), tetrachloro-1,2-hydroquinone (tetrachlorocatechol, TCC), trichlorohydroxyl-1,4-
benzoquine (TrCBQ-OH) and 2,5-dichloro-3,6-dihydroxyl-1,4-benzoquinone (DDBQ) [48].
It should be noted that besides DDBQ, the other four chloroquinones could undergo inter-
actions with H2O2 to generate CL, and the addition of an extra •OH-generating Fenton
reagent can markedly enhance CL emission. These results verify that the CL production
from PCP/Fe(II)-Fenton systems is originated from the generation of chloroquinones.

On the basis of our previously discovered mechanism for CL generation from the
TCBQ/H2O2 system [44], and together with the above findings, we proposed the underly-
ing molecular mechanism for •OH-dependent CL emission from the degradation of PCP
mediated by the classic •OH-generating Fe(II)-Fenton system (Scheme 1) [48]:

3



Molecules 2021, 26, 3365

 
Figure 1. Intrinsic •OH-dependent CL was generated from PCP degradation mediated by Fe(II)-
Fenton system, during which chloroquinones were formed as the critical intermediates [48].
(A) Intrinsic CL emission was produced by PCP/Fe(II)-Fenton system; (B) •OH scavenger DMSO
can markedly inhibit CL emission; (C,D) several chloroquinone intermediates were generated from
PCP during the CL emission. The CL measurement (A,B) was conducted through an ultraweak CL
analyzer, with the CL signal recorded at a time interval of 0.1 s. Both the instant CL intensity and
the intensity of total CL emission were recorded. The separation and identification of chloroquinone
intermediates (C,D) generated from PCP degradation was conducted by HPLC analysis. For detailed
experimental procedure, please refer to our previous study [48]. Fe(II)-EDTA, 1mM; H2O2, 100 mM.
For (A,B) PCP, 20 μM; for (C,D) PCP, 1 mM. Copyright © 2015, American Chemical Society.

 

Scheme 1. The molecular mechanism for the unexpected •OH-dependent CL emission from the
degradation of PCP mediated by Fe(II)-Fenton system [48]. The classic Fenton system could produce
large amounts of reactive •OH, which further attacks PCP via electrophilic addition and/or electron
transfer pathways, forming pentachlorophenoxyl radical and tetrachlorosemiquinone radicals. The
latter radicals then convert to tetrachloroquinones, which further react with H2O2 to produce high-
energy quinone-1,2-dioxetanes, and finally emit the intrinsic •OH-dependent CL as reported before.
Copyright © 2015, American Chemical Society.
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Since remarkable CL emission can be unambiguously generated from PCP/Fe(II)-
Fenton system and increasing the concentration of Fenton reagents can enhance CL, these
suggest that it is possible to develop an undiscovered novel CL-based analytical method for
the detection and quantification of PCP. Further studies proved it was indeed the case [48]:
the unique CL-generating property of PCP was used to develop a novel analytical method
for detecting and measuring trace amounts of PCP, and it was found that the LOD (limit
of detection) value was 1.8 ppb and the linear range (LR) was 2.6–18,620 ppb for PCP as
detected by this CL method. Both the LOD and LR values are lower than the concentration
of PCP (40 ppb) in the body fluids of people under non-occupational exposure, and much
lower than PCP (19,580 ppb) concentration under occupational exposure [3]. Interestingly,
the kinetics of CL emission was found to correlate well with the kinetics of PCP degradation:
when PCP degradation achieved the maximum, CL emission was no longer observed
(Figure 2). These results indicate that this novel CL-based analytical method could also be
used to monitor the degradation kinetics of PCP.

Figure 2. The CL emission from PCP/Fenton system correlated well with PCP degradation [48].
The CL emission was measured by an ultraweak CL analyzer, with the CL signal recorded at a time
interval of 0.1s. The kinetics of PCP degradation was monitored by HPLC analysis. For detailed
experimental procedure, please refer to our previous study [48]. PCP, 1 mM; Fe(II)−EDTA, 3 mM;
H2O2, 300 mM. Copyright © 2015, American Chemical Society.

2.2. Analogous •OH-Dependent CL Emission from the Degradation of All 19 Chlorophenols and
the Underlying Structure−Activity Relationship

The above findings that remarkable CL emission can be produced from the PCP/Fe(II)-
Fenton system suggest that CL may also be generated from the interactions of other
chlorophenols (CPs) with the classic Fe(II)-Fenton system. If so, there might be a close
relationship between the CP structures and their abilities to generate CL. As expected, sim-
ilar •OH-dependent intrinsic CL could also be generated from the other 18 CPs (Figure 3).
The intensity of CL emission induced by CPs was strongly dependent on both chlorina-
tion level and chlorine substitution position. An obvious SAR between CPs structures
and CL emission was observed [48–50]: (1) In general, as the chlorination level increases,
the intensity of CL emission increases; (2) for CPs congeners, the CL increased in the
order of para- < ortho- < meta-chlorine substitution with respect to the −OH group of
CPs. For example, 2,5-dichlorophenol (DCP), 2,3,5-trichlorophenol (TCP) and 2,3,5,6-
tetrachlorophenol (TeCP) generated the strongest CL emission among all the DCPs, TCPs
and TeCPs congeners, respectively.

Actually, the properties that CL could be generated from all nineteen CPs in Fe(II)-
Fenton system were also used to detect and quantify these ubiquitous CPs. As shown in
Table 1, for those CPs that could produce an obvious CL emission, the LOD value could
reach as low as 0.007 μM by this highly-sensitive CL analytical method.

5
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Figure 3. Intrinsic •OH-dependent CL were also generated from all 19 chlorophenols in AOPs
mediated by Fe(II)-Fenton system [48]. The CL emission was measured by an ultraweak CL analyzer,
and the intensity of total CL emission was recorded. CPs, 10 μM; Fe(II)–EDTA, 1 mM; H2O2, 100 mM.
Copyright © 2015, American Chemical Society.

Table 1. The limit of detection (LOD) and linear range (LR) for the quantification of CPs by the novel
CL-based analytical method mediated by Fe(II)-Fenton system [49,50]. Copyright © 2017, American
Chemical Society. Copyright © 2016, with permission from Springer Nature.

CPs LOD (μM) LR (μM)

2,3,4-TCP 0.3 0.3~100
2,4,6-TCP 0.3 0.3~100
3,4,5-TCP 0.07 0.1~100
2,4,5-TCP 0.01 0.03~100
2,3,6-TCP 0.07 0.07~100
2,3,5-TCP 0.003 0.007~100

2,3,4,6-TeCP 0.01 0.03~100
2,3,4,5-TeCP 0.01 0.03~100
2,3,5,6-TeCP 0.007 0.01~100

PCP 0.007 0.01~100

Similar to the degradation of PCP, the degradation of other CPs by Fenton system-
mediated AOPs also generated chloroquinones as the major intermediates, they were
chloro-1,4-benzoquinones (CBQs), chloro-1,4-hydroquinones (CHQs) and chloro-1,2-
hydroquinones (also called chlorocatechols, CCs) [49,50]. Moreover, we have previously
known that, all the above chloroquinones could react with H2O2 to produce CL, and the
addition of Fenton reagent can markedly enhance CL emission [48]. In the studies on CL
emission from all the nineteen CPs, CL emission of CPs was found to primarily depend
on the yields and types of the corresponding chloroquinone intermediates generated from
CPs [49,50]: a good relationship was observed between the CL intensity of CPs and the total
yields of corresponding CBQs/CHQs and TCC/3,4,6-TCC (tetrachlorocatechol and 3,4,6-
trichlorocatechol, the two CCs which emit stronger CL) (Figure 4A,B). More interestingly,
not only chloroquinone intermediates, but chlorosemiquinone radicals (CSQs•) were also
produced during the CL emission of CPs in Fenton-like systems, and the types and yields
of which were also in good agreement with the emission of CL and the generation of
chloroquinone intermediates (Figure 4).
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Figure 4. The intensity of CL emission from CPs correlated well with the total yields of the formation
of corresponding chloroquinone intermediates and chlorosemiquinone radicals (taking PCP and
three TeCPs for example) [50]. (A) The intensity of CL emission; (B) the total yields of CHQs/CBQs
and CCs; (C,D) the yields of chlorosemiquinones measured by ESR (C) and UV−Vis method (D).
The CL emission (A) was measured by an ultraweak CL analyzer, and the intensity of total CL
emission was recorded. The maximum yields of chloroquinone intermediates (B) were measured by
HPLC analysis. The maximum yields of CSQs• were measured by both monitoring the ESR signal of
CSQs• through ESR analysis (D) and observing the typical UV−visible spectra of CSQs• through
UV−visible analysis. For detailed experimental procedure, please refer to our previous study [50].
For (A), CPs, 30 μM; H2O2, 100 mM; Fe(II)-EDTA, 1 mM. For (B), CPs, 1 mM; H2O2, 1 mM; Fe(II)-
EDTA, 3 mM. For (C,D), CPs, 0.5 mM; H2O2, 0.5 mM; Fe(II)-EDTA, 1.5 mM. Copyright © 2016, with
permission from Springer Nature. In the tests of acute toxicity to Photobacterium phosphoreum, a good
relationship was observed between the chemical structures of 19 CPs and their acute toxicity [49,50]:
(1) The higher the level of chlorine substitution, the stronger the toxicity of CPs; (2) for CPs congeners,
their toxicity increased in the order of non- < mono- < di-ortho position-chlorophenols. Moreover,
the rules for the relationship between the CPs structures and their degradation rates during •OH-
generating AOPs have been reported [56–58], which were listed as follows: (1) The higher the level of
chlorine substitution, the slower the degradation rate of CPs; (2) for CPs congeners, the degradation
rate decreased in the order of 3-/5- > 2-/4-/6-chlorine substitution CPs.

In summary, based on the above results, together with the previously reported studies
on SAR [56,57,59,60], we found good correlations between the CP structures and their
chemical activities (CL emission, toxicity and degradation rate) as following listed [49,50]:
(1) The higher the level of chlorine substitution for CPs, stronger CL emission, higher
toxicity and slower degradation could be observed; (2) for CPs congeners, CPs with
position-3 or -5 chlorine substitution show stronger CL emission, higher toxicity and faster
degradation; while those CPs congeners with position-6 chlorine substitution show much
weak CL emission, lower toxicity, and slower degradation. These findings may suggest
that, utilizing the distinct CL-generating property of CPs induced by classic Fe(II)-Fenton
system, a novel CL-based method can be developed, to not only detect and quantify
trace amounts of CPs in pure or real samples, but also provide valuable information for
evaluating the toxicity or degradation rate of CPs.
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2.3. Similar to Chlorophenols, Other Classes of XAr Could Also Generate •OH-Dependent
Intrinsic CL Emission in the Degradation Mediated by Fe(II)-Fenton System

It should be noted that during the AOPs mediated by the •OH-generating Fe(II)-
Fenton system, besides PCP and the other eighteen chlorophenols, similar •OH-dependent
intrinsic CL was also generated from other halophenols and several other classes of XAr.
These compounds include (Figure 5) [48]: other halophenols such as pentafluorophenol
(PFP), 2,4,6-tribromophenol (2,4,6-TBP), the flame retardant 3,3′,5,5′-tetrabromobisphenol
A (TBBPA), and the broad-spectrum antibacterial agent triclosan (TCS); halogenated naph-
thoquinone pesticides such as 2,3-dichloro-1,4-naphthoquinone (2,3-DCNQ); chlorophe-
noxyacetic acid herbicides such as the notorious 2,4,5-trichlorophenoxyacetic acid (2,4,5-T),
one important component of Agent Orange; halogenated benzene biocides such as pen-
tachlorobenzene (PCB); iodinated pharmaceuticals such as triiodothyronine (T3); These
results indicate that most or even all XAr can generate •OH-dependent CL in the degra-
dation mediated by the Fe(II)-Fenton system. Moreover, similar CL spectra were also
observed from these XAr, which were found to be attributed to the analogous molecular
mechanism and similarity in structures of light-emitting species.

 
Figure 5. Similar •OH-dependent intrinsic CL were also produced from the degradation of several
typical XAr in classic Fe(II)-Fenton system [48]. The CL emission was measured by an ultraweak CL
analyzer, with the CL signal recorded at a time interval of 0.1 s. PFP, 2,4,6-TBP, TBBPA, TCS, 2,4,5-T
and PCB, 30 μM; 2,3-DCNQ, 30 μM; T3, 3 μM; Fe(II)–EDTA, 1 mM; H2O2, 100 mM. Copyright © 2015,
American Chemical Society.

Similarly, based on the CL emission properties of XAr, we developed a novel and
sensitive CL analytical method to detect and quantify these ubiquitous XAr. As anticipated,
we successfully detected and quantified traces of several typical XAr, including PFP, 2,4,6-
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TBP, TBBPA, TCS, 2,3-DCNQ, 2,4,5-T, PCB and T3. For example, using this novel CL
analytical method, we can directly detect concentrations as low as 0.03 μM for TCS, 0.07 μM
for TBBPA, and 0.03 μM for T3 (Table 2) [48].

Table 2. The limit of detection (LOD) and linear range (LR) for the quantification of CPs by the novel
CL-based analytical method mediated by Fe(II)-Fenton system [48]. Copyright © 2015, American
Chemical Society.

XAr LOD (μM) LR (μM)

PCP 0.01~70 0.007
TCS 0.07~30 0.03

TBBPA 0.1~10 0.07
2,3-DCNQ 0.1~100 0.07

PCB 0.1~10 0.07
PCB 0.1~10 0.07
T3 0.03~1 0.03

More importantly, this novel CL analytical method based on Fe(II)-Fenton system has
been utilized to evaluate and detect whether XAr is contained in an actual environmental
sample, the discharge from a paper mill [48]. As anticipated, obvious CL emission could
be generated from the discharge of paper mill in the presence of Fenton agent, and further
analysis suggested that the discharge contained 2,4-dichlorophenol and 4-chlorophenol.
Furthermore, this newly-developed CL-based analytical method can also be used for
monitoring the degradation kinetics of XAr in their treatment mediated by AOPs. In
the PCP/Fe(II)-Fenton system, the kinetics of CL emission correlated well with the ki-
netics of PCP degradation [48]: the profiles of CL emission coincided with the kinetic
curves of PCP degradation, and no further CL emission could be generated when PCP
degradation finished.

3. Chemiluminescence-Based Analytical Methods Induced by Co(II)-Fenton-Like
System for the Detection of XAr

3.1. Distinct Intrinsic CL Emission in the Degradation of Halohydroxyl Quinoid Compounds
by Co(II)-Fenton-Like System: Markedly Different from the CL Produced by Classic
Fe(II)-Fenton System

As mentioned in the Introduction, unexpected •OH-dependent intrinsic CL could be
generated from TCBQ/H2O2, with DDBQ formed as an important final product, whereas
neither •OH nor CL could be generated by DDBQ and H2O2 [44]. However, it was
unexpectedly discovered that a remarkable CL emission could be induced by adding
some redox-active transition metal ions like Fe(II) and cobalt(II) (Co(II)), particularly for
Co(II), which induced a much stronger CL emission than Fe(II) (Figure 6A,B) [51]. These
results suggest that not only the key reactive oxygen species (ROS) intermediates for CL
emission, but also the underlying molecular mechanism of the unexpected strong CL
emission from DDBQ in Co(II)-Fenton-like system might be different from the CL in the
classic Fe(II)-Fenton system.

It should be noted that, in the Co(II)-Fenton-like system, similar CL emissions were
also observed when substituting DDBQ with other halohydroxyl quinones such as 2,5-
dibromo-3,6-dihydroxyl-1,4-benzoquinone, chlorocatechols such as 3-chlorocatechol, 3,4-
dichlorocatechol, 3,4,6-trichlorocatechol, 3,4,5-trichlorocatechol and tetrachlorocatechol (the
latter two are typical effluents from bleached kraft pulp mills [61]), and other halocatechols
such as tetrabromocatechol and tetrafluorocatechol (Figure 7A,B) [51].
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Figure 6. Distinct CL emission was generated from DDBQ in Co(II)-Fenton-like system, dependent on site specifically
produced •OH [51]. (A) The CL emission generated from DDBQ/Co(II)-Fenton-like system; (B) the intensity of CL emission
generated by Co(II) was higher than other active transition metal ions; (C) DMSO only slightly inhibited CL emission
from DDBQ in Co(II)-Fenton-like system, but significantly inhibited CL in Fe(II)-Fenton system; (D) the effect of DMSO
on the generation of •OH in DDBQ/Co(II)-Fenton-like system and DDBQ/Fe(II)-Fenton system. The CL emission (A–C)
was measured by an ultraweak CL analyzer. Both the instant CL intensity and the intensity of total CL emission were
recorded. (D) The generation of •OH from Fenton or Fenton-like systems was measured through fluorescence analysis with
terephthalic as the •OH probe. For detailed experimental procedure, please refer to our previous study [51]. DDBQ, 10 μM;
transition metal ions, 1 mM; H2O2, 100 mM. Copyright 2020, with permission from Elsevier.

3.2. Site Specifically Produced •OH, but Not Free •OH Is Responsible for the CL Production of
Halohydroxyl Quinoid Compounds Induced by Co(II)-Fenton-Like System

We have previously known that the generation of free •OH was critical for CL gen-
eration by TCBQ (the precursor of DDBQ) and H2O2, and adding •OH scavenger could
markedly inhibit CL emission [44]. However, we found it is not the case for the CL induced
by DDBQ in Co(II)-Fenton-like system: CL emission was slightly inhibited by adding
DMSO (Figure 6C). This strongly indicates that free •OH is not responsible for the CL
emission induced by DDBQ in the Co(II)-Fenton like system.

However, although free •OH may not be involved in CL emission from the DDBQ/
Co(II)-Fenton-like system, •OH generation was also detected and confirmed [51]. A rel-
atively weak ESR signal of DMPO/•OH was observed from the CL reaction of DDBQ
with the Co(II)-Fenton-like system, and adding DMSO could diminish the ESR signal
of DMPO/•OH with the concurrent generation of the secondary radical DMPO/•CH3,
indicating •OH was indeed produced. It should be noted that the signal of secondary
radical DMPO/•CH3 was still relative weak even after the added DMSO completely di-
minished the signal of DMPO/•OH. However, for •OH production in the CL reaction of
DDBQ with the classic free •OH-generating Fe(II)-Fenton system, the DMPO/•OH signal
could be markedly diminished by adding DMSO, with the concurrent generation of the
strong secondary radical DMPO/•CH3. In addition, for the kinetics of •OH formation,
adding DMSO only partly inhibited •OH generation from the CL reaction of DDBQ in
the Co(II)-Fenton-like system, whereas it markedly inhibited •OH generation in the clas-
sic Fe(II)-Fenton system (Figure 6C,D). These results suggest that for the CL reaction of
DDBQ with the Co(II)-Fenton-like system, •OH might be generated as the site specifically
produced •OH, but not the free •OH.

10



Molecules 2021, 26, 3365

 

μ

μ

Figure 7. Analogous •OH-dependent CL emission were also generated from halocatechols with the typical Co(II)-Fenton-
like system, which can be utilized to quantify trace amount of halocatechols and DDBQ [51]. (A) The structure of several
halocatechols; (B) the total CL intensity for these halocatechols; (C,D) CL emission of 3,4,6-TrCC and TCC; (E) the LOD and
LR for the quantification of DDBQ, 3,4,6-TrCC and TCC by the distinct CL analytical method mediated by Co(II)-Fenton-like
system. The CL emission was measured by an ultraweak CL analyzer, and both the instant CL intensity and the intensity of
total CL emission were recorded. For (B), Halocatechols, 10 μM; Co(II), 0.05 mM; H2O2, 100 mM; For (C,D), Co(II), 0.5 mM;
H2O2, 100 mM. Copyright 2020, with permission from Elsevier.

Interestingly, besides the site specifically produced •OH, other ROS, such as O2
•−

and 1O2, were also generated from the CL reaction of DDBQ with the Co(II)-Fenton-like
system [51]. The ROS intermediates from this distinct CL reaction of DDBQ with the Co(II)-
Fenton-like system was significantly distinct from the CL reaction by TCBQ/H2O2 and the
CL reaction induced by the classic Fe(II)-Fenton system mentioned above. Based on these
results, we further varied the molar ratio of DDBQ:Co(II) to investigate the correlations
between ROS production and CL emission, and to confirm which ROS is crucial for the
generation of CL emission. As expected, not only the CL emission, but also the types and
yields of ROS were significantly affected by changing the ratio of DDBQ:Co(II).

For the role of O2
•−, it seems that O2

•− is not responsible for the CL generation from
DDBQ in Co(II)-Fenton-like system [51]. O2

•− generation was hardly affected by changing
the ratio of DDBQ:Co(II), suggesting that O2

•− is not the crucial ROS responsible for CL
emission. Moreover, we also found that 1O2 is not critical for initiating CL emission [51].
Although 1O2 production could be enhanced by adding DDBQ, and large quantity of 1O2
can be produced, most 1O2 was generated only in the later stage. No matter how the ratio
of DDBQ:Co(II) was varied, almost no 1O2 was generated in the early stage, whereas CL
emission had been generated in this stage.

However, for the role of •OH, a close relationship between •OH generation and DDBQ
degradation was clearly observed: the higher the concentration of DDBQ, the lower the
yields of •OH generation. Moreover, the degradation of DDBQ also correlated well with
CL emission: the process of generating CL emission was accompanied by the degradation
of DDBQ, and when DDBQ degradation achieved the maximum, no further CL emission
can be observed. These results indicate that CL emission is closely related to and probably
dependent on the generation of site specifically produced •OH. More interestingly, different
from the results observed in the classic Fe(II)-Fenton system, the inhibitory effect of DMSO
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on the kinetics of both CL emission and •OH generation were relatively weak in Co(II)-
Fenton-like system (Figure 6C,D). These results further confirmed that CL generation from
the DDBQ/Co(II)-Fenton-like system is indeed dependent on site specifically produced
•OH, but not free •OH, O2

•− and 1O2 [51]. In other words, the site specifically produced
•OH might be the initiating ROS for CL emission.

3.3. The Molecular Mechanism for the Site-Specific •OH-Dependent CL Emission of Halohydroxyl
Quinoid Compounds in Co(II)-Fenton-Like System

Then the questions are how to generate site-specific •OH and how to induce the
intrinsic CL emission of halohydroxyl quinoid compounds such as DDBQ? The further
investigation indicated that during the CL reaction of DDBQ with Co(II)-Fenton-like
system, Co(II) could combine with DDBQ to form a Co(II)-DDBQ complex through the
active bidentate coordinate sites -C(O)C(OH) [62,63], and then the attack by H2O2 may
result in the generation of site-specific •OH at the coordinates sites, which then induce the
degradation of DDBQ and the concurrent CL emission [51].

In order to better clarify the molecular mechanism for the distinct CL emission from
DDBQ in the Co(II)-Fenton like system, the conversion of Co(II) was investigated in detail.
As anticipated, we further found that Co(II) was transformed to Co(III) on the basis of
UV−Vis analysis on the production of the Co(III)-complex [64] and the XPS analysis [65,66]
on the binding energy of Co for the samples before or after reaction. On the basis of
all the above findings and our previous results, we proposed the underlying molecular
mechanism for the distinct site-specific •OH-dependent CL emission from the degradation
of DDBQ mediated by Co(II)-Fenton-like system (Scheme 2) [51]:

 
Scheme 2. The potential molecular mechanism for the unexpectedly strong CL emission from DDBQ/Co(II)-Fenton-like
system mainly depends on site specifically produced •OH [51]. Copyright 2020, with permission from Elsevier.

3.4. Highly-Sensitive CL-Based Analytical Method for the Detection of Halohydroxyl Quinoid
Compounds on the Basis of Co(II)-Fenton-Like System

As mentioned above, the CL intensity of DDBQ in Co(II)-Fenton-like system is
markedly stronger than that in classic Fe(II)-Fenton system. Therefore, this distinct CL-
generating property of DDBQ induced by Co(II)-Fenton-like system might be utilized to
measure and quantify trace amounts of DDBQ, and to monitor the degradation of DDBQ as
well. Indeed, by using this novel CL-based analytical method, the LR for the quantitative
detection of DDBQ is 3–1000 nM, and the LOD value is as low as 1 nM [51], which is
much lower than the LOD value (0.5 μM) of DDBQ by using the reported traditional HPLC
method. Compared with the traditional analytical methods, such as HPLC [67] on the
detection of DDBQ, this novel CL-based analytical method exhibits a series of advantages,
such as being relatively simple, rapid, sensitive, and without a complicated pretreatment
process. Moreover, the kinetics of CL emission was in good agreement with the kinetics
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of DDBQ degradation: CL can be produced during DDBQ degradation, and when DDBQ
was completely degraded, CL emission was no longer observed (Figure 8B). Interestingly,
we found that the efficiency for DDBQ degradation mediated by the Co(II)-Fenton-like
system was much higher than the classic Fe(II)-Fenton system (Figure 8A) [51], possibly
due to the site-specific •OH, which can be effectively used to degrade adjacent DDBQ,
that was produced in the former system, whereas free •OH was produced in the latter
system. These results indicate that in the treatment or degradation of those pollutants with
structures containing bidentate coordination sites that can typically bind with transition
metal ions, the technology consisting of AOPs mediated by the Co(II)-Fenton-like system
may degrade target pollutants more effectively, because the degradation occurring site
specifically exhibits a higher efficiency.

Figure 8. (A) The degradation of DDBQ in Co(II)-Fenton-like system was more effective than that in the classic Fe(II)-Fenton
system, and (B) good correlation can be observed between CL emission and DDBQ degradation in Co(II)-Fenton-like
system [51]. The kinetics of DDBQ degradation (A,B) was monitored by HPLC analysis. The CL emission (B) was measured
by an ultraweak CL analyzer, with the CL signal recorded at a time interval of 0.1s. DDBQ, 3 mM; transition metal ions,
3 mM; H2O2, 300 mM. Copyright 2020, with permission from Elsevier.

More importantly, as mentioned in Section 3.1., in the Co(II)-Fenton-like system, typi-
cally strong CL emission can be produced from halocatechols. All the above halocatechols
have a similar bidentate coordinated site(-C(OH)C(OH)), which can well coordinate with
transition metal ions such as Co(II). Similarly, compared with Fe(II)-Fenton system, these
halocatechols in the Co(II)-Fenton-like system produced significantly stronger CL emis-
sions. Interestingly, the distinct CL analytical method based on the Co(II)-Fenton-like
system can also be applied to detect and quantify halocatechols. By utilizing this unique
CL-based method, the LOD values for 3,4,6-trichlorocatechol and tetrachlorocatechol can
reach as low as 3 nM and 10 nM, respectively, [51] (Figure 7C–E). These results, together
with above findings on the measurement of DDBQ, indicate that this novel CL analytical
method based on the Co(II)-Fenton-like system can be applied to detect and quantify
DDBQ (or its analogues), halocatechols and other halohydroxyl quinoid compounds.

4. The Advantages and Challenges of the Typical CL-Based Analytic Methods for the
Detection of XAr in their Environmental Applications

Compared with the traditional methods for the detection and quantification of XAr,
the novel CL-based analytical method mediated by the Fe(II)-Fenton or Co(II)-Fenton-like
system displayed a series of advantages: (1) It is relatively selective. Obvious CL emission
can be produced from samples containing XAr, whereas no CL can be observed from
samples that do not contain XAr. (2) It is extremely sensitive. Both the LOD and LR values
for the quantification of XAr by this CL-based method are lower than the values obtained
from traditional analytical methods. (3) It is simple, fast and low-cost. This CL-based
method is easy to operate, without expensive apparatus and complicated pretreatment.

However, this CL-based analytical method for the detection of XAr also faces potential
challenges during its environmental applications. It can only evaluate whether a sample
contains XAr, but cannot accurately identify the specific kind of XAr. In order to unambigu-
ously identify the XAr contained in the sample, the CL-based method needs to be combined
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with other qualitatively analytical methods. Moreover, the organic pollutants that can be
detected by this novel CL analytical method are limited: it can detect and measure only
those halocompounds with aromatic structures, but not the non-halogenated aromatic
compounds and haloaliphatic compounds. Therefore, it is necessary to develop a more
efficient and sensitive CL-producing system based on this typical CL analytical method of
XAr, to detect and quantify more environment pollutants. These would be addressed in
our future studies.

5. Conclusions

On the basis of the above series of studies, we have made important progress in the
research of CL emission generated from the degradation of ubiquitous XAr mediated by
AOPs, which have broad chemical and environmental implications.

We found that the degradation of highly-toxic PCP in AOPs mediated by the clas-
sic Fe(II)-Fenton system can unprecedentedly produce intrinsic CL emission, specifically
dependent on the generation of free •OH. Interestingly, besides PCP, all nineteen chlorophe-
nols can be induced to generate •OH-dependent intrinsic CL by the classic Fe(II)-Fenton
system, and the underlying SAR for CL of these chlorophenols was revealed: (1) In general,
the CL emission increased with the increase of chlorination level; (2) for CP congeners,
the CL emission decreased in the following order of 3-/5- > 2-/4-/6-chlorine substitution
CPs; (3) the CL intensity for each CP was determined by the types and the total yields
of corresponding chloroquinone intermediates and semiquinone radicals. Additionally,
several kinds of XAr, including the broad-spectrum antibacterial agent triclosan, the flame
retardant TBBPA, the widely used herbicides 2,4,5-T, and iodinated pharmaceuticals T3,
were capable of generating similar •OH-dependent CL. Based on these results, a novel and
sensitive CL analytical method was developed, which can not only detect and quantify
these ubiquitous XAr, but also monitor their degradation kinetics, and provide useful
information for evaluating their toxicity to organisms and degradation rate.

However, for those XAr with structures containing the group of bidentate coordination
sites, such as halohydroxyl quinone and halocatechol, the degradation of which in AOPs
mediated by the distinct Co(II)-Fenton-like system would generate significant CL emission,
much stronger than that generated in the classic Fe(II)-Fenton system, which was found to
be attributed to the site-specific generation of reactive •OH. Consequently, a more sensitive
CL analytical method via the Co(II)-Fenton-like system was developed to detect and
quantify halohydroxyl quinoid compounds or those compounds with similar structures,
and monitor their degradation kinetics. Moreover, the AOPs consisting of the typical Co(II)-
Fenton-like system can be effectively used to selectively degrade and treat halohydroxyl
quinoid compounds, and this is because these compounds can bind with Co(II) to site-
specifically produce the highly-reactive •OH, which can be effectively used to degrade the
target pollutants.
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Abstract: Serious pollution of multiple chemicals in irregulated e-waste recycling sites (IR-sites)
were extensively investigated. However, little is known about the pollution in regulated sites.
This study investigated the occurrence of 21 polybrominated diphenyl ethers (PBDEs) and 10 metals
in a regulated site, in Eastern China. The concentrations of PBDEs and Cd, Cu, Pb, Sb, and Zn in
soils and sediments were 1–4 and 1–3 orders of magnitude lower than those reported in the IR-sites,
respectively. However, these were generally comparable to those in the urban and industrial areas.
In general, a moderate pollution of PBDEs and metals was present in the vegetables in this area. A
health risk assessment model was used to calculate human exposure to metals in soils. The summed
non-carcinogenic risks of metals and PBDEs in the investigated soils were 1.59–3.27 and 0.25–0.51 for
children and adults, respectively. Arsenic contributed to 47% of the total risks and As risks in 71.4%
of the total soil samples exceeded the acceptable level. These results suggested that the pollution
from e-waste recycling could be substantially decreased by the regulated activities, relative to poorly
controlled operations, but arsenic pollution from the regulated cycling should be further controlled.

Keywords: regulated e-waste recycling; polybrominated diphenyl ethers (PBDEs); heavy metals;
environmental media; vegetable; risks

1. Introduction

The amount of waste of electronic and electrical equipment is continually increasing
with the widespread use of electronic products. The Global E-waste Monitor reported
that the world generation of electronic waste (e-waste) reached 41.8, 44.7, and 53.6 million
Mt in 2014, 2016, and 2019, respectively; and it is expected to grow to 74.7 million tons
by 2030 [1–3]. Correspondingly, the e-waste from Asia, Americas, Europe, and Africa
in 2019 were at 24.9, 13.1, 12.0, and 2.90 Mt, respectively [3]. However, only 15.6% to
20.0% of e-waste was documented to be collected and properly recycled in 2014, 2016,
and 2019 around the world [1–3]. Therefore, the safety of the recycling of e-waste is of
increasing concern.

E-waste usually contains or is contaminated with the multiclass hazardous chemicals.
Typically, high concentrations of lead, cadmium, and mercury are often observed in e-
wastes due to these metals used widely in battery [4]. Some lead compounds are also
used as a stabilizer or plasticizer [5,6]. Chromium was used in data tapes, floppy disks,
and are usually used as pigments in many electrical and electronic products [5,7]. Copper
is frequently used in printed circuit boards [8,9]. Antimony trioxide is used as flame
retardants [10,11]. In addition, many organic chemicals are also used widely in electrical
and electronic products as flame retardants. For example, polybrominated diphenyl ethers
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(PBDEs) and dechlorane plus (DPs) are mainly used in cables. DPs are usually used in
connector coating and electric wires, and PBDEs are usually found in printed circuit
boards [12,13]. Additionally, polychlorinated biphenyls (PCBs) are used in transformers
and capacitors [14]. These chemicals are easily released into the environment during
the dismantling or treatment of e-waste and can cause adverse effects on the human
body [15–18]. Meanwhile, many kinds of toxic pollutants such as polycyclic aromatic
hydrocarbons (PAHs) and polychlorinated dibenzo-p-dioxins and dibenzofurans could be
produced in the process of e-waste incineration [19].

In the past decades, large amounts of e-waste were transported to developing coun-
tries for recycling. Typically, about 70% of the world’s e-waste were processed in China
in 2012 [20]. Due to the lack of related technology and cost savings, e-waste was recy-
cled in many countries by the primary method, inducing manual dismantling, crude
processing of circuit board, acid treatment to recover metals, open burning, and dump-
ing of residues [21,22]. This led to many crude e-waste recycling sites formed in many
low-income countries, such as India, China, Ghana, and Nigeria [15,23–25]. In China,
the irregulated e-waste recycling sites were mainly concentrated in family workshops in
Shantou, Qingyuan, and Taizhou. Mechanical recovery dominated in these irregulated
process, which was mainly to extract precious metals. Many previous surveys found that
serious environmental pollution occurs in these sites. Labunska et al. reported that the
PBDE concentrations reached 390 μg·g−1 in soils, from an e-waste open-burning area, and
reached 220 μg·g−1 in sediments surrounding a circuit board shredding in the Guiyu town,
Southern China [26]. Moeckel et al. also reported that PAH concentrations caused by
e-waste dumping activities were up to 16.0 μg·g−1 in soils from Agbogbloshie, Ghana [27].
Meanwhile, Wu et al. found that the mean concentrations (μg·g−1) of Sb, Sn, and Ag
reached 5,003, 2,527, and 47.9, respectively, in surface soils, at an e-waste burnt site in
Guiyu, China [28]. The serious environmental pollutions could directly cause high levels
of human internal exposure to these chemicals, likely resulting in high risks to human
health [29,30].

In recent years, the irregulated e-waste recycling was gradually banned and rele-
vant policies and technical regulations were developed and implemented in many coun-
tries [3,31]. The e-waste recycling operations is usually concentrated to industrial parks
and many pollution-control measures are applied to recycling processes [32]. Currently,
many venous industrial parks are established in China to concentrate the recycling ac-
tivities of e-waste [21]. Many pollution-control measures, including safe storage, closely
mechanical dismantling, and negative pressure to control dismantling dust, are performed
in the recycling processes [21]. These measures are generally considered to be effective
in reducing chemical emissions. However, there are few systematic investigations of the
environment contamination surrounding the regulated recycling sites and the associated
human health risks remain unknown.

In this study, we used a regulated e-waste recycling site in Eastern China, as a case
study. Our main aim was to characterize the concentrations and risks of PBDEs and metals,
two characteristic pollutants in the e-waste recycling process, in the soils, sediments and
the vegetables surrounding the site. Then, the contamination levels and the risks posed
by these chemicals in this site and in other areas, and in particular in irregulated e-waste
recycling sites, were compared, in order to understand if the current pollution-control
measures in the regulated e-waste recycling are effective and safe. Our results will provide
important insight into these chemicals in regulated e-waste recycling area, and might be
useful in informing the development of risk management measures.

2. Results and Discussion

2.1. Contamination of PBDEs

The concentrations of PBDEs in soil, sediment, and vegetable samples are summarized
in Table 1. In the soil samples, the detection frequency of BDE-209 was highest (100%),
followed by BDE-154 (33%). However, the detection frequencies of most other congeners
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were less than 20%. The concentrations of BDE-209 and Σ21PBDEs were 3.05–1331 and
3.05–1366 ng·g−1, respectively. Higher concentrations (ng·g−1) of Σ21PBDEs were observed
in the sites S19 (1366) and S20 (593) (Figure S1 from Supplementary Materials). The e-waste
was piled up at the two sampling sites. BDE-209 accounted for 94.7% of the concentration
of Σ21PBDEs. The octa-BDEs (including BDE-196, -197, -201, -202, -203, and BDE-205) and
the nona-BDEs (including BDE-206, -207, and BDE-208) represented 1.86% and 2.16% of the
concentrations of Σ21PBDEs, respectively. The results reflected that the e-waste recycled
in the site might originate mainly from China. Many previous studies confirmed that
deca-BDE predominated in the e-waste from China [33–35].

Table 1. Summary of polybrominated diphenyl ether (PBDE) concentrations (ng·g−1 dry weight), with basic statistical
parameters, for the soils, sediments, and vegetables from the regulated electronic waste recycling site.

Soils Sediments Vegetables

Min–Max Median Min–Max Median Min–Max Median

BDE-28 <0.002 <0.002 <0.002–0.043 <0.002 <0.003–0.18 0.05
BDE-47 <0.003–0.11 <0.003 <0.003–0.81 <0.003 0.005–1.27 0.26
BDE-66 <0.006–0.03 <0.006 <0.006–0.62 <0.006 <0.007–0.19 0.05
BDE-85 <0.013 <0.013 <0.013 <0.013 <0.013–0.18 <0.013
BDE-99 <0.007–0.22 <0.007 <0.007–0.31 <0.007 <0.007–0.30 0.110
BDE-100 <0.010 <0.010 <0.010–1.26 <0.010 <0.010–0.36 0.02
BDE-138 <0.005 <0.005 <0.005 <0.005 <0.005–0.06 <0.005
BDE-153 <0.008–0.33 <0.008 <0.008–0.23 <0.008 <0.008–0.20 <0.008
BDE-154 <0.022–14.0 <0.022 <0.022–0.93 0.12 <0.022–0.76 0.20
BDE-183 <0.018–0.81 <0.018 <0.018–0.13 <0.018 <0.019–0.30 0.019
BDE-190 <0.035 <0.035 <0.035 <0.035 <0.035 <0.035
BDE-196 <0.054–1.09 <0.054 <0.054 <0.054 <0.054–0.44 <0.054
BDE-197 <0.073–1.04 <0.073 <0.073–0.70 <0.073 <0.073–0.37 <0.073
BDE-201 <0.002–0.74 <0.002 <0.002–0.73 <0.002 <0.003–0.46 <0.003
BDE-202 <0.002–0.55 <0.002 <0.002–0.54 <0.002 <0.003–0.37 <0.003
BDE-203 <0.105–1.56 <0.105 <0.105 <0.105 <0.105–0.37 <0.105
BDE-205 <0.079 <0.079 <0.079 <0.079 <0.079 <0.079
BDE-206 <0.045–8.70 <0.045 <0.045–1.74 <0.045 0.34–1.76 0.89
BDE-207 <0.081–3.96 <0.081 <0.081–4.12 <0.081 <0.082–1.12 0.61
BDE-208 <0.183–1.99 <0.183 <0.183–1.81 <0.183 <0.184–1.24 0.54
BDE-209 3.05–1,331 8.09 4.27–314 10.8 90.2–419 201

Σ21PBDEs 3.05–1,336 9.23 4.31–327 11.6 93.9–425 204

In the sediment samples, the detection frequencies of BDE-209 and BDE-154 were
100% and 57.1%, respectively. Low detection frequencies of the other congeners were also
observed. The concentrations of BDE-209 and Σ21PBDEs in sediments were in the range
of 4.27–314 and 4.31–327 ng·g−1, respectively. Higher concentrations of Σ21PBDEs were
found in the sites S24 and S25. BDE-209 represented 93.2% of the Σ21PBDE concentrations.
In general, the contributions of other individual congeners were less than 1%.

The detection frequencies of individual congeners in the vegetable samples were
different from those of the soil and sediment samples. BDE-28, -47, -66, -99, -100, -154, -183,
-206, -207, -208, and BDE-209 were detectable in more than 50% of vegetable samples, likely
reflecting the stronger bioaccumulation of these chemicals. The median concentrations
of BDE-209 and Σ21PBDEs in vegetable samples were 201 and 204 ng·g−1, respectively.
The highest Σ21PBDE concentration was found in the baby’s breath samples at site V7
(425 ng·g−1 dry weight), a site near the soil sampling site S20. Interestingly, the congener
profiles of PBDEs in vegetables were similar to those in soils and sediments, although
the detection frequencies of congeners differed, suggesting the vegetable PBDEs mainly
originated from the emission from the recycling operations in the site.

The PBDE concentrations found in this study were compared to those observed from
the IR-sites, UI-areas, and the AR-areas (Tables S3–S5 from Supplementary Materials). The
median concentrations of PBDEs of soils and sediments in our study were 1–4 orders of
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magnitude lower than those separately reported in some IR-sites in China (Figure 1). In
particular, the maximum concentration of total PBDEs in the soils from an IR-site in Guiyu
was one order of magnitude higher than that in this area [36]. Huang et al. [37] reported
that the maximum concentration of total PBDEs in the sediment in an IR-site reached
1030 μg·g−1, four orders of magnitude higher than our result. For the vegetables, however,
the concentrations of PBDEs found in this study were generally higher than those reported
in the IR-sites. In this study, most vegetable samples were collected within the recycling
plant. In most IR-sites selected, almost all vegetable samples were collected far from the
recycling plant [38,39]. In addition, the differences of plant species and their growth period
among different studies might also be responsible for the comparison results.

Figure 1. Comparison of the PBDE concentrations (ng·g−1 dry weight) in soils and sediments in
the study area with the other areas. R-site, regulated e-waste recycling site (this study); IR-sites,
irregulated e-waste recycling sites; UI-areas, urban and industrial areas; AR-areas, agricultural and
rural areas (data from the Tables S3 and S4 from Supplementary Materials) The maximum, minimum,
and median (or mean) of PBDE concentrations in each literature were selected as a total sample. The
horizontal lines represent the 10th, 50th, and 90th percentiles, and the boxes represent the 25th and
75th percentiles; the asterisk below or above indicates outliers.

The contamination levels of PBDEs in this site were compared with those in the UI-
areas. Median concentrations of PBDEs of soils and sediments in this site were comparable
to or lower than those in the UI-areas (Figure 1). Typically, the median concentrations
of soil PBDEs from an industrial area in Tianjin and an urban area in Shenyang-Fushun,
China, were similar to those reported in this study [40,41]. The concentrations of sediment
PBDEs in this study were generally lower than those reported in UI-areas. Even, the
concentrations of total PBDEs in some urban rivers in the Yangtze River Delta and some
urban reaches of the Pearl River were one order of magnitude higher than those observed
in this area [42,43]. The concentrations of total PBDEs in vegetable samples observed in
this study were lower than those reported in pine needle from Shanghai and camphor bark
from the Jiangsu Province, China [44,45]. However, our results were one to two orders
of magnitude higher than those observed in the UI-areas in Inner Mongolia and in the
Zhejiang Province, China [46,47].

The PBDE concentrations observed in this study were also compared with those
reported in some agricultural regions in China (Figure 1). In general, the median PBDE
concentrations in soils and sediments from our study were 6.36 and 2.12 times higher than
those in the AR-areas (Tables S3 and S4 from Supplementary Materials). However, the
median PBDE concentrations of soils in Shanghai and sediments in the Chaohu Lake were
one order of magnitude higher than those in our study [48,49]. This was likely due to the
fact that these samples from the AR-areas were collected from surrounding industrial or
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commercial areas. The PBDE concentrations in vegetables in the AR-areas were generally
lower than our results [46,50].

Further, the profiles of PBDEs in soils, sediments, and vegetables between this study
and other areas were compared. Based on our collected literature, BDE-209 contributed
a median of 84%, 45%, and 40% of total concentrations of PBDEs in the soils, sediments,
and vegetables, respectively, in the IR-sites (Tables S3–S5 from Supplementary Materi-
als). However, the penta-BDEs and octa-BDEs usually contributed a lot to total PBDE
concentrations. Typically, the sum of BDE-47 and BDE-99 accounted for 27%, 63%, and 38%
of the total PBDE concentrations in the soil, sediments, and vegetables in these IR-sites,
respectively [36,51,52]. Historically, a large amount of e-waste mainly imported from
European and American countries were irregularly recycled in China. These e-wastes
usually contained penta-BDEs and octa-BDEs. In the UI-areas, BDE-209 contributed a
median of 95%, 80%, and 96% of the total PBDE concentrations in soils, sediments, and
vegetables, respectively, which was similar to our results [45,48,53]. In addition, the median
contributions of BDE-209 ranged from 85% to 91% in the AR-areas. These results further
indicated the difference in the sources of e-waste between the IR-sites and this site.

In China, the technical specifications of pollution control in e-waste recycling were
developed and implemented in 2010. In the specifications, many measures including con-
trolling dust emission, forbidding crud waste recycling, and harmless disposal of residues
were required. In general, the observed PBDE concentrations in the investigated site was
much lower than those in IR-sites, and comparable to those in UI-areas. Additionally, media
concertation of PBDEs in sediments across China reached 15.8 ng·g−1, which was slightly
higher than that in this study [54]. This indicated that the pollution control measures taken
by this recycling plant might be effective.

2.2. Contamination of Heavy Metals

The descriptive statistics of the heavy metals in soils, sediments, and vegetables in
this study are summarized in Table 2. With the exception of zinc, the mean concentrations
of metals in this site were higher than their background values of soils [55]. Especially, the
mean concentrations of Mn, Sb, and As were 2.86, 2.34, and 2.16 times as much as their
background values. In general, based on China’s standard for soil risk control (GB 36600-
2018 and GB 15618-2018), the concentrations of soil metals (excluding As) in the factory and
in the surrounding farmland were lower than the risk screening values in industrial and
agricultural areas, respectively. The concentrations of As, Cr, and Ni in this site were 1.65,
1.52, and 1.31 times as much as those in Chinese soils, while the concentrations of other
metals were comparable to or lower than those across China [56]. Further, the pollutions of
soil metals were assessed using the geoaccumulation index (Igeo) values and the results are
shown in Figure S2 from Supplementary Materials. In our study, the metals of Mn, As, Sb,
Hg, and Cr ranged from unpolluted to moderately polluted, with the mean Igeo values of
0.87, 0.47, 0.45, 0.35, and 0.04, respectively. The Igeo values for Mn and Sb were 1.53 and
1.52 at the 95th percentile, belonging to moderately polluted levels. The mean Igeo values
showed that the other metals in soils belonged to the unpolluted levels (Igeo ≤ 0).

The concentrations of heavy metals in sediments were higher than the soil background
values (Table 2). In particular, the concentrations of Hg and Sb were 39.9 and 23.0 times as
much as the corresponding background values, respectively. According to the numerical
sediment quality guidelines, however, the mean concentrations of metals (excluding Cr)
were between the threshold effect concentration (TEC) and probable effect concentration
(PEC), indicating that the pollution might have low adverse effects [57]. In addition, the
mean Igeo values showed that heavy metals in the investigated sediments were generally at
unpolluted to moderately polluted levels (Figure S2). It should be noted that the maximum
Igeo values of Cd, Hg, Sb, and Zn in S24 with 3.60, 7.44, 6.51, and 3.49, respectively, belonged
to heavily and extremely polluted, likely due to the rainfall, wastewater discharge, and
poor water mobility in this sampling site.
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Table 2. Descriptive statistics of metal concentrations (μg·g−1) in soils, sediments, and vegetables collected from a regulated
electronic waste recycling site in China.

Sampling Sites Statistics As Cd Cr Cu Hg Mn Ni Pb Sb Zn

Soils (n = 21)
Range 11.2–

31.3
0.08–
0.22

73.2–
159

14.9–
101

0.02–
0.09

1077–
2991

21.8–
52.4

23.7–
63.3

0.96–
8.07

32.2–
170

Mean 20.0 0.12 104 27.9 0.04 1839 38.9 33.4 2.11 54.0
Background values 1 9.30 0.08 66.0 24.0 0.019 644 25.8 25.8 0.90 63.5

Risk screening values 60 2 65 2 18,000 2 38 2 – 900 2 800 2 – –
25 3 0.6 3 250 3 100 3 3.4 3 – 190 3 170 3 – 300 3

Sediments (n = 7)
Range 7.41–

18.0
0.11–
1.53

98.1–
294

17.5–
132

0.03–
4.95

780–
1684

27.3–
61.8

26.3–
226

1.52–
123

52.9–
1071

Mean 12.0 0.42 144 41.6 0.76 1145 40.7 62.3 20.7 226
TEC 4 9.79 0.99 43.4 31.6 0.18 22.7 35.8 121
PEC 4 33.0 4.98 111 149 1.06 48.6 128 459

Vegetables (n = 8) Range 0.49–
1.72

0.03–
0.31

3.28–
13.4

4.00–
16.5

0.05–
0.37

86.7–
284

1.30–
6.14

1.09–
9.93

0.06–
2.76

21.8–
73.7

Mean 0.95 0.14 5.49 9.99 0.17 177 3.39 3.94 0.62 42.2
1 Background values (μg·g−1) of metals in soils in Shandong Province, China [55]. 2 Limits in the Chinese standard (GB 36600–2018).
3 Limits in the Chinese standard (GB 15618–2018). 4 TEC, the threshold effect concentration; PEC, the probable effect concentration [57].

The concentrations of metals in the study vegetables differed (Table 2). The highest
concentrations (ng·g−1) of Cd (311) and Hg (370) were observed in the pine needle and
wheat samples, respectively. As for the other metals, relatively high concentrations were
found in the baby’s breath samples. In particular, the Mn concentration reached 284 μg·g−1.
This phenomenon suggested that the vegetables had species-specific absorption capaci-
ties [58].

The metal concentrations in the soils, sediments, and vegetables in this study were
compared with those in some IR-sites (Tables S6–S8 from Supplementary Materials). Con-
centrations of Cd, Cu, Pb, Sb, and Zn in the soils in this study were 1–3 orders of magnitude
lower than those from the IR-sites [28,59]. Wu et al. [60] reported mean concentrations of
As and Ni in an e-waste burning site in Guiyu, which were 2.52 and 6.58 times higher than
our results, respectively. However, Mn concentrations in soils found in this study were
comparable to those from the e-waste recycling areas (Figure 2a). The reported concentra-
tions of metals in the sediments were generally 1–2 orders of magnitude lower than those
found in the IR-sites (Figure 2b). The Cr concentrations in the investigated sediments was
1–2 orders of magnitude higher than those in the IR-sites [61,62], suggesting that the release
of heavy metals during different e-waste recycling activities differed [5]. Concentrations
of As, Cu, and Zn in vegetables from this regulated site were lower than those in the
IR-sites [50]. The contamination levels of Cd, Hg, Mn, Ni, and Pb were comparable to those
in IR-sites [36,50,63]. Compared to the IR-sites, the concentrations of Cd, Cu, Pb, Sb, and
Zn in this site were generally at lower levels, especially in soils and sediments.

The concentrations of metals found in our study were also compared to those observed
in the UI-areas (Figure 2). The concentrations of heavy metals in soils in this regulated
site were generally comparable to those observed in urban and industrial soils. However,
the concentrations of Hg and Zn in soils in this study were 1–3 orders of magnitude
lower than those from UI-areas [64,65], while concentrations of As and Ni were 2.02 to
1.52 times that in the UI-areas [64,66,67]. The concentrations of most metals, except for As
and Cd, in the sediments in our study were higher than those in the UI-areas (Figure 2b).
Yang et al. [68] reported that the concentrations of As and Cd in the Wuhan section of
the Yangtze River were 1.23 and 1.62 times as much as those in our study, respectively.
The contamination levels of Cu and Ni in the sediments were comparable to those in the
UI-areas [68]. For the vegetables, the concentrations of Cd, Cu, Pb, and Zn found in this
study were 1–2 orders of magnitude lower than those from UI-areas [69,70] (Table S8 from
Supplementary Materials). However, Bi et al. [71] reported that the mean concentration
of As in the leafy vegetables from Shanghai was two orders of magnitude lower than our
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study. Generally, the concentrations of metals (excluding As) in soils and vegetables in our
study were comparable to or lower than those in the UI-areas, while the concentrations of
sediment metals were slightly higher than those in the UI-areas.

Figure 2. Comparison of heavy metal concentrations in soils (a) and sediments (b) in the study area
with those in other areas. The units of Cd and Hg were ng·g−1, and those of other metals were μg·g−1.
R-site, regulated e-waste recycling site (this study); IR-sites, irregulated e-waste recycling sites; UI-areas,
urban and industrial areas; AR-areas, agricultural and rural areas. The mean concentrations of heavy
metals in each study were selected. Data are from Tables S6 and S7 from Supplementary Materials.

Compared to the AR-areas, the concentrations of heavy metals in soils in this study
were relatively high (Figure 2). The mean concentrations of soil heavy metals (excluding Hg
and Zn) in our study were 1.06 to 3.21 times as much as those in the AR-areas (Figure 2a). In
the sediments, the concentrations of all metals were generally comparable to or higher than
those in the AR-areas. The concentrations of Cu, Ni, Pb, and Zn in the vegetable samples
were 1–2 orders of magnitude higher than those from the AR-areas, and the contamination
of Cd and Cr in the AR-areas were comparable to those in this regulated site [72–74].
This indicated that the regulated e-waste recycling operations could reduce the release of
metals to some extent, although the metal concentrations were still higher than those in
the AR-areas.

2.3. Health Risk Assessment

The non-carcinogenic risks from exposure to PBDEs and metals in the soils in this
site were calculated to further understand the potential adverse effects on human health.
Figure 3 depicts the non-carcinogenic risks for children and adults. In this study, only four
congeners, i.e., BDE-47, BDE-99, BDE-153, and BDE-209, were selected to calculate the
hazard quotient (HQs), due to the lack of RfDs of the other congeners. The calculated results
of individual PBDEs are depicted in Table S9 from Supplementary Materials. For adults, the
HIs of PBDEs in soils ranged from 7.15 × 10−6–2.98 × 10−3, and the HIs of metals ranged
from 0.25–0.51, indicating that the risks from PBDEs and metals in the soils in this area were
acceptable. For children, the HIs of PBDEs in soils ranged from 3.89 × 10−5–1.62 × 10−2;
however, the HIs of soil metals ranged from 1.59–3.27, indicating the unacceptable non-
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carcinogenic risks to children. As, Cr, and Mn were the main contributors to the total risks,
with a median of 47%, 21%, and 10% of the HIs. In particular, the HQs of As in 71.4% of
the total soil samples were higher than 1.0, which exceeded the acceptable level.

Figure 3. Non-carcinogenic risks to children and adults from exposure to metals and PBDEs in soils.
Horizontal lines represent the 5th, 50th, and 95th percentiles, and the boxes represent the lower
quartile and upper quartile; the asterisk below or above indicates outliers.

Many studies reported that the non-carcinogenic risks from these chemicals in IR-sites
were much higher than the risk levels in our study. Typically, Ge et al. [75] reported that
the non-carcinogenic risks of PBDEs for children in an e-waste dismantling site in South
China, at the 95th percentile, reached 0.486, which was two orders of magnitude higher
than our result (0.007). Zhang et al. [76] also found that the HQs for Pb, Cd, Hg, and Cu
in an abandoned e-waste recycling plant in Taizhou were higher than 10. These results
suggested that the non-carcinogenic risks from the chemicals released from the regulated
e-waste recycling were substantially reduced, but further control of the risks from some
specific chemicals are imperative and necessary.

3. Materials and Methods

3.1. Study Area

The regulated e-waste recycling site, surrounded by farmland, is located in a small
town on the outskirt of Qingdao, Eastern China, and covers an area of about 43 hectares.
The area has a warm and humid climate, and annual average temperature, precipitation,
and wind speed of 11.3 ◦C, 732 mm, and 2–3 m·s−1, respectively [77]. E-waste recycling
activities in this park lasted for 13 years. By the end of 2015, the annual treatment capacity of
e-waste in this site reached 500,000 tons. In the site, e-waste was dismantled physically with
mechanization. Many pollution-control measures, including classified storing, classified
dismantling, closed crushing, negative pressure in workshop, were implemented in the
recycling site, based on China’s technical specifications of pollution control for this recycling.
Typically, the dust containing metals and organic pollutants was removed by adsorption in
the negative pressure workshop. The fragments of printed circuit board were transported
to other sites for subsequent treatment. The operations carried out in the factory followed
the OHSAS 18001 guidelines.

3.2. Sample Collection

In June 2015, soil, sediment, and vegetable samples from this regulated e-waste recy-
cling site were collected. The sampling sites are depicted in Figure S1 from Supplementary
Materials. Based on the technical guidelines on soil sampling recommended by China [78],
a total of 21 composite soil samples (0–10 cm deep) were collected in the factory (S1–S7 and
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S19–S21) and the surrounding farmland (S8–S18). The farmland was about 300 to 2000 m
from the e-waste dismantling workshop. Each soil sample consisted of four sub-samples.
According to the Chinese specification [79], seven composite sediment samples (ca. 1 kg)
were collected randomly from the surrounding ditches (S22–S28). Each sediment sample
consisted of four sub-samples. Additionally, the wheat leaf (Triticum aestivum L.) (V1 and
V4) was collected from the surrounding farmland. The metasequoia leaf (Metasequoia
glyptostroboides) (V2), pine needle (Pinus massoniana Lamb) (V3), rattan grass (Vulpia myuros)
(V5), aspen leaf (Populus alba L.) (V6 and V8), and a whole plant of baby’s breath (Gypsophila
paniculata L.) (V7) were collected within the site. Four parallel samples were randomly
selected for each vegetable. The soil and vegetable samples were wrapped in sealed alu-
minum foil bags (washed with acetone before being used). The sediment sample was
placed in a washed aluminum box. All samples were freeze-dried and then sealed before
being ground, homogenized, sieved (a 150-mesh, approximately 100-μm, stainless sieve),
and stored at −20 ◦C, until analysis within two months.

3.3. Sample Analysis

In the study, twenty-one PBDE congeners and ten metals in the soil, sediment, and
vegetable samples were measured. The extraction and cleanup procedures for the detection
of PBDEs were conducted on the basis of the methods described by Tang et al. [80], which
are described in the Section 1 in Supplementary Materials. The selected PBDE congeners
were analyzed by a gas chromatography/mass spectrometry (Agilent 7890A/5975C, Agi-
lent Technologies, Santa Clara, CA, USA), and the instrumental conditions were described
in the Section 2 in Supplementary Materials. A spiked blank, procedural blank, and matrix-
spiked sample was measured after every 8–10 samples, to monitor the performance of the
method and matrix effects. All samples were determined twice. The recoveries of PBDEs
in spiked soil/sediment and vegetable samples were 81.5−127% and 81.0−127%, and their
relative standard deviations (RSDs) were 4.52−16.6% and 4.52−16.5%, respectively. The
limit of quantification (LOQ) for PBDEs in the soil/sediment and vegetable samples were
in the range of 0.002−0.250 and 0.003−0.252 ng·g−1 dry weight, respectively, based on a
signal-to-noise ratio of 10:1.

For metal measure, the soil and sediment samples were digested by the HNO3: HF:
HClO4 (v:v:v = 5:10:2) method, which was described by Tang et al. [81]. The vegetable sam-
ples were digested with a microwave digestion system, based on the methods described by
Cheng et al. [58]. The sample preparation is described in the Section 1 in Supplementary
Materials. The concentrations of As and Hg were analyzed using an atomic fluorescence
spectrometer (XGY-1011A, IGGE, Langfang, China), and the concentrations of the other
eight metals were determined with an inductively coupled plasma mass spectrometer (Ag-
ilent 7500a, Agilent Technologies, Santa Clara, CA, USA). Reagent blanks and procedural
blanks were analyzed to check for interference with the analysis. The duplicate samples
were analyzed to evaluate the precision of the analysis (produced values within ±10%).
Geochemical standard reference soil samples (GSS-17 and GSS-25) and vegetable samples
(GSB-2, GSB-4, and GSB-5) were analyzed and the relative standard deviations (RSDs) of
the results were generally better than 10%. All samples were determined twice.

3.4. Statistical Analysis and Risk Assessment

Statistical analyses of PBDE and metal concentrations in soils, sediments, and vegeta-
bles were conducted using SPSS 18.0 (IBM SPSS, Armonk, NY, USA). Origin 8.0 software
was used to draw the figures (Origin Lab, Northampton, MA, USA). For concentrations be-
low LOQ, the value was set to half of LOQ during data analysis. The Kolmogorov–Smirnov
test was used to test the normality of data. In this study, the observed concentrations of
PBDEs and metals were compared with those reported in some previous investigation in
irregulated e-waste recycling sites (IR-sites), urban and industrial areas (UI-areas), and
agricultural and rural areas (AR-areas). For the IR-sites, only the literature reported for
the mechanical recycling site was selected. The information about the pollution from
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the PBDE manufacturing and metal smelting was excluded in the data screening for the
UI-areas. In addition, the PBDEs and metal concentrations reported for agricultural areas
close to cities or remote areas were also excluded from the literature collection for AR-areas.
After screening and sorting, the PBDE concentrations reported in 37 references and metal
concentrations from 44 references were collected, and the information was depicted in
Tables S3–S8 from Supplementary Materials, respectively.

The Igeo was used to evaluate the metal pollution in the soil and the sediment samples.
The calculation method is described in Section 3 in Supplementary Materials. Accord-
ing to Muller et al. [82], the corresponding relationships between Igeo and the levels of
pollution were defined as follows—unpolluted (Igeo ≤ 0), unpolluted to moderately pol-
luted (0 < Igeo ≤ 1), moderately polluted (1 < Igeo ≤ 2), moderately to heavily polluted
(2 < Igeo ≤ 3), heavily polluted (3 < Igeo ≤ 4), heavily to extremely polluted (4 < Igeo ≤ 5),
and extremely polluted (Igeo > 5). In addition, the non-carcinogenic risks from exposure to
metals and PBDEs in soils were also estimated. According to the Exposure Factors Hand-
book [83], the average daily doses (ADDs) (mg·kg−1·day−1) through ingestion, dermal
contact, and inhalation for both adults and children were estimated using Equations (1)–(3),
as follows:

ADDingest = Csoil × IngR × EF × ED / BW / AT × 10−6 (1)

ADDdermal = Csoil × SA × AF × ABS × EF × ED / BW / AT × 10−6 (2)

ADDinhale = Csoil × InhR × EF × ED / PEF / BW / AT (3)

where ADDingest, ADDdermal, and ADDinhale are the daily exposure to metals through soil
ingestion, dermal contact, and inhalation absorption, respectively; Csoil is the concentration
of metal in soil; IngR and InhR are the ingestion and inhalation rates of soil, respectively;
EF is the exposure frequency; ED is the exposure duration; BW is the body weight of
the exposed individual; AT is the time period over which the dose is averaged; SA is the
exposed skin surface area; AF is the adherence factor; and PEF is the particle emission
factor. The value for each factor was selected according to the literature, which is shown
in Table S1 from Supplementary Materials. ABS is the dermal absorption factor; given in
Table S2 from Supplementary Materials. The non-carcinogenic risks from metals could be
assessed using the hazard quotient (HQ), which is the ratio of the ADD to the reference
dose (RfD, mg·kg−1·day−1) of a metal, for the same exposure pathway. The value of RfD
for each metal is given in Table S2 from Supplementary Materials. In this study, the hazard
index (HI) was defined as the sum of the hazard quotient (HQ) values. If the hazard index
HI ≤ 1, the non-carcinogenic risks were acceptable. The potential non-carcinogenic health
effects occurred when HI > 1 [84].

4. Conclusions

This study reports the concentrations of PBDEs and metals in the soils, sediments, and
vegetables surrounding regulated e-waste recycling sites in China. The results indicated
that the concentrations of these typical chemicals in this site were much lower than those
in irregulated e-waste recycling sites, and are generally comparable to those in the urban
and industrial areas. This study suggested that the regulated operations can substantially
reduce the pollution of PBDEs and metals from the e-waste recycling. The non-carcinogenic
risks from these chemicals were also reduced in comparison to those in the irregulated
e-waste recycling areas. However, this study found that the concentrations of some specific
chemicals in this site were still relatively high. In particular, arsenic pollution in the
recycling site were relatively serious and the non-carcinogenic risks from soil arsenic to
local children exceeded the acceptable level. This suggested that further pollution control
in regulated e-waste recycling is needed.

It should be noted that this is a pilot study with a small set of samples, and some
limitations should be noted. The reported concentrations of chemicals depended on many
factors, including the types of e-waste, the content of chemicals in the waste, the amount of
recycling waste, the method of recycling, and the time of plant operation, as well as the
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local climate conditions. There might also have been some uncertainty associated with
the selection of other studies, for comparison in this study. For example, the sample size
and sampling times in each study varied. The difference of plant species and the growth
period of plants might cause uncertainty in the evaluation of vegetable pollution in this
site. In addition, the nature of the risk assessment also renders the findings uncertain. In
particular, the bioavailability of the chemicals in soils were not considered in this study,
which likely resulted in an overestimation of the potential risks. More importantly, the
occurrence and the associated risks from many other hazardous chemicals released from
the e-waste recycling were not investigated. More research is need to investigate the
risks from multiclass pollutants surrounding the site and the effectiveness of the current
pollution control in the e-waste recycling operation.
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Analysis, Geoaccumulation index, Table S1: Exposure factors and values used in the non-carcinogenic
risk estimation, Table S2: Reference dose of different exposure routes and skin absorption factors,
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area and from other areas, Table S4: Polybrominated diphenyl ether concentrations in sediments
from the regulated e-waste recycling area and from other areas, Table S5: Polybrominated diphenyl
ether concentrations in vegetables from the regulated e-waste recycling area and from other ar-
eas, Table S6, Mean metal concentrations in soils from the regulated e-waste recycling area and
from other areas, Table S7: Mean metal concentrations in sediments from the regulated e-waste
recycling area and from other areas, Table S8: Mean metal concentrations in vegetables from the
regulated e-waste recycling area and from other area, Table S9: Non-carcinogenic risks for individual
polybrominated diphenyl ethers in soils, Figure S1: Map of the soil, sediment, vegetable sampling
sites, Figure S2: Box plots of the geoaccumulation index for heavy metals in soils and sediments.
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Abstract: Cardiovascular diseases (CVDs) have been associated with environmental pollutants. The
scope of this study is to assess any potential relation of polycyclic aromatic hydrocarbons (PAHs),
their hydroxylated derivatives, and trace elements with heart failure via their direct determination
in human serum of Greek citizens residing in different areas. Therefore, we analyzed 131 samples
including cases (heart failure patients) and controls (healthy donors), and the respective demographic
data were collected. Significantly higher concentrations (p < 0.05) were observed in cases’ serum
regarding most of the examined PAHs and their derivatives with phenanthrene, fluorene, and
fluoranthene being the most abundant (median of >50 μg L−1). Among the examined trace elements,
As, Cd, Cu, Hg, Ni, and Pb were measured at statistically higher concentrations (p < 0.05) in cases’
samples, with only Cr being significantly higher in controls. The potential impact of environmental
factors such as smoking and area of residence has been evaluated. Specific PAHs and trace elements
could be possibly related with heart failure development. Atmospheric degradation and smoking
habit appeared to have a significant impact on the analytes’ serum concentrations. PCA–logistic
regression analysis could possibly reveal common mechanisms among the analytes enhancing the
hypothesis that they may pose a significant risk for CVD development.

Keywords: cardiovascular diseases (CVDs); heart failure; polycyclic aromatic hydrocarbons (PAHs);
trace elements; serum

1. Introduction

Air pollution is a major public health problem with a plethora of consequences on
humans and other living beings [1]. An estimated measure of more than 4.2 million
annual global premature deaths related to air pollution has been reported [2]. Outdoor
air pollution is considered the fifth greatest risk factor for all-cause mortality, which is
higher than the acknowledged risk factors, including poor diet and low exercise, and the
first among environmental risk factors [3]. Air pollution consists of plenty of diverse
pollutants partitioned in the gas phase, such as volatile organic compounds (VOCs),
nitrogen oxides (NOx), sulfur dioxide (SO2), carbon monoxide (CO), etc. [4–6] and in
the particle phase including polycyclic aromatic hydrocarbons (PAHs), trace elements,
polychlorinated biphenyls (PCBs), etc. [7,8]. As a result of the presence of different harmful
substances, the International Agency for Research on Cancer (IARC) has classified air
pollution as a human carcinogen [9]. Globally, over 90% of individuals live in areas where
air pollution levels exceed the World Health Organization (WHO) guidelines [2]. The well-
known “Harvard Six Cities Study” was the origin of the link of air pollution to mortality
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from lung cancer and cardiopulmonary disease [10]. In this light, many studies addressed
geographic differences of exposures, for example PAHs and particulates exposures in
urban and rural areas of Czech Republic [11], or temporal sources of pollution, such as
the New York World Trade Center disaster, which was a transient event of PAHs, dioxins,
and inorganic dusts exposure of a well-defined population [12], with air pollution being
associated with mortality [13–16]

Although the lung is the main receptor of air contaminants, air pollution is signif-
icantly associated with cardiovascular diseases (CVDs) [17,18]. In particular, exposure
to atmospheric particulate matter (PM) has been correlated with increased arrhythmia
incidents, carotid intima-media thickness, which is a marker of subclinical atherosclerosis,
with the progression of inflammation and hypertension [19–21], as well as with reduced
heart rate variability (HRV) [22] with particles with diameter <0.3 μm being the most
crucial PM fraction to the reduction of the cardiac autonomic function [23]. Moreover, a
10–30% increase of the death risk from ischemic heart disease per 10 μg m−3 increase of
PM2.5 (particles with aerodynamic diameter <2.5 μm) has been estimated [24]. Generally,
air pollution’s implications on CVDs may lead to higher mortality rates than those caused
by the air pollution impact on respiratory diseases [3]. In Europe, about 3.9 million deaths
annually have been attributed to CVDs making them the leading cause of mortality, with
more than 85 million European citizens living with CVDs during 2015 [25].

PM-bound PAHs are associated with CVDs, with studies involving humans and other
mammals underlining the link of tricyclic PAHs, and especially phenanthrene with arrhyth-
mias, the aggravation of heart failure, heart attacks, and other complications involving
atherosclerosis and ischemia [17,26]. Occupational exposure to PAHs has been also linked
with alterations in cardiac autonomic function, as implied by the decreased HRV [27]. The
cardiovascular toxicity of PAHs involves aryl hydrocarbon receptor (AhR), reactive oxygen
species (ROS), and/or reactive electrophilic metabolites, with the cardiotoxic effects not
being limited to benzo[a]pyrene (BaP) but also to other PAHs including pyrene (PYR),
phenanthrene (PHE), and benzo[e]pyrene (BeP) [28]. PAHs mixtures and especially PHE
cause cardiotoxicity independent of the (AhR) pathway with various toxicant and cellular
pathways involving atherosclerosis, cardiac arrhythmias, and cardiac hypertrophy [26].
For instance, the DNA methylation, caused by exposure to PHE, may induce cardiac hy-
pertrophy with a mechanism that involves the reduction of the miR-133a expression [29].
PAHs constitute a group of compounds formed by the incomplete combustion of car-
bonaceous material, which can be emitted into the atmosphere from both natural and
anthropogenic sources, including vehicular emissions, domestic heating, power plants,
tobacco smoke, and solid waste incineration [30,31]. In developing countries, organic
wastes burning for domestic needs such as cooking [32] is another source of PAHs. After
exposure, PAHs bound to the smallest sized particles in PM2.5 can enter the systemic
circulation un-metabolized and reach various organs [26].

Apart from PAHs, environmental trace elements are a noteworthy but overlooked
source of CVDs risk [33]. Various studies implied that trace elements including As, Cd, Hg,
and Pb may constitute an important factor to CVDs development [34–37]. Although other
trace elements such as Co, Cu, Fe, Se and Zn are essential for the human organism [38–41],
high exposure to them is also associated with the risk of CVD development [24]. Airborne
particle-bound trace elements have both natural and anthropogenic origin, including
natural dust emissions [42], coal [43] and oil combustion [44], the production of iron, steel,
cast iron, etc. [45]. However, metal exposure is usually neglected by the agencies that
produce guidelines about cardiovascular prevention [33].

There is adequate data based on measurements of urinary metabolites of PAHs trying
to link PAHs levels with CVDs [46–48] and other diseases, including rheumatoid arthri-
tis [49] and diabetes [50]. However, data of PAHs levels in plasma and serum related to
CVDs are limited [26]. The determination of PAHs in different human matrices provides
different information based on the selected matrix. For example, urine samples are more
closely related with metabolites derived from biotransformation procedures; hair samples
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are considered ideal for long-term exposure studies; whereas blood, serum, saliva, or ex-
haled breath samples are more associated with unmetabolized PAHs recent exposure [51].
Moreover, blood-borne PAHs compared to their respective metabolites or adducts are less
susceptible to variability from inter-subject differences in metabolism and excretion [52]. In
addition, serum is a more familiar and efficient way for the monitoring of PAHs compared
to other tissues [53]. PAHs have been measured in serum samples not only in an effort to
investigate any potential association with different types of cancer such as leukemia [54]
and bladder cancer [55] but also for the estimation of background burden values [56,57].
Moreover, PAHs have been measured at the maternal serum in order to investigate the pos-
sible transplacental transfer from the mother to the fetus [58], while others have proposed
an inversed trend of maternal serum PAHs and a decreased birth weight [59].

Trace elements are measured in various biological samples, including blood, serum,
erythrocytes, and urine, with the whole blood being the preferred matrix used for the
biomonitoring of the toxic Pb, Cd, and Hg as they are concentrated in the erythrocytes. The
determination of serum trace elements is also prone to errors due to hemolysis, which may
lead to possible errors in the results [60]. However, the elemental composition of serum is
widely studied, as it provides important insights for the state of a human organism [61] and
because it is the most exchangeable blood compartment [60]. Serum trace elements’ levels
have been associated with various CVDs, including coronary artery disease (CAD) [62],
carotid artery atherosclerosis in maintenance hemodialysis patients [63], and other diseases,
such as asthma, various allergic diseases [64], and different types of leukemia [65,66].

Heart failure is a clinical syndrome provoked by multiple causes [67], with the CAD
and arterial hypertension being the leading causes and with heart dysfunction, valvular
disease, tachyarrhythmias, diabetes mellitus, myocarditis, and infiltrative disorders being
some of the other causes [68].

In this perspective, the aim of this work is the determination and comparison of PAHs’
and OHPAHs’ trace elements’ concentrations in human serum of heart failure patients
and healthy donors, all residing in different areas of Greece, and the investigation of
the potential impact of different environmental factors including smoking habit and area
of residence.

2. Results and Discussion

2.1. Cases and Controls

The total concentrations of PAHs, OHPAHs, and trace elements for cases and controls
are presented in Figures 1–3. More detailed information about the mean, median, and
concentration ranges of the analytes is shown in Tables S1–S3.

2.1.1. PAHs

Almost the 70% of the studied PAHs presented detection frequencies over 65% (Ta-
ble S1). In particular, naphthalene (NAP), acenaphthene (ACE), fluorene (FL), PHE,
fluoranthene (FLT) and PYR were detected in 100% of both cases’ and controls’ sam-
ples. Anthracene (ANT), benzo[a]anthracene (BaA), benzo[b,k]fluoranthenes (BFA), and
dibenzo[a,h]anthracene (DBA) were found at detection rates varying from 65.7% (DBA-
control samples) to 93.7% (BFA-cases samples). Lower detection rates were found for
chrysene (CHR) (35.4% in cases and 28.6 in controls), while the rest of the studied PAHs, in-
cluding BaP, acenaphthylene (ACY), indeno[1,2,3 cd]pyrene (IPY), and benzo[ghi]perylene
(BPE) were detected at ≤25% of the samples. As shown in Figure 1, PHE was the dominant
PAH in both cases’ and controls’ serum followed by FL, with the concentrations in cases’
serum being approximately four and three times higher, respectively (p < 0.05) (Table S1).
Significantly higher concentrations in cases’ samples were also observed for the following
PAHs with a concentration descending sequence of ACE, FLT, DBA, PYR, NAP, ANT,
BaA, and BFA with FLT, PYR, and DBA median values being almost 4-fold higher than
those observed in controls’ serum. CHR, BaP, ACY, and IPY did not differ significantly
(p > 0.05), since in many cases and controls samples, their concentration was below the
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limits of detection (LoD). The relative profile of PAHs, regarding the number of rings in
each molecule, in cases’ serum is displayed in Figure 4. The dominance of 3-ring-PAHs
is highlighted as they accounted for the 73% of the total measured PAHs. As a result, the
contribution of low molecular weight PAHs (LMW PAHs) was almost three times higher
than that of high molecular weight PAHs (HMW PAHs). Consequently, the significantly
higher concentrations of the majority of PAHs and especially LMW PAHS, detected in this
work, may play a pivotal role in the development of heart failure.

Figure 1. Variation of PAHs (μg L−1) both for cases and controls (+ outliers, o values above 3rd quartile and * p-value < 0.05)
in logarithmic scale (PHE:phenanthrene, FL:fluorene, ACE:acenaphthene, FLT:fluoranthene, DBA:dibenzo[a,h]anthracene,
PYR:pyrene, NAP:naphthalene, ANT:anthracene, BaA:benzo[a]anthracene, BFA:benzo[b,k]fluoranthenes, CHR:chrysene,
BaP:benzo[a]pyrene, ACY:acenaphthylene, IPY:indeno[1,2,3 cd]pyrene, BPE:benzo[ghi]perylene).
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Figure 2. Variation of OHPAHs (μg L−1) both for cases and controls (+ outliers, o values above 3rd quartile
and * p-value < 0.05) in logarithmic scale (1OHPYR:1-hydroxypyrene, 1OHPHE:1-hydroxyphenanthrene, 1OHNAP:1-
naphthol, 9OHPHE:9-hydroxyphenanthrene, 2OHPHE:2-hydroxyphenanthrene, 2OHNAP:2-naphthol, 3OHPHE:3–
hydroxyl-phenanthrene).

High PAHs detection frequencies combined with higher percentages of LMW com-
pared to HMW PAHs in serum have been reported in many other studies [54,69,70].
However, relatively low rates (<20%) have been also reported in a pilot study in a rural area
of Egypt [71]. PAHs have been found in significantly higher concentrations in the serum
of patients than those of corresponding controls’ serum in the cases of bladder cancer,
leukemia, and polycystic ovary syndrome [54,55,72].
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Figure 3. Variation of trace elements (μg L–1) both for cases and controls (+ outliers, o values above 3rd quartile and
* p-value < 0.05) in logarithmic scale.

Figure 4. Distribution of HPAHs and LPAHs in cases’ serum.
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2.1.2. OHPAHs

Urinary OHPAHs are considered as PAH metabolites, and as a result, most stud-
ies that related PAHs exposure and CVDs have studied OHPAHs in urine [46,47,73–75].
However, concentrations of OHPAHs and/or the parent ones in urine do not only de-
pend on the external exposure but also on difference in the metabolism and bioconver-
sion procedures in each individual organism [76]. Therefore, noteworthy results can
also be extracted from serum determination, too [54,72]. The detection frequencies of
OHPAHs are shown in Table S2. In cases’ serum, OHPAHs were detected at higher
rates than those measured in controls’, with 1-hydroxypyrene (1OHPYR) being found at
all samples followed by 1-hydroxyphenanthrene (1OHPHE) and 1-napthol (1OHNAP)
with respectively equal rates of 96.9 and 65.6%. The rest of the studied OHPAHs such
as 9-hydroxyphenanthrene (9OHPHE), 2-hydroxyphenanthrene (2OHPHE), 2-naphthol
(2OHNAP), and 3-hydroxyphenanthrene (3OHPHE) were detected at <37% of the samples.
However, in controls’ serum, the detection frequencies ranged from 8.57% (3OHPHE)
to 77.1% (1OHPYR). Higher detection frequencies of serum OHPAHs have been found
in other studies, from 70% (9OHPHE) to 100% (2OHNAP) in cases’ samples and from
50% (9OHPHE) to 100% (2OHNAP) in that of controls [72]. Nevertheless, lower rates
were found in our previous study (40–70% in cases and <25% in controls) [54]. In general,
OHPAHs presented lower concentrations than the parent ones. Significantly (p < 0.05)
higher concentrations in cases’ serum were observed, in descending order, for 1OHPYR,
1OHPHE, 1OHNAP, 9OHPHE, as well as ΣOHPAHs (Table S2, Figure 2). 1OHPYR was
the most abundant with a median of 1.87 μg L−1 followed by 1OHPHE and 1OHNAP with
median values 1.48 and 0.71 μg L−1, respectively. 2OHNAP, 2OHPHE, and 3OHPHE did
not differ significantly, as in many samples, their values were found below the LoD.

Although data concerning OHPAHs serum levels are sparse, some of them appear to
be significantly higher in the serum of acute leukemia patients and women with polycystic
ovary syndrome than that of the respective control subjects [54,72].

2.1.3. Trace Elements

Trace elements were widely detected in the serum samples, with detection frequencies
over 73.9% in cases’ serum and from 57.1% in control’s serum (Table S3). Significantly
higher (p < 0.05) concentrations in cases’ serum were observed for copper (Cu), lead (Pb),
mercury (Hg), arsenic (As), nickel (Ni), and cadmium (Cd), while higher, but not signifi-
cantly (p > 0.05), concentrations were found for cobalt (Co). On the contrary, chromium (Cr),
rubidium (Rb), and barium (Ba) were found at higher levels in controls’ serum; the differ-
ence was statistically significant (p > 0.05) only in the case of Cr though (Figure 3, Table S3).
Recent reviews have highlighted the association of both known toxic and essential metals
with CVDs development [77,78]; thus, the elements that were observed with significantly
different concentrations in cases’ or control’s serum will be separately discussed.

Arsenic (As) is a toxic metalloid that enters the organisms through food, drinking
water, cigarette smoke, and through inhalation of particle bound As [7,36,79,80]. According
to the U.S Agency for Toxic Substances and Disease Registry, the safe level for As in human
blood is suggested to be less than 70 μg L−1 [81]. The As levels presented in this work are
greatly lower than the suggested value; however, As concentrations in cases’ serum were
approximately 3.5 times higher than those measured in controls (median of 3.39 versus
0.98 μg L−1). In other studies, As was measured in the serum of 17–20-year-old students
and was found at lower levels with median concentrations from 2.43 to 2.81 μg L−1, with
the highest As values being attributed to seafood intake [79]. Relatively higher concentra-
tions of As were measured in whole blood samples of kids with learning disorders (mean
of 12.1 ± 5.19 μg L−1) which were significantly higher than the corresponding control
values (9.73 ± 4.39 μg L−1) [82]. Moreover, significantly higher concentrations of As were
found in the serum of chronic kidney disease patients receiving continuous ambulatory
peritoneal dialysis (mean of 3.79 μg L–1) than those found in the respective control sam-
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ples (0.52 μg L–1), which was related with the increased CVD risk of the specific target
group [83].

Regarding the toxic Cd, WHO has evaluated the values of 0.1 μg to 4 μg L–1 of the
Cd blood concentrations characterizing a healthy and unexposed adult [84]. Although our
findings are under the limits, the observed statistical difference between cases (median of
0.64 μg L–1) and controls (median of 0.17 μg L–1) can not be ruled out. In other studies, the
Cd serum levels of CAD patients were found to be higher than those of the negative sub-
jects with a mean of 2.44 μg L–1 versus 1.15, although the difference was not significant [62].
However, the Cd serum levels of patients on maintenance hemodialysis (HD) were signifi-
cantly higher than those of the control group, which was independently associated with
carotid atherosclerosis: a disease common in the specific patient group [69]. Additionally,
Cd exposure was associated with atherosclerosis cardiovascular disease (ASCVD) through
the strong relationship of Cd blood levels from approximately 2500 individuals with the
10-year ASCVD risk scores, using risk prediction models [85].

Hg is an easily accessible toxic metal with various intake pathways, such as air,
water, food, vaccines, pharmaceuticals, and cosmetics, with its cardiotoxic effects being
strongly associated with hypertension, coronary heart disease, myocardial infarction,
cardiac arrhythmias, carotid artery obstruction, cerebrovascular accident, and generalized
atherosclerosis [86]. The recommended, by the U.S. National Academy of Sciences (NAS),
average level of Hg in human blood is below 5 μg L–1 [87]. In the current work, 29 out
of 96 cases’ samples, i.e., 30.2%, presented concentrations above the proposed level, with
the median concentration, however, being below the limit (3.33 μg L–1). Significantly
lower concentrations (p < 0.05) were measured in control samples varying from below the
detection limits to 3.57 μg L–1, with a median value of 0.46 μg L–1. Elevated concentrations
were also found in the serum of CAD patients (8.19 μg L–1), which were significantly
higher than the respective concentrations of controls’ serum (4.11 μg L–1) [62]. Similar to
Cd, Hg blood levels were also linked with the ASCVD risk in the Korean population [85].
Relatively high concentrations of blood Hg (mean of 102 ± 55.8 μg L–1) have been reported
for workers in Artisanal and Small-Scale Gold Mining (ASGM) operations in Ghana, where
Hg exposure was notably elevated [88]. Although the cardiovascular implications of
Hg have been evaluated [89] its biokinetics and actions in the CV system are still quite
elusive [90].

Regarding Pb, there is sufficient evidence for adverse health effects in children and
adults at blood levels <50 μg L–1 [91]. Pb in the serum samples varied from 5.18 to
77.0 μg L–1, with a median of 19.8 μg L–1 which is significantly higher (p < 0.05) than those
found for healthy donors’ samples (median of 6.44 μg L–1). In other studies, Pb has been
also found in the serum of CAD patients with a mean of 8.19 μg L–1, which is over two
times higher than the respective control samples (mean of 3.69 μg L–1) [62]. Pb competes
with the essential metals, such as calcium (Ca), iron (Fe), and zinc (Zn), as it is able to
bind and/or interact, with parallel ways as the latter, with the same enzymes resulting
in the inhibiting of the enzyme’s ability to catalyze its normal reactions [92]. The general
mechanisms to CVD development, among others, include the induction of oxidative stress,
impairment of the nitric oxide system, the increased generation of ROS, changes in the
Ca+2 transport and intracellular distribution, etc. [93,94]. Pb blood levels with a geometric
mean of 20.7 μg L–1 have been associated with the prevalence of peripheral arterial disease
in the US population [95] and with the ASCVD risk in the Korean population [85]. Pb along
with Cd have been also found in significantly higher concentration in the serum of acute
hemorrhagic stroke patients than the corresponding controls’ serum, indicating a possible
association with this stroke subtype [96].

Apart from the known toxic metals, imbalanced levels of essential metals such as
Cr, Co, Cu, magnesium (Mg), Ni, selenium (Se), tungsten (W), and Zn are significantly
associated with CVDs [78]. As a result, the significantly higher concentrations (p < 0.05)
observed, in this study, for Cu and Ni might have a role in heart failure development.
Significantly higher concentrations of Co and Cu were also noticed in the serum of HD
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patients than those of controls’ samples having a plausible association of increased CVD
risk [69]. Elevated Cu levels in serum (median of 1175 μg L–1) were found to be associated
with CVDs among US adults [97]. In another study of 4035 middle-aged men, increased
serum Cu levels were linked with a 30% increase in CV mortality [98], while other papers
underline the relation of circulating blood levels of the essential Ni and Cr with atheroscle-
rotic plagues in elderly [99]. However, as far as Cr is concerned, lower concentrations
have been measured in the serum of CVD patients than those of the healthy controls [100],
which is in agreement with the findings of this study. Particularly, Cr median values were
0.40 μg L–1 in cases’ serum versus 0.57 μg mL–1 in controls (p < 0.05). In other works, blood
and scalp hair Cr was found at lower levels of myocardial infraction patients than the
controls, which was attributed to the increased urinary loss of this element [101]. The
possible protective role of Cr against CVD was indicated as in a case-control study con-
ducted involving CVD patients, where the toenail Cr levels were higher for the control
participants [102].

2.2. Cases with Different Smoking Habits and Residence Areas

Data obtained from cases’ serum was further classified depending on sex, smoking
habit (current smokers, ex-smokers, and non-smokers) and the area of residence (urban,
industrial, and rural).

2.2.1. Sex

Gender-based variation is a common classification of the data in case-control and co-
hort studies [103]. Most of the analytes presented higher concentrations in men (Figure 5),
although only a few differences were significant (p < 0.05). In particular, regarding PAHs,
PHE, BaA, and CHR presented significantly (p < 0.05) higher concentrations. OHPAHs, on
the contrary, did not present any significant gender-based variation, although 1OHPHE
was clearly higher in men’s serum (p = 0.054). Among trace elements, only Pb presented
statistically higher concentrations in men (p < 0.05), which is in agreement with a previous
study involving Greek citizens from Athens Metropolitan Area [104]. Various population
studies have presented higher (p < 0.05) concentrations in males’ blood or serum. Particu-
larly, in Korean men, blood Hg and Pb were found at significantly higher levels [105]. In
Brazil, Cu and Pb were significantly correlated with gender and age [106]. In France, mean
levels of blood Pb and Zn were found significantly higher in men, whereas Co and Cr were
found significantly higher in women [107]. In the serum of Chinese students (17–20 years
old), Pb was significantly higher in men [79]. A possible reason for the higher observed
Pb in men’s samples could be the higher male hematocrit levels, as lead tends to bind to
erythrocytes [108].

2.2.2. Smoking Habit

Cigarette smoking is the major preventable cause of human death in the Western world
being responsible for approximately 5 million annual premature deaths globally [109]. It is
also a critical factor for CVD development and the second main cause of CVD mortality after
high blood pressure [110]. Current and recent smokers are more vulnerable to smoking-
related CVD risks than those who have quit smoking for a long time and non-smokers [111],
with current or past smoking increasing the heart failure risk [112]. In Figures 6–8, cases’
samples are classified in terms of the smoking habit. Among PAHs, PHE, FL, ACE, FLT,
PYR, IPY (in a decreasing concentration sequence), and ΣPAHs (not shown in the figure)
presented statistically higher concentrations in smokers’ serum followed by ex-smokers,
while BFA and BaP were measured at higher levels in ex-smokers’ samples followed by
smokers (Figure 6). HMW PAHs such as CHR, BaA, BaP and BPE were significantly
higher in the serum of smoker leukemia patients [54]. In other studies, ACE and BaP were
significantly higher in smokers’ samples, although the number of smokers in that study
was limited [70]. Additionally, PAHs derivatives such as 1OHPYR, 1OHPHE, 1OHNAP,
and ΣOHPAHs (not shown in the figure) were significantly higher in smokers (Figure 7).
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Although data about serum OHPAHs are limited, in smokers’ urine, higher levels of NAP,
FL, PHE, and PYR metabolites have been frequently found compared to non-smokers’
urine [113,114].

Figure 5. Cont.
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Figure 5. Cont.
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Figure 5. PAHs (A), OHPAHs (B), and trace elements’ (C) variation according to the gender of cases in μg L−1 (+ outliers
and o values above 3rd quartile, * p < 0.05) in logarithmic scale (PHE:phenanthrene, BaA:benzo[a]anthracene, CHR:chrysene,
FL:fluorene, ACE:acenaphthene, FLT:fluoranthene, DBA:dibenzo[a,h]anthracene, PYR:pyrene, NAP:naphthalene,
ANT:anthracene, BFA:benzo[b,k]fluoranthenes, BaP:benzo[a]pyrene, ACY:acenaphthylene, IPY:indeno[1,2,3 cd]pyrene,
BPE:benzo[ghi]perylene, 1OHPYR:1-hydroxypyrene, 1OHPHE:1-hydroxyphenanthrene, 2OHNAP:2-naphthol, 1OHNAP:1-
naphthol, 9OHPHE:9-hydroxyphenanthrene, 2OHPHE:2-hydroxyphenanthrene, 3OHPHE:3-hydroxyphenanthrene).
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Figure 6. Variation of PAHs (μg L−1) in cases’ serum regarding the smoking habit (+ outliers, o values above
3rd quartile, and * p-value <0.05) in logarithmic scale (PHE:phenanthrene, FL:fluorene, ACE:acenaphthene,
FLT:fluoranthene, PYR:pyrene, BFA:benzo[b,k]fluoranthenes, BaP:benzo[a]pyrene, IPY:indeno[1,2,3 cd]pyrene,
DBA:dibenzo[a,h]anthracene, NAP:naphthalene, ANT:anthracene, BaA:benzo[a]anthracene, CHR:chrysene,
ACY:acenaphthylene, BPE:benzo[ghi]perylene).

Of trace elements, Hg, Ni, Cd, Co, and Cr were significantly higher in smokers’ serum
(Figure 8) followed by ex-smokers, while Cu, As, and Pb were found statistically higher
in ex-smokers’ serum followed by smokers. Ba and Rb did not present any noticeable
trends. It is well known that tobacco and cigarette smoke contain plenty of trace elements
including aluminum (Al), As, Ba, Beryllium (Be), Cd, Cr, Co, Cu, Fe, Hg, manganese
(Mn), Ni, Pb, etc. [115]. Blood Pb and Hg levels were elevated compared to those of
non-smokers [105]. A noteworthy increase of blood Cd levels have been related with
smoking [114,116]. Particularly, in Greece, the blood Cd concentration of smokers has
been found to be almost three times higher compared to non-smokers [104]. Nevertheless,
significantly higher levels of blood Cd and Pb but lower blood Co and Hg have been also
reported for smokers compared to non-smokers [107].
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Figure 7. Variation of OHPAHs (μg L−1) in cases’ serum regarding the smoking habit (+ outliers, o values above 3rd quartile,
and * p-value < 0.05) in logarithmic scale (1OHPYR:1-hydroxypyrene, 1OHPHE:1-hydroxyphenanthrene, 1OHNAP:1-
naphthol, 2OHNAP:2-naphthol, 9OHPHE:9-hydroxyphenanthrene, 2OHPHE:2-hydroxyphenanthrene, 3OHPHE:3-
hydroxyphenanthrene).

2.2.3. Area of Residence

In a recent study in Greece, air pollution was associated with mortality in both urban
and rural areas [117]. After the economic crisis, the air quality of Athens and Thessaloniki,
the two major Greek cities where almost the 50% of the population lives, was significantly
degraded, especially during the winter months, due to biomass burning for domestic
heating [118–121]. During crisis, there is evidence of increased number of CVD prevalence,
although the atmospheric impact on CV system was not taken into consideration [122].
Significant amounts of PM, particle bound trace elements, and gas/particle phase PAHs
have been measured in the Greater Athens Area [7,123], with a recent study highlighting
combustion processes emissions as the crucial contributor to the PM2.5 and PM1 mass [124].
In Figures 9–11, cases’ data are classified among the area of residence. As shown in Figures
9 and 10, significantly higher (p < 0.05) concentrations of PHE, FL, ACE, FLT, PYR, NAP,
and ANT as well as 3OHPHE from the OHPAHs group have been measured in the serum
of urban site residents, followed by those of industrial sites, while in the serum of rural
sites residents, the lowest PAHs concentrations were observed, except for ACY, revealing
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an important contribution of atmospheric PAHs yields to the serum concentrations. PAHs
do not enter the human body only via inhalation, with food intake being also among the
major sources [125]. As a result, the relative contribution of airborne PAHs, compared
to other sources, regarding the CVD development, relies on location, dietary habits etc.,
although most of the PAHs that are taken up by the gastro-intestinal tract are subjected
to first-path metabolism and eliminated in the liver [28]. On the other hand, inhaled
BaP is absorbed in the alveolar region, enters the circulation, and reaches the heart and
vasculature unmetabolized [28,126]. In our previous study, area of residence appeared to
be an important contributor to the enhanced levels of ACY, BaP, IPY, and BPE in leukemia
patients’ serum [54].

Figure 8. Variation of trace elements (μg L −1) in cases’ serum regarding the smoking habit (+ outliers, o values above 3rd
quartile and * p-value <0.05) in logarithmic scale.
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Figure 9. PAHs variation according to the area of residence of cases in μg L−1 (+ outliers and o values above 3rd quartile and
* p-value <0.05) in logarithmic scale (PHE:phenanthrene, FL:fluorene, ACE:acenaphthene, FLT:fluoranthene, PYR:pyrene,
NAP:naphthalene, ANT:anthracene, DBA:dibenzo[a,h]anthracene, BaA:benzo[a]anthracene, BFA:benzo[b,k]fluoranthenes,
CHR:chrysene, BaP:benzo[a]pyrene, ACY:acenaphthylene, IPY:indeno[1,2,3 cd]pyrene, BPE:benzo[ghi]perylene).

By contrast, the toxic Pb and Hg were found at statistically higher levels in the serum
of industrial site residents (Figure 11), with the lowest concentrations of most metals
observed in the samples of rural site residents, further implying the possible contribution
of the local air quality on serum’s concentrations. In other studies, Pb blood levels were
elevated in urban areas citizens compared to those of industrial and rural, while Hg was
higher in the industrial citizens’ samples [127]. Significant associations between airborne
trace elements and the corresponding serum levels were also found in a study conducted in
China, with those who lived in urban sites, under elevated Pb and Cd emissions, presenting
increased levels in their serum [79].
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Figure 10. OHPAHs variation according to the area of residence of cases in μg L−1 (+ outliers and o val-
ues above 3rd quartile and * p-value <0.05) in logarithmic scale (9OHPHE:9-hydroxyphenanthrene, 3OHPHE:3-
hydroxyphenanthrene, 1OHPYR:1-hydroxypyrene, 1OHPHE:1-hydroxyphenanthrene, 2OHNAP:2-naphthol, 1OHNAP:1-
naphthol, 2OHPHE:2-hydroxyphenanthrene).

2.3. Principal Component Analysis (PCA)

PCA was carried out in order to assess any potential data patterns and to evaluate
the possible relationships among the analytes that may occur. PCA is widely used in
environmental studies [7,128,129]; nevertheless, applying PCA in biological samples may
provide useful information for discussion and further research [54,130]. In this work, PCA
was applied in cases and controls datasets separately (Table 1). Three components were
chosen for PCA due to the fact that components after the fourth component explained
variance less than 6.5%, and they could not have an adequate meaning of the results.
Particularly, three components explained 37.0 and 35.8% of the variance in the cases and
controls datasets, respectively. Of cases’ data, Factor 1 (18.2%) was tightly loaded with
most of the LMW PAHs (except for ACY) FLT, PYR, 2OHPHE, 3OHPHRE, and OH1PYR,
while the HMW PAHs were mostly clustered in Factor 3 (8.3%). The distribution of PAHs
in the two factors could be explained by the different mechanisms of the compounds.
For example, a recent study suggested that HMW PAHs including BFA, IPY, BaP, DBA,
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and others are crucial activators of AhR-mediated enzyme expressions [131]. On the
contrary, LMW PAHs such as PHE are weak AhR agonists [132], having different unique
cardiotoxicity mechanisms [26]. Factor 2 (10.3%) is loaded mostly by trace elements, with
Cd, Co, Hg, and Pb presenting strong correlation. Regarding the metal toxicity, there
are general mechanisms applied to all toxic metals, although some individual metals
present additional unique mechanisms [133]. For instance, As, Cd, Hg, and Pb generate
multiple reactive oxygen species, promoting oxidative stress [92,133]. In addition, Cd and
Pb compete with the essential Zn, as they have similar physicochemical properties, for the
binding sites of enzyme proteins [134]. As a result, the strong relation among some specific
metals can be indicative of a similar mechanism, although the metal-induced cardiotoxicity
mechanisms vary widely, and there is still a great matter of research [77]. Interestingly, the
PCA that refers to the controls’ samples is completely different, with mixed factors and less
significant correlations, supporting the hypothesis that PAHs and trace elements constitute
a notable factor of heart failure development.

Figure 11. Trace elements variation according to the area of residence of cases in μg L−1 (+ outliers and o values above 3rd
quartile and * p-value <0.05) in logarithmic scale.
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Table 1. Varimax rotated PCA for PAHs, OHPAHs, and trace elements for cases’ and controls’
samples. (Loadings > 0.600 appeared in bold).

Cases Controls

Variance % 18.2 10.5 8.3 15.0 12.0 8.8

1 2 3 1 2 3
PHE 0.873 −0.100 0.137 0.074 0.631 −0.481
FLT 0.866 0.016 0.159 0.215 0.187 −0.238
ACE 0.804 0.211 0.059 0.089 0.295 −0.394
NAP 0.764 −0.063 0.171 0.505 −0.302 −0.112

1OHPYR 0.741 0.362 −0.334 −0.126 0.704 0.247
FL 0.735 0.090 0.237 0.022 0.118 −0.020

PYR 0.694 0.177 0.289 −0.240 0.639 0.164
2OHPHE 0.692 −0.111 −0.129 0.553 0.365 −0.213

ANT 0.676 0.101 0.209 0.490 0.219 0.022
3OHPHE 0.634 −0.067 −0.252 0.016 0.268 0.589

Cd 0.139 0.704 0.122 −0.113 0.196 −0.365
Pb 0.138 0.631 0.118 0.613 0.089 0.203
Co 0.011 0.624 0.091 −0.325 −0.440 −0.016
Hg 0.015 0.601 0.118 0.110 −0.041 −0.002

CHR 0.061 −0.051 0.728 0.604 0.012 −0.042
BaA 0.313 −0.009 0.614 0.452 0.007 0.173
DBA −0.118 −0.172 0.610 −0.012 0.746 0.146
BFA 0.189 0.073 0.606 0.482 0.514 0.083
ACY 0.290 0.027 0.033 0.536 −0.192 0.214
BaP −0.034 0.360 −0.006 0.901 −0.024 0.057
IPY −0.038 0.155 0.324 0.803 0.231 −0.176

1OHNAP 0.023 0.507 −0.038 0.005 0.261 0.644
2OHNAP 0.200 0.420 −0.142 −0.006 −0.094 0.477
1OHPHE −0.098 0.473 −0.255 0.314 0.291 0.225
9OHPHE 0.368 0.264 −0.221 −0.003 −0.258 0.057

As 0.014 0.364 0.303 0.229 0.239 0.099
Ba 0.419 0.215 −0.174 0.386 0.028 −0.244
Cr 0.063 0.432 −0.188 0.166 0.252 0.776
Cu 0.031 0.303 −0.150 0.464 −0.487 0.256
Ni −0.026 0.522 0.244 0.338 −0.040 −0.233
Rb −0.197 0.048 −0.217 −0.005 0.457 −0.030

The latter hypothesis was further evaluated by applying logistic regression model,
which is a tool generally used for the analysis of the relationship between individual
risk/protective factors and outcomes [135]. Briefly, a new PCA was performed in the whole
dataset including both cases’ and controls’ samples (Table S4). The regression-based factor
scores of each sample for each of the three principal components (not shown), derived
from the PCA, were saved as variables. Then, they were used as the input independent
values and the clinical outcome (control or case occurrence) as the dependent variable for
the regression analysis [136]. The Hosmer and Lemeshow Test (goodness-of-fit) indicated
that the model is a satisfactory fit to the data (Table S5). Our results (Table 2) showed
that every factor was statistically significant (p < 0.05), implying the plausible role of the
studied compounds to heart failure development. It is noteworthy to mention that the
strongest correlation was observed for Factor 2 (highest exp(B) value), which was mostly
related with trace elements, supporting the outcome of the meta-analysis of Chowdhury
et al. 2018, who highlighted the positive and approximately linear association of As, Pb,
and Cd exposure with the risk of CVDs [137].
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Table 2. The result of the logistic regression analysis.

B S.E. Wald Sig. Exp(B)
95% C.I. for EXP(B)

Lower Upper

Regression Scores Factor 1 3.375 1.518 4.945 0.026 29.214 1.492 571.879
Regression Scores Factor 2 10.534 3.868 7.418 0.006 37,561.068 19.167 73,6079,32.642
Regression Scores Factor 3 4.592 1650 7.747 0.005 98.668 3.890 2502.895

PCA was also performed according to the classification regarding the residence area
as discussed in 2.2.3. As shown in Table S6, when the analysis refers to industrial sites,
Factor 1 was dominated by the majority of PAHs. In addition, regarding the urban sites, the
first two factors were loaded with LMW PAHs and their hydroxylated derivatives. Such
trends were not observed in the analysis referring to rural areas, suggesting that air quality
degradation could possibly be an important contributor to serum PAHs levels [54].

2.4. Strengths and Weaknesses

The present paper reports preliminary results on the relation of specific organic
compounds, their metabolites, and trace elements with heart failure, using the approach of
their direct measurement in human serum of cases and controls. To our knowledge, these
kinds of results are reported for the first time. The findings of this study could provide
useful insights about the abundance of PAHs and trace elements levels in patients serum,
which are quite limited. In addition, through statistical analysis, atmospheric degradation
and smoking appear to be significant contributors to the elevated serum levels of some
pollutants and thus possibly enhance the development of heart failure.

However, this study does not provide evidence that PAHs, OHPAHs, and trace
elements in serum are biomarkers for heart failure and it is clearly not an epidemiological
study. The findings from this study should be interpreted with caution, as the population
size, unknown factors related with CVDs (blood pressure, total cholesterol, or high-density
lipoprotein cholesterol) and the lack of information for the dietary habits of the participants
could set limits to the outcome. The findings of this study are based on a small dataset;
thus, the statistics could be limited by confounding factors. Further studies are warranted
regarding patients with specific disease such as CAD, or specific target groups, to estimate
the possible CV risk from the elevated levels of PAHs and/or trace elements. The use of
other biological matrices including whole blood, urine, and/or hair together with serum
should be included in a future study.

3. Materials and Methods

3.1. Study Population

Ninety-six heart failure patients (cases) were recruited in General Hospital of Athens
“Laiko” and participated on a voluntary basis. We defined incident heart failure diagnosis
as the first record of heart failure in hospital admission records from any diagnostic position.
Thirty-five healthy subjects (controls) were recruited as a reference. Inclusion criteria were
the following: (1) the number of male and female participants should not differ significantly
for both cases and controls (p > 0.05); (2) all participants should live in different residence
areas, all over Greece, with different air quality levels; (3) the number of participants
who were current smokers, ex-smokers, and non-smokers, should not differ significantly
for both cases and controls (p > 0.05); (4) age of the participants more than 18 years;
(5) long-term residence in the same area criterion was established (>5 consecutive years in
the same area). The exclusion criteria were as follows: (1) all participants should not take
any mineral supplement; (2) healthy subjects should not suffer for any other known disease
(e.g., infectious disease). Each participant was informed in detail about the aims of the
study and signed a written protocol. The study was approved by the Scientific Committee
of “Laiko” Hospital, 1499/16/11/2017, according to the Helsinki Declaration. A detailed
questionnaire was filled out by all participants and personal information was collected,
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such as gender, age, area of residence (urban, industrial, rural), and current smoking status
(current smoker, ex-smoker, nonsmoker). Main socio-demographic characteristics of both
controls and cases are shown in Table 3. Binomial test, for two variables, and Chi square test,
for >2 variables, were carried out, respectively, with the hypothesis of equal probabilities.
A value of p < 0.05 (95% confidence level) was considered to indicate a significant difference
and thus retain the null hypothesis. The study focused on the different environmental
factors, such as smoking and air quality of the residence area, which could possibly affect
the analytes’ serum concentration.

Table 3. Demographic characteristics and smoking status for controls and cases.

Cases (n = 96) Controls (n = 35)

N (%) p Value N (%) p Value

Sex
Men 52 54.2

0.475
18 51.4

0.999Women 44 45.8 17 48.6
Residence Area

Industrial 31 32.3
0.380

15 42.9
0.499Urban 38 39.6 20 57.1

Rural 27 28.1 - -
Age (Years)

40–49 12 12.5

0.004

15 42.8

0.449
50–59 26 27.1 11 31.4
60–69 27 28.1 9 25.7
70–79 23 24.0 - -
80–89 8 8.3 - -

Smoking Habit
Ever 36 37.5

0.519
11 31.4

0.892Ex 27 28.1 11 31.4
Never 33 34.3 13 37.1

3.2. Blood Sampling and Pretreatment

Blood samples were collected by qualified personnel at the General Hospital of Athens
“Laiko”, during 2018. A total of 131 samples were obtained, from which 96 refer to cases
(heart failure patients) and 35 refer to controls (healthy donors). From each participant,
approximately 5 mL of blood were collected. The samples were centrifuged within 30 min
for 10 min at 4500 rpm in order to separate serum from the cellular components. They were
stored at −67 ◦C, until their transfer to our laboratory for further analysis (Laboratory of
Analytical Chemistry, NKUA). Storage tubes were tested for any contamination by recovery
tests using same solvents as in the procedure.

3.3. PAHs and OHPAHs Analysis and Quality Control

The extraction, clean up, and derivatization procedure has been described in detail
in previous work [60]. Briefly, after the addition of internal standards, extraction was per-
formed in an ultrasonic bath, followed by a pre-concentration step with a rotary evaporator.
The concentrated sample was cleaned up using glass column chromatography. The eluted
fraction containing PAHs was adjusted at 0.5 mL using a gentle steam of nitrogen, while the
fraction containing OHPAHs was gently evaporated until dryness followed by the addition
of the derivatization reagents, i.e., 250 μL of N,O-bis(trimethylsilyl)trifluoroacetamide
(BSTFA) with 1% trimethylchlorosilane (TMCS) and 50 μL of anhydrous pyridine. The
reaction took place in an oven at 70 ◦C for 3 h. A gas chromatography/mass spectrome-
try system (GC/MS) (6890N/5975B, Agilent Technologies, USA) was employed for the
determination of both fractions. The GC instrument was equipped with a split/splitless
injector and an HP-5ms (5%-(phenyl)-methylpolysiloxane) (Agilent J&W GC Columns,
Agilent Technologies, Santa Clara, CA, USA) capillary column. High-purity helium was
used as carrier gas with a velocity of 1.5 mL min−1. Pulsed split-less mode was used for the
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injection and the injector’s temperature was set at 280 ◦C. For PAHs and OHPAHs analysis,
the GC oven temperature program was 65 ◦C (hold for 1 min) to 320 ◦C at 15 ◦C/min
with final isothermal hold for 3 min. In both cases, inlet and MS source temperatures were
280 and 230 ◦C, respectively. The selected ion monitoring (SIM) mode was used for the
quantification of the analytes.

The PAH-determination procedure was validated using the Polynuclear Aromatic Hy-
drocarbons Mix (Supelco, Darmstadt, GER), which is a standard solution of the compounds
studied including NAP, ACY, ACE, FL, PHE, ANTH, FTL, PYR, CHR, BaA, BFA, BaP, IPY,
DBA, and BPE. In the same way, a OHPAHs mix was prepared including the following
compounds: 1OHNAP, 2OHNAP, 1OHPHE, 2OHPHE, 3OHPHE, 9OHPHE, and 1OHPYR.
Recovery rates and selectivity were evaluated using spiked blood serum. Blank samples,
i.e., mixtures of controls’ serum obtained by non-smoking residents of low polluted areas
(mainly from Greek islands), were pretreated in the same way and analyzed in order to
examine the potential background effect. Recovery rates, LoD, and limits of quantification
(LoQ) are shown in Table S7. In general, recoveries ranged from 72.5% (1OHNAP) to 136%
(ACY) and LoD varied from 0.001 (BaP) to 0.11 (NAP) μg L–1.

3.4. Trace Elements’ Analysis and Quality Control

All plastic materials that came into contact with the serum samples were previously
washed thoroughly, soaked in dilute nitric acid (HNO3) (Merck, Darmstadt, Germany),
and rinsed with ultrapure water of 18.2 MΩ cm (Millipore, Bedford, MA, USA). The
followed pretreatment procedures have been described elsewhere [138,139]. Briefly, 0.5 mL
of serum were wet digested using a mixture of HNO3 (suprapur 65%) and hydrogen
peroxide (H2O2) (suprapur 30%) (Merck). The samples were analyzed with inductively
coupled plasma mass spectrometry (ICP-MS) by a Thermo Scientific ICAP Qc (Waltham,
MA, USA). Measurements were carried out in a single collision cell mode, with kinetic
energy discrimination (KED) using pure He. Matrix induced signal suppressions and
instrumental drift were corrected by internal standardization (45Sc, 103Rh).

In each batch of 10 samples, at least one laboratory blank was analyzed. In case
trace element concentrations in the reagent blank were detectable, the procedure for the
whole batch was repeated. In order to verify the accuracy and precision of the method, the
certified reference materials (CRM) “Plasma Control lyophilized, Levels I and II” (RECIPE
Chemicals + Instruments GmbH, Munich, Germany) were used. The recoveries for As,
Cd, Co, Cr, Cu, Ni, and Pb ranged from 95.1 to 105% (certified values for Ba, Hg and Rb
are not included in the specific certified reference materials). The USEPA method [140]
was applied for the calculation of the LoD and LoQ. LOD ranged from 0.10 μg L–1 (Cr) to
0.7 μg L–1 (Ba).

3.5. Statistical Analysis

The SPSS software package (IBM SPSS statistics version 24) was employed for sta-
tistical analysis purposes. SPSS software is a common tool for statistical analysis of data
from environmental including air [7,141,142], water [143], and soil [144] samples or biolog-
ical [60,145] samples.

Hypothesis tests for population proportion were carried out using binomial test
(2 variables) and chi-square test (3 or more variables). p values > 0.05 indicate non–
significant difference. The normal distribution of the data was assessed using the Shapiro–
Wilk and Kolmogorov–Smirnov tests, with a value of p > 0.05 indicating normal distribution.
As no variable of the dataset was normally distributed, the possible statistical differences
between two or more independent variables were investigated using the Mann–Whitney
and Kruskal–Wallis tests, respectively, with the value of p < 0.05 indicating statistically
significant difference. Principal Component Analysis (PCA) was used for the investigation
of any possible associations of the examined parameters. PCA is a widespread multivariate
statistical technique used in environmental sciences [54,141,142,145]. The application of
PCA transforms the original set of variables into a smaller one of linear combinations
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accounting for the most of the variance of the former set. It makes the complex system
more accessible, while at the same time it withholds the primary information. Varimax
rotation is generally used for factor grouping in most PCA applications. The exported
principal components include variables with common characteristics, which are attributed
as a common source or chemical interaction. [146,147]. It should be noted that the variables
used in this study were standardized before applying PCA.

Further statistical analysis includes the application of logistic regression after PCA.
In logistic regression, the relationship between a binary dependent variable, for example,
the occurrence of a phenomenon or not, with independent variables, which affect that phe-
nomenon, is assessed, as generally used in medical and epidemiological studies. Although
logistic regression has many similarities with linear regression, the estimation of variables’
coefficients is performed by the maximum likelihood technique [148]. Under this prism,
combination of logistic regression with PCA could reveal the probability of each factor to
be associated with the occurrence of heart failure.

4. Conclusions

Major environmental pollutants have been measured in the serum of heart failure pa-
tients and have been compared with control samples. The statistical higher concentrations
of the majority of PAHs, especially the low molecular weight, and trace elements indicate
a potential link with heart failure. Smoking habit and atmospheric degradation of urban
and industrial sites appeared to further elevate the analytes’ serum concentrations. Possi-
ble common mechanisms related to heart failure are revealed from principal component
analysis followed by logistic regression model, suggested some of the analytes as possibly
significant contributors to heart failure incidence. As a future aspect, a fully designed
study with a more specific patient group and a wider dataset of biochemical parameters
will provide additional information for the further evaluation of the role environmental
compounds to CVDs.

Supplementary Materials: The following are available online, Table S1: Detection frequencies,
median, mean and ranges of PAHs concentrations (μg L−1) in cases’ and controls’ samples, Table
S2: Detection frequencies, median, mean and ranges of OHPAHs concentrations (μg L−1) in cases’
and controls’ samples, Table S3: Detection frequencies, median, mean and ranges of trace elements’
concentrations (μg L−1) in cases’ and controls’ samples, Table S4: Varimax rotated PCA for PAHs,
OHPAHs and trace elements for overall dataset used for logistic regression model, Table S5: Hosmer
and Lemeshow Test, Table S6: Varimax rotated PCA for PAHs, OHPAHs and trace elements for
cases’ samples classified in terms of the residence area. (Loadings > 0.600 appeared in bold), Table S7:
Analytical method recovery rates, LoD and LoQ for the determination of PAHs and OH-PAHs in
human serum.
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Abstract: Bisphenol Z (BPZ), bisphenol S (BPS), bisphenol C (BPC), and bisphenol F (BPF) had been
widely used as alternatives to bisphenol A (BPA), but the toxicity data of these bisphenol analogues
were very limited. In this study, the joint toxicity of BPZ, BPS, BPC, and BPF to zebrafish (Danio
rerio) was investigated. The median half lethal concentrations (LC50) of BPZ, BPS, BPC, and BPF to
zebrafish for 96 h were 6.9 × 105 μM, 3.9 × 107 μM, 7.1 × 105 μM, and1.6 × 106 μM, respectively. The
joint toxicity effect of BPF–BPC (7.7 × 105–3.4 × 105μM) and BPZ–BPC (3.4 × 105–3.5 × 105μM) with
the same toxic ratio showed a synergistic effect, which may be attributed to enzyme inhibition or
induction theory. While the toxicity effect of the other two bisphenol analogue combined groups and
multi-joint pairs showed an antagonistic effect due to the competition site, other causes need to be
further explored. Meanwhile, the expression levels of the estrogen receptor genes (ERα, ERβ1) and
antioxidant enzyme genes (SOD, CAT, GPX) were analyzed using a quantitative real-time polymerase
chain reaction in zebrafish exposure to LC50 of BPZ, BPS, BPC, and BPF collected at 24, 48, 72, and 96
h. Relative expression of CAT, GPX, and ERβ1 mRNA declined significantly compared to the blank
control, which might be a major cause of oxidant injury of antioxidant systems and the disruption of
the endocrine systems in zebrafish.

Keywords: bisphenol analogues; zebrafish; joint toxicity; gene expression

1. Introduction

Bisphenol analogues are typical environmental endocrine disruptors and are prone
to accumulate in water bodies. With the limitation of bisphenol A (BPA), the production
and application of BPA substitutes such as such as bisphenol S (BPS), bisphenol F (BPF),
bisphenol C (BPC) and bisphenol Z (BPZ) has gradually increased, and these substitutes
release large amounts of bisphenol analogues into the water, increasing the safety risk of
the growth and development of fish-based aquatic organisms [1,2]. BPF can be used instead
of BPA to make epoxy resin. BPS is mainly used as a color fixing agent, as a resin flame
retardant, and as materials in color photography. BPC is often used in the preparation of
flame retardant. BPZ can be applied in the manufacturing of chemical compounds [3]. The
estrogen activities and octyl alcohol water distribution coefficients of BPZ, BPS, BPC, and
BPF are similar to those of BPA or may be even higher, which may pose risks to aquatic
ecosystems and human health [4].

Bisphenol analogues have been found in different media [5]. Liao et al. collected
indoor dust samples from the United States, China, Japan, and South Korea. The total
content of eight bisphenols in the dust ranged from 0.026 to 111 μg·g−1 (mean 2.3 μg·g−1).
BPA, BPS, and BPF were the three main bisphenols, accounting for 98% of the total con-
centrations [6]. The content of seven bisphenol analogues in surface water and sediments
from Lake Taihu (range: 81–3.0 × 103 ng·L−1) was higher than that of Lake Luoma (range:
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1.5 × 102–1.9 × 103 ng·L−1) [7]. Chen et al. determined the concentrations of 7 kinds of
bisphenol analogues in the urine of 283 samples of children aged 3–11 years in South China
and found that the total concentrations of 7 bisphenol analogues in urine ranged from
0.43 μg·L−1 to 32 μg·L−1 [8]. In addition, Kha et al. also investigated the genotoxicity of
BPA, BPS, BPF, BPAF, and their combinations [9]. Mu et al. conducted an acute toxicity test
of four bisphenol analogues on zebrafish embryos, in which the half lethal concentration
(LC50) value of BPF for 96 h was 3.9 × 106 μM [10].

Zebrafish (Danio rerio), a type of small tropical fish, has organs and systems that
were initially used for neurodevelopmental and genetic related research. As a new type
of vertebrate model organism, zebrafish have gradually entered into more fields [11,12].
Currently, studies on the toxic effects of bisphenol analogues on zebrafish mainly focus
on single toxicity and mechanisms. Zhao et al. exposed male zebrafish to 2.5 × 102 μM
and 2.5 × 103 μM BPS solutions for 28 days and found that the plasma insulin level of
male zebrafish was significantly reduced, thus impeding its physiological effect on glucose
metabolism, leading to increased liver glucose output and decreased glucose metabolism
and storage [13]. Sangwoo et al. studied the interfering effects of BPF, BPS, and BPZ
on the thyroid hormone in zebrafish embryo larva, finding that they can damage the
thyroid function in juvenile fish, and their damaging effects may be greater than that of
BPA [14]. The exposure of zebrafish embryos to different concentrations of BPS (0, 0.1, 1, 10,
and 100 μg·L−1) for 75 days was performed and adverse effects on the endocrine system
such as decreasing gonadosomatic index, decreasing plasma 17β-estradiol, and increasing
hepatosomatic index were observed [15]. Ji et al. discovered significantly decreasing
concentrations of testosterone with the cyp19a upregulated gene and the cyp17 and 17βhsd
downregulated genes [16] Niederberger et al. showed that exposure to 10 μM of BPA,
BPS, and BPF reduced the expression of Insl3 in tests with cultured mouse fetuses [17]. In
addition to BPS and BPF, other BPs were also detected at very low concentrations. However,
the enrichment effect and acute toxicity of these BPs were higher than those of BPS and
BPF [18].

In this study, we investigated 96-h single and joint acute toxicity experiments of BPZ,
BPS, BPC, and BPF on zebrafish and evaluated the expression of key genes that vary with
the exposure of BPZ, BPS, BPC, and BPF. The aim of the study was to identify the what
impacts emitted bisphenol analogues other than BPA may have on zebrafish and to assess
the impacts of these bisphenol analogues on aquatic ecosystems.

2. Results and Discussion

2.1. Single Acute Toxicity of BPZ, BPC, BPF and BPS to Zebrafish

The structures and physicochemical properties of BPZ, BPS, BPC, and BPF are shown
in Table 1. The increasing molecular weight ranking order was BPF, BPS, BPC, and BPZ.
The octanol-water partition coefficient (Log Kow) of BPS, BPF, BPC, and BPZ had similar
trends to their bioaccumulation factors (Log BAF). The Log Kow value of BPZ was the
highest, followed by that of BPC, BPF, and BPS. Stronger Log Kow values of the bisphenol
analogues implied a stronger biological enrichment ability.

No death or abnormality in the zebrafish in the blank and solvent control groups were
observed. The linear regression analysis results of toxicity test data for zebrafish were
shown in Figure 1. The LC50 of BPZ, BPC, BPF, and BPS was 6.9 × 105 μM, 7.1 × 105 μM,
1.6 × 106 μM, and 3.9 × 107 μM, respectively. The toxicity of these four bisphenol analogues
was BPZ > BPC > BPF > BPS. According to relevant studies, the acute toxicity of the com-
pounds to the fish was divided into 5 grades: LC50 < 1 mg·L−1 was extremely hazardous,
1 ≤ LC50 < 100 mg·L−1 was highly hazardous, 100 ≤ LC50 < 1000 mg·L−1 was moderately
hazardous, 1000 ≤ LC50 < 10,000 mg·L−1 was slightly hazardous, and LC50 ≥ 10,000 mg·L−1

was mildly toxic [19]. Therefore, the toxicity of BPF, BPZ, and BPC belong to the highly
hazardous group, while BPS was considered to be moderately hazardous.
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Table 1. Physicochemical properties of BPC, BPZ, BPF, and BPS.

Analytes Molecular Weight CAS Log Kow Log BAF Structures

BPC 256.34 79-97-0 4.74 2.79

BPZ 268.35 843-55-0 5.48 3.28

BPF 200.23 620-92-8 3.06 1.59

BPS 250.27 80-09-1 1.65 0.75

Ren et al. chose adult zebrafish and embryos as test organisms and did not feed or
change the water during their experiment. The LC50 values of BPZ in adult zebrafish and
embryos after 96 h were 7.1 × 105 μM and 7.9 × 105 μM, respectively. For BPF and BPS,
the LC50 values in adult zebrafish were 1.9 × 106 μM and 8.6 × 107 μM, and in embryo,
they were 1.5 × 106 μM and 8.1 × 107 μM [20]. Relevant research on BPC was limited. The
toxicity of BPZ, BPF, and BPS was BPZ > BPF > BPS, which was consistent with this study.
The toxicity of BPS was two orders of magnitude smaller than the other three bisphenol
analogues. The numerical differences between the results may be related to the growth
environment, the biological state of test organism, and the experimental conditions.

2.2. Dual Joint Acute Toxicity of BPZ, BPC, BPF and BPS to Zebrafish

The pairwise LC50 values of BPZ, BPC, BPF, and BPS with equal toxicity ratios to
zebrafish after 96 h and the dual combined effect of these four compounds were cal-
culated and evaluated. As shown in Table 2, the dual combined effect of BPF–BPC
(3.4 × 105–7.7 × 105 μM) with an additive index (AI) value of 0.05 and BPZ–BPC (3.4
× 105–3.5 × 105 μM) with an AI value of 0.01 showed synergistic effect, while the rest of
the groups with negative AI values showed an antagonistic effect, which can also be seen
from Figure 2.

As shown in Figure 2, a clear trend was not observed for the decrease in the percentage
for the lethality rate in BPF–BPC and BPZ–BPC. However, there was sudden drop in the
performance of another four joint groups, meaning that the antagonistic effect may exist. A
small number of studies were carried out to explore the combined toxic effects of BPZ, BPC,
BPF and BPS to zebrafish, which may promote the inhibition or induction of relative genes
expression. Enzyme inhibition or induction theory states that one compound converts to the
enzyme inducer of another one in a hybrid system, which may promote the detoxification
or activation the toxicity of another compound, presenting a synergy [21]. The mechanisms
of the combined toxic effects need to be further identified.
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Figure 1. BPS (a), BPZ (b), BPF (c), and BPC (d) exposure on zebrafish after 48 h and 96 h (values
represent mean ± S.D., sample size: 3).

Lei et al. reported that the joint toxicity of BPA and nitrophenol on loach as an
antagonism effect was due to the nitrophenol reactive ion occupied in the limited binding
sites in the cells, reducing the combination efficiency of the BPA reactive ion [22]. Fang et al.
found three cresol isomers with similar chemical properties appearing to interfere during
a short period of time and reduce the toxicity to the zebrafish [23]. BPZ, BPC, BPF, and
BPS had two hydroxyl phenyl groups with different substituents on the carbon bridge.
The antagonistic effect may be caused by the competing effects of bisphenol analogues on
the active sites of the cell surface and the metabolic system. One substance occupied the
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binding site on the cell surface and reduced the binding of other substances. The toxicity
was inhibited and resulted in an overall antagonistic effect.

Table 2. Combined toxicity of BPZ, BPC, BPF, and BPS to zebrafish after 96 h.

Target LC50/(μM) S 1 AI Action

BPF–BPS 8.7 × 105(7.6 × 105~9.7 × 105)–2.1 ×
107(1.8 × 107~2.3 × 107)

1.07 −0.07 antagonism

BPF–BPZ 8.7 × 105(7.7 × 105~9.6 × 105)–3.7 ×
105(3.3 × 105~4.1 × 105)

1.08 −0.08 antagonism

BPF–BPC 7.7 × 105(6.4 × 105~8.5 × 105)–3.4 ×
105(2.8 × 105~3.7 × 105)

0.95 0.05 synergism

BPS–BPZ 2.2 × 107(2.0 × 107~2.5 × 107)–4.0 ×
105(3.6 × 105~4.5 × 105)

1.15 −0.15 antagonism

BPS–BPC 2.4 × 107(2.2 × 107~2.8 × 107)–4.4 ×
105(4.0 × 105~5.2 × 105)

1.25 −0.25 antagonism

BPZ–BPC 3.4 × 105–3.5 × 105 0.99 0.01 synergism
1 The sum of the additive effects of biological toxicity.
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Figure 2. Combined toxicity of BPZ, BPC, BPF, and BPS on zebrafish after 96 h (values represent
mean ± S.D., sample size: 3).

2.3. Multi-Joint Acute Toxicity of BPZ, BPC, BPF and BPS to Zebrafish

It can be seen from Table 3 and Figure 3 that the AI values of the multi-joint acute
toxicity of BPZ, BPC, BPF, and BPS with equal toxic ratios to zebrafish were all negative,
which showed an antagonistic effect and is consistent with most conclusions obtained from
dual combined acute toxicity test.
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Table 3. Multi-joint acute toxicity of BPZ, BPC, BPF, and BPS on zebrafish after 96 h.

Target LC50/(μM) S AI Action

BPF–BPS–BPZ 6.0 × 105–1.4 × 107–2.6 × 105 1.11 −0.11 antagonism

BPF–BPZ–BPC
6.6 × 105(3.3 × 105~7.6 × 105)–2.8
× 105(1.4 × 105~3.2 × 105)–2.9 ×

105(1.5 × 105~3.3 × 105)
1.22 −0.22 antagonism

BPS–BPZ–BPC 1.4 × 107–2.4 × 105–2.5 × 105 1.05 −0.05 antagonism
BPS–BPC–BPF 1.7 × 107–3.1 × 105–7.0 × 105 1.30 −0.30 antagonism

BPF–BPS–BPZ–BPC

4.8 × 105(2.5 × 105~5.6 × 105)–1.1
× 107(5.9 × 106~1.3 × 107)–2.0 ×

105(1.1 × 105~2.4 × 105)–2.1 ×
105(1.1 × 105~2.4 × 105)

1.18 −0.18 antagonism
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Figure 3. Multi-joint acute toxicity of BPZ, BPC, BPF, and BPS on zebrafish after 96 h (values represent
mean ± S.D., sample size: 3).

The mechanism and function of each component in the activation site differences leads
to the different joint toxicity effects. Each component’s contribution to the ultimate toxic
effects was different, especially for mixtures containing more than three components. The
appearance of an antagonistic effect meant that the decisive composition in the zebrafish
had an inconsistent toxicity effect or competition site. In addition to the above reasons,
different exposure times and matching methods would also change the determination of
joint toxicity. At present, data on the toxicity of the combined action of bisphenol analogues
are limited even though the mechanism of the biological toxicity of bisphenol analogues
is multi-faceted and very complex. The specific mechanism needs to be further studied
and discussed.

2.4. Effects of BPZ, BPC, BPF and BPS Exposure on Relevant Gene Expression

Bisphenol analogues have interfering effects on both endogenous hormones deter-
mined by the expression of catalase (CAT), peroxide dismutase (SOD) and glutamine
peroxidase (GPX) as well as the anti-oxidation system that is influenced by the expression
of estrogen receptor (ERα and ERβ1) [24–26]. Consequently, the determination of CAT,
SOD, GPX, ERα and ERβ1 expression during exposure to LC50 of BPC, BPZ, BPF, and
BPS on zebrafish was investigated on the basis of the reference gene ribosomal protein 17
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(rp17). The blank sample was set as control. The threshold cycle (Ct) was used to evaluate
the variations. Previous studies focused on relationships between gene expression and
different concentrations of chemical exposure groups. For instance, Xu et al. investigated
the immunotoxicity of dibutyl phthalate to zebrafish, which upregulated the expression
of rag1/2 [27]. In the present study, concentration-dependent groups were not created,
but there were different exposure time-dependent groups instead, which were limited.
Based on our results, the differences in the relative expression of both SOD and Erα was
nonsignificant, and the relative gene expression of CAT, GPX, and ERβ1 was significant.

As shown in Figure 4, a description of CAT, GPX, and ERβ1 expression was illustrated.
Bars represent the relative change in mRNA expression in the treated group compared
to the control group. With an increasing exposure time (24 h, 48 h, 72 h, and 96 h) of
zebrafish to BPC, BPZ, BPF, and BPS, there was a fluctuating relative expression of CAT,
GPX, and ERβ1. However, compared to the control group, relative expression of CAT,
GPX, and ERβ1 was significantly decreased in all of the treated groups. Salahinejad
et al. evaluated the expression of CAT in zebrafish exposure to concentration-dependent
groups of BPS, discovering the obviously down-regulated CAT expression [28], which was
consistent with this study. It can be seen from Figure 4a that the relative expression of CAT
declined markedly with exposure time in the BPS treated group. Meanwhile, the relative
expression of GPX and ERβ1 also apparently decreased in the BPZ and BPS treated groups,
respectively, which can be seen in Figure 4b,c. In the BPC, BPZ, and BPF treated groups, the
CAT and ERβ1 expression showed similar trends. Expression of CAT and ERβ1 declined
in the period of 24 h to 48 h and from 72 h to 96 h but slightly increased from 48 h to 72 h
(Figure 4a,c). As shown in Figure 4b, the expression of GPX in the BPC, BPF, and BPS
treated groups marginally increased from after 48 h to 72 h of exposure and decreased
during other exposure time periods. Pikulkaew et al. detected low expression levels of
ERβ1 after 8 h post-fertilization, which then increased from 24 h to 48 h post-fertilization
in zebrafish [29] A significant decrease of CAT and GPX in the brain and liver of zebrafish
was reported by Gyimah et al., which may cause damage to the organs of zebrafish [30].
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Figure 4. Relative expression of CAT (a), GPX (b), and ERβ1 (c) in treated and control groups
(values represent mean ± S.D.; sample size: 3; * significant difference compared to the blank control
(p < 0.05)).

3. Materials and Methods

3.1. Chemicals and Materials

Zebrafish (type AB) used in this experiment were all purchased from Shanghai Jiayu
Aquarium, with an average body length of 2.5 ± 0.5 cm and an average weight of 0.17 g.
After body surface disinfection with 5% sodium chloride solution, the zebrafish were
domesticated in tap water which had been dechlorinated after 72 h of aeration. The pH of
the test water was 7.74–7.83. The hardness of water is 91–108 mg·L−1 (based on CaCO3); the
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concentration of dissolved oxygen was 7.45–7.60 mg·L−1; the temperature was controlled
at 25 ± 0.5 ◦C; and the time distribution was a 14:10 h day night cycle. Zebrafish were
domesticated in the laboratory for more than 7 days, during which they were fed with
commercial feed once a day, and they could not be used in the following experiments until
the mortality rate within 7 days was less than 5%.

BPF (98%) was purchased from Shanghai Maclin Biochemical Technology Co., Ltd.,
Shanghai, China. BPS (99%), BPC (>98.0%), and BPZ (≥98.0%) were purchased from Shang-
hai Aldin Reagent Co., Ltd., Shanghai, China. Dimethyl sulfoxide (DMSO) was purchased
from Shanghai Lingfeng Chemical Reagent Co., Ltd., Shanghai, China. Trizol Reagent
was purchased from Thermo Fisher Technology Co., Ltd., Waltham, MA, USA. TaKaRa
AMV Kit was purchased from Takara Biomedical Technology (Beijing) Co., Ltd., Beijing,
China. dATP, dTTP, dCTP, and dGTP were purchased from Thermo Fisher Technology
Co., Ltd., USA. SYBR® Premix Ex TaqTM II (Perfect Real Time) was purchased from Takara
Biomedical Technology (Beijing) Co., Ltd., Beijing, China. DNase I was purchased from
New England Biolabs Co., Ltd., Ipswich, MA, USA.

Preparation of mother liquor: mother liquor of 103–105 mg·L−1 was prepared with
DMSO (stored in a refrigerator at 4 ◦C and kept away from light). DMSO was used as
solvent (0.01–0.5%) for all gradient dilution operations.

3.2. Experimental Instruments

The durometer was purchased from the Hach Co., Ltd., Loveland, CO, USA. The
dissolution oxygen tester was purchased from the Hach Co., Ltd., USA. The electronic
analytical balance was purchased from the Shimadsu Co., Ltd., Kyoto, Japan. The ultrasonic
curing machine was purchased from the Longjie Ultrasonic Electric Appliance Co., Ltd.,
Shenzhen, China. The ultra-pure water machine was purchased from the Ultra-Pure
Technology Co., Ltd., Sichuan, China. The centrifuge was purchased from Eppendorf Co.,
Ltd., Hamburg, Germany. The Real-Time PCR System was purchased from Thermo Fisher
Technology Co., Ltd., USA. The thermal cycle was purchased from Beijing Dongsheng
Innovation Biotechnology Co., Ltd., Beijing, China. The gel electrophoresis and imaging
system were purchased from Bio-Rad Laboratories, Inc., Hercules, CA, USA. The Trace
UV Nucleic Acid Quantitative System was purchased from Thermo Fisher Technology Co.,
Ltd., USA.

3.3. Experiment Design
3.3.1. Toxicity Test

Zebrafish with sensitive response, normal appearance, and uniform body shape, aged
between two and three months old, were selected for the toxicity test. A total length of
2.0–3.0 cm of the zebrafish was selected to be exposed. Glass beakers were selected as
the poisoning test container. The volume of each beaker was 3 L, in which 10 zebrafish
were placed. There was a blank control, a solvent control (0.01–0.50% dimethyl sulfoxide,
DMSO), and a series of bisphenol analogue treatments. For each concentration, three
parallel beakers were set up, and all beakers were placed in a water tank with temperature
controlled at (25 ± 0.5) ◦C on a 14:10 light and dark cycle, and the pH value was 7.7–7.8.
The experiment period was 96 h, and the test method was static. During the test, there
was no feeding or water changes. The test water was dechlorinated tap water that had
been aerated for more than 72 h. The number of dead zebrafish was recorded at 6 h, 24 h,
48 h, 72 h, and 96 h, respectively, and the dead fish in the container were removed to avoid
affecting the following experiment.

3.3.2. Single Toxicity Test

Before the formal test, preliminary experiments of BPZ, BPC, BPF, and BPS concen-
trations in a wide range series (0, 1, 1, 10, 100, and 1000 mg·L−1) were done. First, 3 L
aerated tap water was imported to glass beaker together with reservoir fluid, with no
parallel groups. 10 zebrafish were put in each experimental container. During the test,
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water changes or feeding was permitted, the number of dead fish was then observed and
recorded. According to the results of the pre-experiment, 5–7 concentration gradients were
set with 3 parallel gradients for each concentration, and blank control experiments were
carried out at the same time. The details are as follows: BPF: 1, 2, 4, 6, 8, 10, 12, 14 mg·L−1;
BPS: 100, 150, 200, 250, 300 mg·L−1; BPC: 1, 2, 3, 4, 5 mg·L−1; BPZ: 1, 2, 3, 4, 5 mg·L−1, and
the control group was set as tap water without any drug. The state of the fish was observed
at 6 h, 24 h, 48 h, 72 h, and 96 h. After lightly touching the tail of the fish with a glass rod,
fish with no reaction were judged to be dead, and the corresponding number of dead fish
was recorded. At the end of the experiment, the death rate of the blank control group was
less than 10%.

3.3.3. Joint Acute Toxicity Test

Taking the two-element combination as an example, the LC50 value of a single com-
pound for 96 h was taken as a toxicity unit, and 6 groups of different experimental concen-
trations were set using to the 1:1 toxicity ratio with equal logarithmic spacing. The design
of the ternary and quaternary combinations was the same. The procedure for the joint
acute toxicity test of the combinations was the same as the one conducted for the single
compounds. DPS 9.01 software was used to calculate the corresponding LC50 value and
95% confidence interval.

3.3.4. Joint Toxicity Assessment Method

At present, there is no unified international standard method for the joint toxicity test
of aquatic organisms. In this paper, the additive index method for joint effect of aquatic
toxicology by Xiu et al. was used, which was improved from the additive index method of
Marking and had been widely used in comprehensive toxicity testing of aquatic toxicology
in China [31,32].

Taking the dual combination as an example, after the LC50 value of single and com-
bined toxicity was calculated by DPS, S was obtained by Equation (1):

S =
Am

A1
+

Bm

B1
(1)

In Equation (1), A1 and B1 are LC50 values of the single toxicity of poisons A and
B, respectively. Am and Bm are LC50 values of each poison in the mixture, respectively.
Converting S to an additive exponent AI, that is, when S ≤ 1, AI = (1/S) – 1; When S > 1,
AI = −S + 1. Finally, AI was used to evaluate the combined effect of the toxicants, when
AI > 0, the joint toxicity effect is more obvious than the additive effect, that is, the synergistic
effect; when AI < 0, the joint toxicity effect is less than the additive effect, that is, antagonism;
when AI = 0, the effect of joint toxicity is the addition.

3.3.5. Gene Expression Analysis

Half lethal concentrations of BPZ, BPC, BPS, and BPF were selected in previous
experiments, and samples were collected 24 h, 48 h, 72 h, and 96 h after exposure and
placed on ice. After homogenization, samples were snap frozen and stored at −80 °C until
they were assayed. To indicate the possible mechanisms of bisphenol analogue exposure to
zebrafish, we also evaluated the gene expression of β-actin, rp17, CAT, SOD, GPX, ERα, and
ERβ1 in zebrafish using quantitative real-time polymerase chain reaction (PCR). β-actin
and rp17 were selected as internal references, and the other five genes were targets. First,
blocks of frozen tissue were quickly ground in liquid nitrogen. 1 mL of Trizol reagent was
added after grinding. Total RNA was extracted and isolated using the kit, following the
manufacturer’s instructions, meanwhile, cDNA templates were synthesized by the reverse
transcription of RNA. For the quantification of PCR results, the Ct value was determined.
The Ct value of rp17 was lower than β-actin and much more easily reproducible. rp17 was
stably expressed across all tested samples. Therefore, rp17 was chosen for all subsequent
sample correction. Primer sequences of the genes are shown in Table 4. The relative gene
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expression levels were detected by PCR. PCR reaction mixtures (25 μL) contained 12.5 μL
of SYBR® Premix Ex TaqTM II, 8.5 μL of nuclease free water, 1 μL of forward primer, 1 μL
of reverse primer, and 2 μL of cDNA template. The thermal cycle profile was 95 ◦C for
2 min, followed by 40 cycles of denaturation for 10 s at 96 ◦C and 30 s at 60 ◦C, The PCR
was repeated three times for each RNA to generate biological replicates.

Table 4. Primer sequences of candidate reference genes.

Gene
Symbol

Accession NO. Primer Sequence(5′-3′) Product
Length (bp)

β-actin AF025305.1 F: CGAGCTGTCTTCCCATCCA
R: TCACCAACGTAGCTGTCTTTCTG 86

rp17 NM_213213644.2 F: CAGAGGTATCAATGGTGTCAGCCC
R: TTCGGAGCATGTTGATGGAGGC 119

CAT AF170069.1 F: CTCCTGATGTGGCCCGATAC
R: TCAGATGCCCGGCCATATTC 126

SOD BX055516 F: GTCCGCACTTCAACCCTCA
R: TCCTCATTGCCACCCTTCC 217

GPX AW232474 F: AGATGTCATTCCTGCACACG
R: AAGGAGAAGCTTCCTCAGCC 94

ERα AF268283 F: CCC ACA GGA CAA GAG GAA GA
R: CCT GGT CAT GCA GAG ACA GA 250

ERβ1 AJ414566 F: GGG GAG AGT TCA ACC ACG GAG
R: GCT TTC GGA CAC AGG AGG ACG 89

3.4. Statistical Analysis

DPS 9.01 software was used to analyze the obtained data and the experimental results
were expressed as mean ± S.D. The t-test method was used to test the statistical difference
between the two groups of data. * p < 0.05 indicates significant difference. Ct values for
each gene of interest were normalized to rp17 by using the 2−ΔΔCt method [33].

4. Conclusions

Bisphenol analogues enter the aquatic environment through different pathways and
coexist in water. Multiple substances that act on organisms together may cause different
toxic reactions than those of a single substance. In the present study, zebrafish exposure to
BPZ, BPS, BPC, and BPF presented different toxic effects. The toxicity of BPZ, BPC, BPF,
and BPS decreased sequentially. During the joint toxicity exposure groups, BPF–BPC and
BPZ–BPC showed synergistic effects. However, the other joint and multi-joint toxicity
exposure groups all exhibited antagonistic effects. Additionally, the estrogen receptor
gene (ERβ1) and antioxidant enzyme gene (CAT and GPX) apparently downregulated,
indicating that potential risks may be posed by bisphenol analogues. Thus, more studies
should be conducted to evaluate the toxicity mechanisms of bisphenol analogues, which
would be useful for assessing the health risks associated with bisphenol analogues in the
aquatic environment.
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Abstract: For the long-term operation of municipal solid waste incineration (MSWI), online monitor-
ing and feedback control of polychlorinated dibenzo-p-dioxin and dibenzofuran (PCDD/F) can be
used to control the emissions to national or regional standards. In this study, 500 PCDD/F samples
were determined by thermal desorption gas chromatography coupled to tunable-laser ionization
time-of-flight mass spectrometry (TD-GC-TLI-TOFMS) for 168 h. PCDD/F emissions range from
0.01 ng I-TEQ/Nm3 to 2.37 ng I-TEQ/Nm3, with 44% of values below 0.1 ng I-TEQ/Nm3 (the
national standard). In addition, the temperature of the furnace outlet, bed pressure, and oxygen
content are considered as key operating parameters among the 13 operating parameters comprising
four temperature parameters, four pressure parameters, four flow parameters, and oxygen content.
More specifically, maintaining the furnace outlet temperature to be higher than 800 ◦C, or bed
pressure higher than 13 kPa, or the oxygen content stably and above 10% are effective methods for
reducing PCDD/F emissions. According to the analysis of the Pearson coefficients and maximal in-
formation coefficients, there is no significant correlation between operating parameters and PCDD/F
I-TEQ. Only when there is a significant change in one of these factors will the PCDD/F emissions
also change accordingly. The feedback control of PCDD/F emissions is realized by adjusting the
furnace outlet temperature, bed temperature, and bed pressure to control the PCDD/F to be less than
0.1 ng I-TEQ/Nm3.

Keywords: online monitoring; diagnosis; PCDD/F; incineration; feedback control

1. Introduction

Nowadays, incineration is considered to be the preferred technology to dispose
of municipal solid waste (MSW) in China [1]. In the future, all MSW in in Zhejiang
province, China, will be disposed of by incineration. However, the toxic pollutants emitted
from MSW incineration, especially polychlorinated dibenzo-p-dioxins and dibenzofurans
(PCDD/F), are risky to the environment and human health. Furthermore, the measurement
of PCDD/F involves sampling, extraction, purification, and analysis with high-resolution
gas chromatography/high-resolution mass spectrometry (HRGC/HRMS) [2,3]. Hence,
the traditional analysis procedure for PCDD/F from industrial incineration takes at least
a week. Additionally, the cost of the traditional measurement method is high, resulting
in a measurement cycle of once a year. Nonetheless, the long-term sampling of PCDD/F
has been verified as an effective monitoring method for the total PCDD/F emission over a
month [4]. Though the standard method and long-term sampling ensure the accuracy of
measurements, the time lag hardly meets the public concern and prevents the development
of rapid feedback control [5].

Due to the diversity of the 210 PCDD/F congeners and the parts per quadrillion con-
centrations, online monitoring of PCDD/F concentrations can be realized by measuring the
indicators with good correlation and higher concentrations. Based on a previous study [6],
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the indicators included chlorophenols, chlorobenzene [7], and polycyclic aromatic hydro-
carbons (PAH) [8]. In addition, the above indicators have been successfully determined by
resonance-enhanced multi-photo ionization coupled to time-of-flight mass spectrometry
(REMPI-TOFMS) [9,10], with a good correlation (R-square > 0.7) with PCDD/F emis-
sions. Considering the difficulty of ionization and the correlation with PCDD/F emissions,
1,2,4-trichlorobenzene (1,2,4-TrCBz) is selected as the best indicator with a high correla-
tion coefficient (R-square > 0.9) [11,12] with the international toxic equivalent quantity
(I-TEQ). Hence, the online monitoring of PCDD/F emissions was realized by measur-
ing the 1,2,4-TrCBz concentration in flue gas during MSW incineration, through thermal
desorption gas chromatography (TD-GC)-REMPI-TOFMS [5,13]. Moreover, an accurate cor-
relation model between 1,2,4-TrCBz and I-TEQ was constructed regardless of the change of
waste composition and operating parameters [14]. Though the specific PCDD/F congeners
were detected by vacuum ultraviolet (VUV) single-photon ionization (SPI) ion trap (IT)
(VUV-SPI-IT)-TOFMS [15] or resonance ionization with multi-mirror photo accumulation
(RIMMPA)-TOFMS [16], the measurement cycle was 2–6 h, resulting in limited feedback
responsiveness. Therefore, the method using 1,2,4-TrCBz as an indicator is considered to be
the most promising way to realize online monitoring of PCDD/F emissions from industrial
incineration.

The stable and continuous online monitoring of PCDD/F is crucial for the MSW
incinerator rather than the experiments for 2–3 days in previous studies [5,13]. Due to
the fluctuation of operation parameters during MSW incineration (MSWI), PCDD/F emis-
sions can increase or decrease at short notice. As for the long-term operation of the MSW
incinerator, there is no study reporting a change of PCDD/F emissions in a short time
(5–10 min) rather than the average value of 2–4 h. An accurate correlation between oper-
ating parameters and PCDD/F emissions is key to the diagnosis and feedback control of
PCDD/F but difficult to be constructed, due to being limited by the defects of the standard
method. As for the industrial managers and government, the optimal operating parameters
for PCDD/F emissions are crucial for controlling the emissions to national or regional
standards (0.1 ng I-TEQ/Nm3 or 0.05 ng I-TEQ/Nm3). Furthermore, numerous studies con-
structed the control strategy to reduce PCDD/F emissions by adding inhibitors [17]/active
carbon [18], cleaning the accumulated fly ash [19], and reducing the chlorine content of
waste [20]. However, the effect of temperature and oxygen content on the formation of
PCDD/F was only investigated on a reactor in the laboratory [21,22] or pilot scale sintering
plant [23] rather than a full-scale incinerator. For the full-scale MSW incinerator, the cost
for sampling PCDD/F is high, and adjusting the operating parameters is difficult; it is both
difficult and meaningful to investigate the correlation between operating parameters and
PCDD/F emissions.

In the present study, continuous online PCDD/F measurement was carried out at
the stack of a full-scale MSW incinerator, lasting 168 h. Firstly, calibration and validation
of the equipment were constructed to ensure accuracy and effectiveness. Then, a total of
500 stack gas samples were collected and determined by TD-GC-REMPI-TOFMS. The effect
of operating parameters on the PCDD/F formation was investigated, which include tem-
perature, pressure, oxygen content, and mass transfer rate. Moreover, statistical methods
were applied to analyze the correlation in depth. Finally, the diagnosis and feedback con-
trol of PCDD/F were realized in the MSW incinerator with the same air pollution control
devices (APCD). The study is conducive to the development and application of the online
monitoring of PCDD/F. In addition, PCDD/F emissions can be controlled to the national
standard in time by rapid feedback control.

2. Materials and Methods

2.1. Experimental Procedure

First, the continuous and online measurement of PCDD/F was carried out at the
stack of a municipal solid waste incinerator in Zhejiang Province. The capacity of the
circulating fluidized bed (CFB) incinerator was 400 tons/day, and the mixing ratio of
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coal to raw refuse was 2–8. The air pollution control devices (APCD) included selective
non-catalytic reduction (SNCR), semi-dry desulfurization (SDD), active carbon injection
(ACI), and bag filter (BF). The schematic of the CFB and the sampling details are described
in Figure 1. In order to ensure the continuous and stable operation of TD-GC-TLI-TOFMS,
a special room was built to maintain constant temperature and humidity (temperature of
23 ◦C, relative humidity of 40%) and a certain degree of cleanliness (100,000 level) so as to
avoid the impact of the external environment. Then, the diagnosis and feedback control
experiments were carried out in another CFB, with 1200 tons/day capacity, which was fed
by the refuse-derived fuel (RDF). The APCD of the newly built CFB was the same as the
previous incinerator.

 
Figure 1. Schematic diagram of the MSW incinerator: sampling point at the stack.

As for the stable and continuous monitoring of PCDD/F emissions, the international
toxicity equivalent (I-TEQ) was selected to describe PCDD/F emissions at the stack. The ex-
periments started at 9:00 a.m. on 19 March and ended at 9:00 a.m. on 26 March, for a
total of 168 h. During this period, the TD-GC-TLI-TOFMS system performed a backflush
cleaning procedure for approximately 1 h every 8 h, and ran continuously the rest of the
time. The sampling time for each flue gas sample was 15 min, and the sampling flow rate
was 10 mL/min. As for the diagnosis and feedback control of PCDD/F, the sampling
time was 15 min. The operating parameters of the incinerator were directly collected
from the Distributed Control System (DCS) and Continuous Emission Monitoring Sys-
tem (CEMS). The operating parameters included the temperature, pressure, flow, oxygen
content, and feeding conditions.

2.2. Analysis Method

The flue gas was collected into the purification module at a flow rate of 3–10 L/min
by the sampling pump. After the heating filter and Nafion drying tube, most of the dust
particles and moisture were removed. Then, it flowed to the multipored valve group,
discharging to the atmosphere. In this period, the Nafion tube was heated to about 100 ◦C,
and all other sampling pipelines and heating filters were heated to about 200 ◦C to avoid
condensation of 1,2,4-TrCBz or adsorption on the tube wall.

An accurate 1,2,4-TrCBz concentration was detected by the homemade instrument
named tunable-laser ionization (TLI)-TOFMS, based REMPI. The instrument consists of
a pulsed Nd: YAG optical parametric oscillator (OPO) laser with frequency doubling
module (RADIANT, OPOTEK) and time-of-flight mass spectrometer (CTF10, STEFAN
KAESDORF). The primary component of TD-GC-TLI-TOFMS is illustrated in Figure S1
(Supplementary Materials). First, the stack gas was sampled via a heated 1/4” stainless
steel tube (T = 180 ◦C) by a sampling pump. Second, after particles were removed by the
sampling probe, a fraction (50 mL/min) was extracted through a heated 1/4” stainless steel
tube (T = 180 ◦C) from the mainstream. Third, the stack gas was absorbed by the TD device,
with the operating condition that the absorbing and desorbing temperature of the trap
was 30–300 ◦C. Fourth, the desorbed gas went to GC (Trace1300, Thermo Fisher, Waltham,
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MA, USA) through a stainless capillary tube at 200 ◦C. Fifth, the gas separated after GC
was extracted into the TOFMS through a pulsed microfluidic valve, with a supersonic
molecular beam. Sixth, the ionization and detection of 1,2,4-TrCBz were carried out by
a (1 + 1′) TLI process (284 and 213 nm). Then, the ions were separated for the purpose
of the mass-to-charge ratio during the process to the microchannel plate (MCP) detector;
the digitized MCP signals and their corresponding times were acquired by the data acquisi-
tion. Finally, the detection signal was transferred to a computer, and then the concentration
values of the 1,2,4-TrCBz and the corresponding PCDD/F I-TEQ were calculated through
processing and analysis with LabVIEW 2017. PCDD/F I-TEQ is calculated by the equa-
tion “y = 0.2752x + 0.0398”, where y represents the PCDD/F I-TEQ and x represents the
concentration of 1,2,4-TrCBz.

2.3. Quality Control and Quality Assurance

The TD-GC-TLI-TOFMS system was calibrated daily by the 1,2,4-TrCBz calibration
standard, with the concentration of 1,2,4-TrCBz ranging from 2.5 parts per billion by
volume (ppbv) to 10 ppbv. The Relative Standard Deviation (RSD) of thermal desorption
introduction was less than 2%, and the RSD of repeat measurements of the system was less
than 5%. Moreover, the detection limit of 1,2,4-TrCBz in the stack gas was 4 parts per trillion
by volume, on the condition that the sample volume was 1000 mL at a signal-to-noise ratio
(S/N) of 3 [13,24]. To ensure the accuracy of the measurements, TD-GC-TLI-TOFMS was
calibrated before, during, and after the experiment.

Furthermore, the validation between the prediction and the standard measurement
was carried out before the continuous measurement. The standard measurement for
PCDD/F of the flue gas was constructed by the EPA 23a, considered to be “offline mea-
surement” due to a long lag time (more than 1 week). For the measurement of PCDD/F by
the traditional method (EPA 23), the flue gas was collected utilizing an isokinetic sampler
(Model KNJ23, KNJ, Korea). The sampling, pretreatment, and analysis followed the EPA
method 1613. The details of the analysis method have been described in previous stud-
ies [3,25]. The relative error between online measurement and offline measurement was
kept within 30% (Figure 2). Therefore, the accuracy of online detection and prediction of
PCDD/F was reliable.

Figure 2. Comparison between online measurement and offline measurement of PCDD/F.

2.4. Statistical Analysis

The Pearson coefficient is universally used to measure linear correlation using the
following equation:

r =
∑n
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The maximal information coefficient [26] is used to measure the dependence between
two discrete variables whether linear or not, with fairness and symmetry.

I(x, y) =
∫

p(x, y) log2
p(x, y)

p(x)p(y)
dxdy ≈ ∑

X,Y
p(X, Y) log2

p(X, Y)
p(X)p(Y)

s (2)

MIC(X, Y) = max
|X||Y|<B

I(X, Y)
log2(min(|X|, |Y|)) (3)

where I(X,Y) is the mutual information for two random variables X and Y. B is a parameter
to limit the interval grid number, approximately 0.6 times the amount of data. The Pearson
coefficient and maximal information coefficient between PCDD/F emissions and operating
parameters were calculated in MATLAB 2020b. Furthermore, to investigate the relationship
between operating parameters and PCDD/F I-TEQ, principal component analysis (PCA)
was adopted.

3. Results and Discussion

3.1. PCDD/F Concentration

Figure 3 shows all the results for PCDD/F I-TEQ during the continuous 168 h exper-
iment. A total of 500 samples of stack gas were collected and measured throughout the
procedure of the experiment. The average value of the calculated PCDD/F I-TEQ was
0.272 ng I-TEQ/Nm3. Among them, the calculated PCDD/F I-TEQ of 226 samples was
less than 0.1 ng I-TEQ/Nm3 (the legislation limit of the national standard), accounting
for approximately 44%. A drastic fluctuation of PCDD/F emissions could be observed.
The results indicate that the concern regarding PCDD/F emissions needs to be transferred
to long-term online monitoring rather than the measurement for a certain period.

Figure 3. PCDD/F I-TEQ during the 168 h experiment.

The feedstock suspension happened frequently, and the intermission varied from min-
utes to hours. Remarkably, the longest suspension occurred from 07:30 a.m. on 21 March to
0:05 a.m. on 22 March, resulting in drastically changing operating parameters. Operating
conditions of the incinerator such as the temperature of the furnace outlet, the oxygen
content of the furnace outlet, and bed temperature were recorded every 10 min. The statis-
tics of operating parameters is shown in Table 1. The average temperature of the furnace
outlet was 835.6 ◦C, ranging from 686.9 ◦C to 967.1 ◦C. The average bed temperature was
780.7 ◦C, ranging from 261.1 ◦C to 908.4 ◦C. The trend of the furnace outlet temperature is
similar to bed temperature. The average oxygen content of the furnace outlet was 8.82%,
ranging from 0 to 20.02%. The results indicate the fluctuating operating conditions and

85



Molecules 2021, 26, 4290

the unstable combustion during the experiment. High levels of PCDD/F can be formed
during experiments due to the failure of continuous and stable waste feeding.

Table 1. Statistics of operating parameters and PCDD/F concentrations.

Statistics Min Max Mean Standard Deviation

Bed temperature (◦C) 724.56 921.42 835.59 29.02
Bed pressure (kPa) −0.04 14.65 10.01 1.44

Flow of primary air (m3/h) 4186.58 82,527.50 58,456.06 14,329.15
Pressure of primary air (kPa) 0.00 15.40 11.31 1.37
Flow of secondary air (m3/h) 5316.99 43,428.07 35,527.49 5364.39

Pressure of secondary air (kPa) −0.20 2.42 1.74 0.46
Pressure of return air (kPa) 0.00 19.21 17.86 1.39

Oxygen content (%) 0.32 19.75 8.82 2.97
Temperature of furnace outlet (◦C) 274.21 894.21 780.59 66.89

Temperature of flue gas (◦C) 158.44 270.78 193.05 15.20
Flow of feed water (m3/h) 0.00 84.53 56.64 9.86

Flow of steam (m3/h) 15.90 70.72 55.21 8.13
Temperature of steam (◦C) 375.73 490.58 460.77 9.91

Pressure of steam (kPa) −0.99 5.36 5.01 0.40
PCDD/F (ng I-TEQ/Nm3) 0.01 2.37 0.30 0.39

Figure 4 shows the comparison between the hypothetical results to simulate offline
measurement and the results by online measurement. The hypothetical values were ob-
tained by calculating the average within 6 consecutive hours, which were measured online
by TD-GC-TLI-TOFMS. The reason for this is that, in general, three hypothetical parallel
samples were collected continuously within 6 h in the offline measurement. For exam-
ple, the hypothetical value in Figure 4 is the average of the 15 values measured by the
online method. Deduced from Figure 4, offline measurement cannot describe the change of
PCDD/F emissions with the change of operating parameters. The hypothetical value for
the high level of PCDD/F is 1.02 ng I-TEQ/Nm3. On the other hand, the hypothetical value
for the low level of PCDD/F is only 0.07 ng I-TEQ/Nm3. It is obvious that the emissions
measured by the offline method can only represent the average of PCDD/F emissions dur-
ing the sampling period. They cannot reflect the dramatic changes of PCDD/F emissions
from MSWI. Furthermore, the online measurement of PCDD/F provides the PCDD/F
emission value in 15 min, which truly reflects the change of dioxin emissions over time.
Therefore, it is the basis for the realization of feedback control for PCDD/F emissions.

Figure 4. Comparison of hypothetical values of offline measurement and online measurement; hypothetical values represent
the average values in continuous 6 h by TD-GC-REMPI-TOFMS. (a) low emissions under stable operation (b) high emissions
under fluctuant operation.
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3.2. Effect of Operating Parameters

Oxygen content, temperature, and pressure have been reported as the key parameters
that influence PCDD/F formation [27]. A previous study reported the effect of oxygen
on the formation of PCDD/F, including three aspects [28]: (1) promoting the formation
of C-Cl bonds; (2) promoting the carbon-oxygen complexes by reducing the activation
energy; (3) providing highly active chlorine in the Deacon reaction. In addition, the higher
oxygen level was conducive to PCDD/F formation in laboratory-scale and full-scale incin-
erators [29,30]. As for temperature and pressure, the reaction rate and activation energy
are decided by the two parameters if the reaction is fixed based on the Arrhenius equa-
tion. The effects of the above parameters on the formation of PCDD/F for the full-scale
incinerator are discussed below.

3.2.1. Effect of Temperature

As shown in Figure 5, the fluctuating ranges of the furnace outlet temperature (647 ◦C)
and bed temperature (280 ◦C) are larger than those of the flue gas temperature (58 ◦C) and
the steam temperature (130 ◦C). The comparison of the statistics for the temperature of the
furnace outlet, flue gas, bed, and steam is illustrated in Figure 6. The distributions for the
temperature of the flue gas, bed, and steam are Gaussian, excluding the temperature of the
furnace outlet. All outliers of the furnace outlet temperatures are less than 75% of the mean.
The result indicates that part of the minimum values of the furnace outlet temperatures
below 75% of the mean are abnormal conditions, resulting in high levels of pollutants.
Corresponding to PCDD/F emissions, the trends of furnace outlet temperature and bed
temperature are opposite to the trend of PCDD/F emissions on 20 March. As for flue gas
temperature and steam temperature, there is almost no correspondence with PCDD/F
emissions. These results indicate that furnace outlet temperature and bed temperature can
be considered to be the key operating parameters controlling PCDD/F emissions.

Figure 5. The trend for the temperatures of furnace outlet, bed, steam, and flue gas.
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Figure 6. Comparison of the statistics for the temperature of furnace outlet, flue gas, bed, and steam,
the pressure of bed, primary air, secondary air, and return air.

For specific daily analysis (Table S1, Supplementary Materials), it can be deduced
that the PCDD/F emissions decrease under the condition that the temperature of fur-
nace outlet is maintained to be below 800 ◦C during the following times: 19 March
(10:50–11:40, 12:10–12:20, 20:00–20:06); 20 March (22:30–22:50); 22 March (9:50–12:00, 13:30–
15:30, 16:30–16:50); 23 March (22:00–22:30); 25 March (9:00–11:00, 13:10–13:50). On the other
hand, PCDD/F emissions increase under the condition that the temperature of the furnace
outlet is less than 700 ◦C. Therefore, maintaining the temperature of the furnace outlet to
be higher than 800 ◦C is an effective method to reduce PCDD/F emissions.

3.2.2. Effect of Pressure

As shown in Figure 7, the trend of bed pressure is consistent with that of primary
air pressure. The pressure of the secondary air was kept stably with a mean of 2 kPa.
The pressure of the return air was generally kept stably with a mean of 18 kPa, excluding
two outliers (0.5 kPa). These results indicate that bed pressure is determined by the primary
air pressure. The comparison of the statistics for the pressure of the bed, primary air,
secondary air, and return air is illustrated in Figure 6. The distribution of bed pressure
is the same as primary air pressure, with vast outliers larger than 125% of the mean.
The distributions of the secondary air pressure and the return air pressure are both the left
distribution. Theoretically, bed pressure can reflect the flow rate of air through the waste in
the furnace. Hence, it is better to consider bed pressure to be the key operating parameter
rather than primary air pressure.

Apart from the analysis of key operating parameters, the effect of bed pressure on
the PCDD/F emissions is discussed below. Corresponding to the PCDD/F emissions on
21 March, the PCDD/F emissions were less than 0.1 ng I-TEQ/Nm3 when the bed pressure
was larger than 13 kPa. This result indicates that a high bed pressure with a high mass
transfer rate between air and waste can reduce PCDD/F emissions. However, the PCDD/F
emissions were larger than 1 ng I-TEQ/Nm3 under the condition that the bed pressure
was occasionally above the mean. This result indicates that the bed pressure is a more
important parameter than the decisive parameter.
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Figure 7. The trend for the pressure of the bed, primary air, secondary air, and return air.

3.2.3. Effect of Oxygen Content and Mass Transfer Rate

Figure 8 shows the trend for oxygen content, the flow of primary air and secondary
air, feed water, and steam. Due to the long-term failure of the screw feeder, it is reasonable
for the flow rates of the primary air and the feed water to decrease to zero. As shown in
Figures 3 and 8, a significant delay can be observed for the decrease of PCDD/F when the
flow of the secondary air decreases. Additionally, the change of the flow of primary air
lags behind the change of the flow of secondary air. The comparison of the statistics for the
oxygen content, flow of primary air and secondary air, feed water, and steam are illustrated
in Figure 9. The distribution of the flow of primary air is the same as that of secondary air.
Additionally, the primary air flow is directly correlated with the mass transfer rate between
waste and air. These results indicate that the flow of primary air is a better operating
parameter for controlling PCDD/F emissions than the flow of secondary air. Regarding
the PCDD/F emissions on 21 March, the oxygen content was maintained stably and above
10%, resulting in low PCDD/F emissions (≤0.1 ng I-TEQ/Nm3). However, at other times,
the oxygen content fluctuated greatly from 0% to 20%, which corresponds to the great
fluctuation of PCDD/F emissions and the flow of feed water and steam.
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Figure 8. The trend for oxygen content, flow of primary air and secondary air, feed water, and steam.

Figure 9. Comparison of the statistics for oxygen content, the flow of primary air and secondary air, feed water, and steam.

For specific daily analysis (Table S1, Supplementary Materials), it can be found that the
PCDD/F emissions increase in the condition that the oxygen content fluctuate sharply or be-
low 5% during the following times: 20 March (22:10–22:30); 21 March (3:30–6:30); 22 March
(12:00–13:00, 15:30–16:20, 19:50–20:30); 23 March (21:30–22:00); 24 March (12:30–15:00);
and 25 March (15:20–15:30, 16:10–17:00, 18:00–21:00). This is because low oxygen results in
a high level of incomplete combustion soot, thereby promoting PCDD/F formation in de
novo synthesis. On the other hand, PCDD/F emissions decreased to 0.1 I-TEQ/Nm3 under
the condition that the oxygen content was stable and above 8%. Since high oxygen content
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promotes the formation of PCDD/F in the laboratory-scale incinerator, the influence of
incomplete combustion products is larger than that of the oxygen content.

3.3. Correlation Analysis between PCDD/F Emissions and Operational Parameters

The correlation between PCDD/F emissions and operational parameters is analyzed
by the Pearson coefficient and the maximal information coefficient in Table 2. There are no
significant correlated variables with PCDD/F I-TEQ. All Pearson coefficients are less than
0.2. This result indicates that operational parameters have a weak linear correlation with
PCDD/F emissions. As for the correlations analyzed by the maximal information coeffi-
cient, all variables have higher coefficients with PCDD/F emissions than the correlation
analyzed by the Pearson coefficient. Moreover, the maximal information coefficients in-
crease from 0.011 to 0.203, from −0.003 to 0.231 for bed pressure and pressure of secondary
air, respectively. This result indicates that the relationship between operational parameters
and PCDD/F emissions is more possible with a nonlinear relationship rather than a linear
one. Correlation analysis indicates that there is no significant strong correlation (linear or
nonlinear) between operating parameters and PCDD/F emissions. This is mainly because
the formation of PCDD/F is directly related to many factors, such as temperature, oxygen
content, pressure, and mass transfer rate. Only when there is a significant change in one of
these factors will the PCDD/F emissions also change accordingly.

Table 2. Correlation between PCDD/F emissions and operational parameters.

Variables
Bed Tem-
perature

Bed Pressure
Flow of

Primary Air
Pressure of
Primary Air

Flow of
Secondary Air

Pressure of
Secondary Air

Pressure of
Return Air

Pearson
Coefficient −0.143 0.011 0.060 0.037 0.014 −0.003 0.100

Maximal
Information
Coefficient

0.166 0.203 0.160 0.203 0.184 0.231 0.127

Variables
Oxygen
Content

Temperature of
Furnace Outlet

Temperature
of Flue Gas

Flow of Feed
Water

Flow of Steam
Temperature

of Steam
Pressure of

Steam

Pearson
Coefficient −0.176 0.102 0.078 0.037 0.135 0.054 −0.054

Maximal
Information
Coefficient

0.183 0.182 0.231 0.158 0.181 0.171 0.134

The relationship between 14 operating parameters and PCDD/F I-TEQ was investi-
gated by PCA (Figure 10). The total contribution of the first three factors is only 60.36%,
and the contribution of Factor 1 is 29.78%. This result is consistent with the 80% loading
value of the first five factors in a previous study [31]. The results show that the first three
factors do not represent most of the information of the sample, and the self-correlation
between variables is small. In addition, the flow of steam has a high correlation with the
temperature of the furnace outlet. A similar correlation between the pressure of secondary
air and the flow of secondary air can be observed. Furthermore, the bed temperature,
the furnace outlet temperature, steam pressure, and oxygen content were located with
PCDD/F I-TEQ, indicating the close relationship. Moreover, the flow of secondary air,
the flow of primary air, bed pressure, and pressure of secondary air were located far
from PCDD/F I-TEQ. This outcome indicates the weak relationship between the above
parameters and PCDD/F emissions.
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Figure 10. PCA analysis for 14 operating parameters and PCDD/F I-TEQ.

To investigate the correlation between the temperature and PCDD/F emissions,
the plummet of the operating parameters was introduced to describe the fluctuation.
The plummet is defined as the temperature is 10% being below the mean in a short time.
Generally, the plummet of the temperature of a furnace outlet is caused by the insuffi-
ciency of air or waste, resulting in incomplete combustion and a large number of organic
pollutants. There are 43 minimum points for furnace outlet temperature illustrated in
Figure 3. The plummet in the temperature of the furnace outlet signals the poor operation
of the incinerator. Among the 43 minimums of the furnace outlet temperature, 29 values
(67.4%) directly correspond to the maximum PCDD/F I-TEQ in Figure 3. This result in-
dicates that the plummet is positively correlated to the increase in PCDD/F emissions.
However, the other 14 plummets of the furnace outlet temperature do not match the maxi-
mum PCDD/F I-TEQ. This abnormal outcome may be the effect of APCD, which reduces
PCDD/F emissions. In addition, the total count of the plummet of bed temperature is
13. Among them, 6 plummets (46%) correspond to the maximum of PCDD/F emissions.
The other plummets do not correspond to the change in PCDD/F emissions. Therefore,
compared with bed temperature, the furnace outlet temperature can better reflect the
change of the incinerator operation.

3.4. Diagnosis and Feedback Control of PCDD/F

As shown in Figure 11, PCDD/F I-TEQ increases from 0.008 ng I-TEQ/Nm3 to 0.14 ng
I-TEQ/Nm3 under the condition that the temperature of the furnace outlet decreases from
108 ◦C to 870 ◦C within 10 min. This result indicates that the plummet of the furnace outlet
temperature can promote the formation of PCDD/F. The plummet of the furnace outlet
temperature can be caused by the suspension of MSW feedstock, resulting in the incomplete
combustion of the carbon matrix. A previous study reported that abundant PCDD/F was
formed from the soot or carbon matrix [20], especially on the effect of metal catalysts
(CuCl2, Fe2O3, etc.). Therefore, it is reasonable for the PCDD/F emissions to increase.
Remarkably, the delay of the increase in PCDD/F emissions can be observed by comparing
the increase of PCDD/F emissions and the decrease of the temperature. More specifically,
when the temperature of the furnace outlet dropped to 870 ◦C, the PCDD/F emission
simultaneously rose to 0.08 ng I-TEQ/Nm3 rather than the highest emission (0.14 ng I-
TEQ/Nm3), which occurred later. This result indicates that the formation of PCDD/F is
affected by the reaction time. Furthermore, the design of feedback control should consider
the delay effect.
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Figure 11. Diagnosis and feedback control of PCDD/F based on the furnace outlet temperature.

As shown in Figure 12, PCDD/F emissions increase from 0.06 ng I-TEQ/Nm3 to
0.14 ng I-TEQ/Nm3 under the condition that the bed temperature decreases from 800 ◦C to
774 ◦C within 4 h. This result indicates that an increase in bed temperature over 800 ◦C
can reduce the formation of PCDD/F. As shown in Figure 13, PCDD/F I-TEQ increases
from 0.02 ng I-TEQ/Nm3 to 0.12 ng I-TEQ/Nm3 under the condition that the bed pressure
decreases from 70 kPa to 60 kPa within 10 min. This result indicates that the plummet of
bed pressure can promote the formation of PCDD/F. As for CFB, the low bed pressure
results in a low air concentration gradient. Hence, the diffusion coefficient for the air to the
waste is low, according to the Fick Law. The increase in PCDD/F emissions is reasonable
for the decrease in the bed pressure.

Figure 12. Diagnosis and feedback control of PCDD/F based on bed temperature.
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Figure 13. Diagnosis and feedback control of PCDD/F based on bed pressure.

Apart from the diagnosis of operational parameters, the feedback control of PCDD/F
was constructed based on correlation analysis and equipment for the online monitoring
of PCDD/F. As shown in Figure 11, the PCDD/F emissions decreased from 0.14 ng I-
TEQ/Nm3 to 0.008 ng I-TEQ/Nm3 when the temperature of the furnace outlet returned
to 1152 ◦C. Therefore, the equipment for the online monitoring of PCDD/F emissions can
realize the feedback control of PCDD/F emissions. As a result, the reduction of PCDD/F
emissions can be achieved. Thus, excessive emissions over the national standard can be
prevented by adjusting the operating parameters. Moreover, due to the bed temperature
outlet increasing from 774 ◦C to 826 ◦C within 1 h, PCDD/F emissions descended steeply
from 0.14 ng I-TEQ/Nm3 to 0.05 ng I-TEQ/Nm3. When the bed pressure increased from
60 kPa to 77.5 kPa, PCDD/F emissions decreased from 0.12 ng I-TEQ/Nm3 to 0.008 ng
I-TEQ/Nm3. These results indicate that adjusting the temperature and pressure parameters
to the levels corresponding to PCDD/F emissions lower than 0.1 ng I-TEQ/Nm3 can be an
effective method for controlling PCDD/F emissions under the national standard.

The above results show that the diagnosis and feedback control of PCDD/F emissions
can be realized by the TD-GC-REMPI-TOFMS. As for industrial managers, the real-time
PCDD/F emissions can be obtained through the online monitoring dioxin system. Thus,
it is feasible to adjust operating parameters to reduce PCDD/F emissions in time. The opti-
mization and guidance of incineration operating conditions have enabled the newly built
CFB to meet the national standard of PCDD/F emissions.

4. Conclusions

To realize stable and effective online monitoring and feedback control of PCDD/F,
the continuous 168 h measurement was carried out at the stack of a full-scale MSW inciner-
ator. Then, the diagnosis and feedback control of PCDD/F was constructed on a newly
built MSW incinerator. A drastic fluctuation of PCDD/F emissions could be observed
during the long-term operation of MSWI, with 44% of PCDD/F I-TEQ below 0.1 ng/Nm3.
Among the operating parameters, the furnace outlet temperature, bed pressure, and oxygen
content are key operating parameters for controlling PCDD/F emissions. Maintaining the
furnace outlet temperature to be higher than 800 ◦C, or the bed pressure higher than 13 kPa,
or the oxygen content stably and above 10% are effective methods for reducing PCDD/F
emissions. According to the analysis of Pearson coefficients and maximal information
coefficients, there is no significant correlation between operating parameters and PCDD/F
I-TEQ. Only when there is a significant change in one of these factors will the PCDD/F
emissions also change accordingly. The feedback control of PCDD/F emissions was real-
ized by adjusting the furnace outlet temperature, bed temperature, and bed pressure to
control the PCDD/F to be less than 0.1 ng I-TEQ/Nm3. This study can provide effective
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and quantized guidance for controlling PCDD/F emissions under the national standard
during the operation of MSWI. In the future, the control models between operating param-
eters and PCDD/F emissions will be established to achieve real-time automatic control of
PCDD/F emissions to the national standard.

Supplementary Materials: The following are available online, Figure S1: The analysis equipment
for 1,2,4-TrCBz (TD-GC-TLI-TOFMS), Table S1: Original data of Oxygen content and Temperature of
furnace outlet, and I-TEQ from 19 March to 25 March.
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Abstract: Water matrix certified reference material (MCRM) of volatile organic compounds (VOCs)
is used to provide quality assurance and quality control (QA/QC) during the analysis of VOCs in
water. In this research, a water MCRM of 28 VOCs was developed using a “reconstitution” approach
by adding VOCs spiking, methanol solution into pure water immediately prior to analysis. The
VOCs spiking solution was prepared gravimetrically by dividing 28 VOCs into seven groups, then
based on ISO Guide 35, using gas chromatography-mass spectrometry (GC-MS) to investigate the
homogeneity and long-term stability. The studies of homogeneity and long-term stability indicated
that the batch of VOCs spiking solution was homogeneous and stable at room temperature for at least
15 months. Moreover, the water MCRM of 28 VOCs was certified by a network of nine competent
laboratories, and the certified values and expanded uncertainties of 28 VOCs ranged from 6.2 to
17 μg/L and 0.5 to 5.3 μg/L, respectively.

Keywords: volatile organic compounds (VOCs); reference materials (RMs); quality control (QC);
water analysis

1. Introduction

Volatile organic compounds (VOCs), due to their toxicity and persistence in the envi-
ronment, are one group of particularly important pollutants [1,2]. Many of these substances
are toxic, and some are considered to be carcinogenic, mutagenic or teratogenic [3,4]. As
reported, VOCs have been widely detected at trace levels in surface water and groundwa-
ter [2,5]. Therefore, during VOCs detection in water, references with VOCs are needed to
calibrate the instrument, verify analysis procedure or control the analysis quality according
to QA/QC (quality assurance and quality control) guidelines. Validation of the entire ana-
lytical procedure requires the use of an matrix certified reference material (MCRM), which
is a homogeneous and well-defined matrix that contains known amounts of the target
compounds [6–8]. However, there is currently no MCRM available for the measurement of
VOCs in water. Therefore, in this research, we prepared and characterized a water MCRM
of 28 VOCs.

There are several reasons for the current absence of MCRMs for organic materials in
water. Specifically, the relatively low concentrations of most organic contaminants in water
necessitates that large volumes of water be manipulated and transferred for analysis, which
may lead to problems such as cross-contamination or improper and inaccurate dilution.
Additionally, there is a tendency for target compounds to be adsorbed onto suspended
or colloidal particles because of their low water solubility or their high lipophilic charac-
teristics as expressed by the high octanol-water partition coefficient (Kow). Furthermore,
the instability of some organic materials causes problems, as they may have a tendency
to undergo hydrolysis, metabolization or photochemical reactions. Finally, the residual
biological activity of samples can cause severe stability problems [9].
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At present, the only commercially available water matrix reference material (MRM) is
IRMM-428, released by the Institute for Reference Materials and Measurements (IRMM).
IRMM-428 is prepared by spiking PFASs in methanol into a known volume of drinking
water. Other attempts have been made to prepare proficiency testing (PT) samples for
organics in water employing the widely used “reconstitution” approach. In this approach,
a solution of analytes of interest in an organic solvent (miscible with water) is spiked into a
water sample in the laboratory immediately prior to analysis [8,10,11] or at the producer’s
premises just before shipping [12,13]. The rest of the approach is the “immobilization” of
analytes (in this case, pesticides) on a solid-phase extraction (SPE) cartridge [8]. Water
MRMs that consisted of pesticides stored on SPE cartridges were used in a collaborative
study including 15 laboratories, and the observed reproducibility was 26.7% [10]. However,
this approach is not sound from a metrological point of view because it was not possible to
confirm that the true value equaled the initial concentration in the percolated water sample.

To the best of our knowledge, no water MRMs for VOCs are currently available for
quality control. Therefore, in this research, we prepared and certified a water MCRM
containing 28 VOCs. The water MCRM was prepared using a “reconstitution” approach by
spiking the solution of VOCs in methanol into pure water in the laboratory immediately
prior to analysis. The preparation and characterization of 28 VOCs spiking solutions were
comprehensively studied, and the water MCRM containing all 28 VOCs was certified using
a network of nine competent laboratories.

2. Results and Discussion

2.1. Methodology Study

The 28 VOCs in the spiking solution were determined by GC-MS, and the total ion
chromatography is shown in Figure 1. With the exception of p-xylene and m-xylene,
26 other VOCs, IS1 and IS2 were separated well on the chromatographic column.

Figure 1. Total ion chromatography of 28 VOCs determined by GC-MS (1. vinyl chloride;
2. 1,1-dichloroethylene; 3. dichloromethane; 4. trans-1,2-dichloroethene; 5. cis-1,2-dichloroethene;
6. trichloromethane; 7. carbon tetrachloride; 8. benzene; 9. 1,2-dichloroethane; 10. trichloroethy-
lene; 11. bromodicloromethane; 12. toluene; 13. tetrachloroethylene; 14. chlorodibromomethane;
15. chlorobenzene; 16. ethylbenzene; 17,18. p-xylene/m-xylene; 19. o-xylene; 20. styrene; 21. bro-
moform; 22. cumene; 23. 1,4-dichlorobenzene; 24. 1,2-dichlorobenzene; 25. 1,3,5-trichlorobenzene;
26. 1,2,4-trichlorobenzene; 27. hexachloro-1,3-butadiene; 28. 1,2,3-trichlorobenzene; IS1. fluoroben-
zene; IS2. 1,4-dichlorobenzene D4).

The precision of the method was investigated by analyzing each reference material
of 10 μg/mL 28 VOCs in methanol 10 times, and the results were presented in Table 1.
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The within laboratory RSDs of the method were between 0.14% and 2.55%, indicating
good instrumental repeatability that could meet the requirements of homogeneity and
stability studies. The detection limits of 28 VOCs in methanol were calculated based on
three standard deviations, and the results were between 0.014 and 0.225 μg/mL. These
levels were obviously lower than the concentrations of the 28 VOCs in the spiking solution,
which ranged from 6.0 to 18 μg/mL. With the exception of hexachloro-1,3-butadiene, which
had an r value of 0.9989, the linear correlation r values of the other 27 VOCs were higher
than 0.9990, indicating good linear relationships.

Table 1. Precision and detection limits of 28 VOCs in methanol using GC-MS.

No. Composition RSD(%)
Detection Limit/

(μg/mL)
Linear

Correlation r

1 vinyl chloride 2.55 0.1 1.000
2 1,1-dichloroethylene 1.53 0.1 0.9999
3 dichloromethane 0.78 0.07 1.000
4 trans-1,2-dichloroethene 1.03 0.07 0.9999
5 cis-1,2-dichloroethene 0.34 0.03 1.000
6 trichloromethane 0.26 0.03 1.000
7 carbon tetrachloride 0.74 0.04 0.9998
8 benzene 0.44 0.02 1.000
9 1,2-dichloroethane 0.50 0.04 1.000

10 trichloroethylene 0.72 0.2 1.000
11 bromodicloromethane 0.63 0.02 0.9998
12 toluene 0.53 0.03 0.9998
13 tetrachloroethylene 0.33 0.1 1.000
14 chlorodibromomethane 0.94 0.05 0.9997
15 chlorobenzene 0.45 0.02 0.9990
16 ethylbenzene 0.34 0.03 0.9999
17 p-xylene 0.43 0.04 0.9997
18 m-xylene 0.43 0.04 0.9997
19 o-xylene 0.43 0.03 0.9999
20 styrene 0.50 0.03 1.000
21 bromoform 0.39 0.03 0.9998
22 cumene 0.27 0.04 1.000
23 1,4-dichlorobenzene 0.18 0.01 0.9991
24 1,2-dichlorobenzene 0.14 0.02 0.9992
25 1,3,5-trichlorobenzene 0.27 0.02 0.9992
26 1,2,4-trichlorobenzene 0.28 0.01 0.9996
27 hexachloro-1,3-butadiene 0.50 0.06 0.9989
28 1,2,3-trichlorobenzene 0.31 0.02 0.9995

2.2. Purity Test

The purity was used to correct the gravimetric preparation of the standard solutions,
and therefore ensure the metrological traceability of the water MCRM. Detailed information
regarding the manufacturer, labeled purities and the uncertainties of the 28 commercial
standards are given in Table 1. The labeled purities of the commercial standards were
verified by GC-FID using the peak area normalization method, and the results are presented
in Table 1. The measured purities of all commercial standards were within the range of
their labeled uncertainties. Therefore, the labeled purities and uncertainties were used
during gravimetric preparation and calculation of the uncertainty in the characterization
study of water MCRM, respectively, in consideration of the limitations of the peak area
normalization method.

The purity test results of the batch of methanol showed that the methanol purity was
acceptable. Additionally, no VOCs were detected, indicating that methanol was suitable
for use as the solvent for the 28 VOCs spiking solution.
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2.3. Homogeneity Assessment

Homogeneity is an important property of a reference material. Nevertheless, it is a
relative concept closely related to the distribution of components in the material, sample
size and the number of samples that have been selected to measure homogeneity [14].

In the present study, homogeneity was assessed by selecting 15 ampoules of the VOCs
spiking solution using a stratified random samplings scheme covering the entire batch,
after which three sub-samples of each ampoule were analyzed. The homogeneity study
was evaluated using ANOVA [15], and the results are presented in Figure 2. All calculated F
values were below or equal to the critical value F0.05(14,30) = 2.04, indicating no significant
difference within bottles. The homogeneity analysis confirmed that the batch had a good
agreement among its units (ampoules) for each of the 28 analytes in methanol, and the
VOCs spiking solution was regarded as homogeneous.

Figure 2. Results of homogeneity study of 28 VOCs in spiking solution.

It should be noted that the calculated F value of vinyl chloride was equal to the critical
value F0.05(14, 30) = 2.04. The relatively high F value of vinyl chloride might relate to its
high volatility and the relatively poor method repeatability using GC-MS, leading to the
calculated MSamong being relatively higher than the MSwithin.

2.4. Stability Assessment

Stability testing is crucial to the certification of reference materials. The long-term
stability study was based on linear regression [16], and the results measured after 0, 1, 3, 6, 9,
12 and 15 months of storage in different temperatures are shown in Figure 3 and Tables 2–4.
At a confidence level of 95%, the observed slope for all results was |b1| < t0.95,n-2 × s(b1),
indicating that the 28 analytes in the VOCs spiking solution stored at room temperature,
4 and −18 ◦C were stable after 15 months of storage. Therefore, the spiking solution,
including the 28 VOCs, could be stored at room temperature for convenience, and the
shelf-life of the VOCs spiking solution was at least 15 months.
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Figure 3. Results of vinyl chloride and m-xylene in spiking solution stored at room temperature at
intervals of 15 months.

Table 2. Stability study of VOCs spiking solution stored at room temperature.

No. Composition
b0

(μg/mL)
b1

(μg/mL)
s(b1)

(μg/mL)
t0.95,n−2 t0 .95,n−2 × s(b1)

1 vinyl chloride 18.04 −0.165 0.220 2.57 0.565
2 1,1-dichloroethylene 12.74 −0.048 0.080 2.57 0.207
3 dichloromethane 12.56 0.011 0.056 2.57 0.145
4 trans-1,2-dichloroethene 10.56 0.021 0.069 2.57 0.178
5 cis-1,2-dichloroethene 10.27 0.000 0.041 2.57 0.106
6 trichloromethane 13.72 0.112 0.160 2.57 0.410
7 carbon tetrachloride 12.00 0.069 0.074 2.57 0.190
8 benzene 8.654 −0.019 0.047 2.57 0.120
9 1,2-dichloroethane 10.83 0.059 0.067 2.57 0.172
10 trichloroethylene 14.00 0.049 0.109 2.57 0.281
11 chlorodibromomethane 14.49 0.117 0.100 2.57 0.257
12 toluene 8.580 −0.003 0.023 2.57 0.059
13 tetrachloroethylene 12.21 0.046 0.061 2.57 0.158
14 bromodicloromethane 12.09 0.051 0.109 2.57 0.280
15 chlorobenzene 9.873 −0.041 0.037 2.57 0.095
16 ethylbenzene 7.701 −0.028 0.020 2.57 0.050
17 p-xylene 6.092 −0.007 0.009 2.57 0.023
18 m-xylene 6.092 −0.007 0.009 2.57 0.023
19 o-xylene 7.191 −0.020 0.013 2.57 0.034
20 styrene 8.533 −0.021 0.017 2.57 0.043
21 bromoform 15.43 0.015 0.055 2.57 0.141
22 cumene 7.752 −0.010 0.005 2.57 0.012
23 1,4-dichlorobenzene 10.33 −0.053 0.029 2.57 0.074
24 1,2-dichlorobenzene 9.287 −0.032 0.026 2.57 0.066
25 1,3,5-trichlorobenzene 9.433 −0.019 0.029 2.57 0.073
26 1,2,4-trichlorobenzene 9.275 −0.040 0.040 2.57 0.102

27 hexachloro-1,3-
butadiene 10.80 −0.040 0.057 2.57 0.147

28 1,2,3-trichlorobenzene 8.463 −0.006 0.025 2.57 0.063
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Table 3. Stability study for VOCs spiking solution stored at 4 ◦C.

No. Composition
b0

(μg/mL)
b1

(μg/mL)
s(b1)

(μg/mL)
t0.95,n−2 t0 .95,n−2 × s(b1)

1 vinyl chloride 17.06 0.108 0.158 2.57 0.405
2 1,1-dichloroethylene 12.11 0.059 0.050 2.57 0.128
3 dichloromethane 12.56 0.041 0.028 2.57 0.071
4 trans-1,2-dichloroethene 10.83 0.025 0.037 2.57 0.095
5 cis-1,2-dichloroethene 10.13 0.000 0.048 2.57 0.124
6 trichloromethane 14.77 0.048 0.044 2.57 0.113
7 carbon tetrachloride 12.11 0.079 0.041 2.57 0.105
8 benzene 8.330 0.010 0.017 2.57 0.045
9 1,2-dichloroethane 11.10 0.057 0.024 2.57 0.063
10 trichloroethylene 14.64 0.021 0.068 2.57 0.174
11 chlorodibromomethane 15.03 0.075 0.063 2.57 0.163
12 toluene 8.543 0.002 0.025 2.57 0.064
13 tetrachloroethylene 12.36 0.037 0.033 2.57 0.084
14 bromodicloromethane 11.83 0.073 0.092 2.57 0.238
15 chlorobenzene 10.03 −0.049 0.035 2.57 0.090
16 ethylbenzene 7.805 −0.032 0.020 2.57 0.050
17 p-xylene 6.156 −0.007 0.010 2.57 0.027
18 m-xylene 6.156 −0.007 0.010 2.57 0.027
19 o-xylene 7.259 −0.023 0.011 2.57 0.029
20 styrene 8.410 −0.009 0.011 2.57 0.028
21 bromoform 15.75 −0.023 0.041 2.57 0.107
22 cumene 7.753 −0.021 0.008 2.57 0.022
23 1,4-dichlorobenzene 10.21 −0.041 0.027 2.57 0.068
24 1,2-dichlorobenzene 9.324 −0.034 0.019 2.57 0.049
25 1,3,5-trichlorobenzene 9.432 −0.019 0.025 2.57 0.065
26 1,2,4-trichlorobenzene 9.275 −0.040 0.040 2.57 0.102

27 hexachloro-1,3-
butadiene 10.28 −0.008 0.041 2.57 0.105

28 1,2,3-trichlorobenzene 8.578 −0.016 0.019 2.57 0.048

Table 4. Stability study for VOCs spiking solution stored at −18 ◦C.

No. Composition
b0

(μg/mL)
b1

(μg/mL)
s(b1)

(μg/mL)
t0.95,n−2 t0.95,n−2 × s(b1)

1 vinyl chloride 18.50 −0.018 0.139 2.57 0.358
2 1,1-dichloroethylene 12.48 0.021 0.052 2.57 0.134
3 dichloromethane 12.79 0.021 0.035 2.57 0.090
4 trans-1,2-dichloroethene 10.99 0.022 0.035 2.57 0.091
5 cis-1,2-dichloroethene 10.18 0.023 0.031 2.57 0.079
6 trichloromethane 14.82 0.051 0.043 2.57 0.110
7 carbon tetrachloride 12.21 0.073 0.049 2.57 0.126
8 benzene 8.434 0.011 0.021 2.57 0.054
9 1,2-dichloroethane 11.12 0.058 0.029 2.57 0.074
10 trichloroethylene 14.79 0.023 0.061 2.57 0.156
11 chlorodibromomethane 15.03 0.090 0.064 2.57 0.165
12 toluene 8.516 0.012 0.028 2.57 0.071
13 tetrachloroethylene 12.33 0.048 0.031 2.57 0.080
14 bromodicloromethane 11.61 0.091 0.060 2.57 0.154
15 chlorobenzene 10.093 −0.059 0.035 2.57 0.089
16 ethylbenzene 7.836 −0.034 0.020 2.57 0.051
17 p-xylene 6.168 0.001 0.011 2.57 0.028
18 m-xylene 6.168 0.001 0.011 2.57 0.028
19 o-xylene 7.243 −0.020 0.008 2.57 0.020
20 styrene 8.378 0.000 0.009 2.57 0.022
21 bromoform 15.64 −0.027 0.057 2.57 0.147
22 cumene 7.710 −0.012 0.007 2.57 0.017
23 1,4-dichlorobenzene 7.739 −0.021 0.006 2.57 0.015
24 1,2-dichlorobenzene 9.331 −0.032 0.018 2.57 0.047
25 1,3,5-trichlorobenzene 9.508 −0.032 0.022 2.57 0.057
26 1,2,4-trichlorobenzene 8.942 −0.018 0.023 2.57 0.060

27 hexachloro-1,3-
butadiene 10.25 −0.013 0.042 2.57 0.107

28 1,2,3-trichlorobenzene 8.628 −0.028 0.016 2.57 0.042
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Interestingly, the dispersions of the stability of the 28 VOCs under the same storage
conditions were quite different. The stability of vinyl chloride and m-xylene after storage
at room temperature for different lengths are shown as examples in Figure 3. The stability
of vinyl chloride fluctuated with storage time around the preparation value in a relatively
large range, although vinyl chloride in methanol was confirmed to be stable. However, the
stability of m-xylene fluctuated closely around the preparation value with storage time.
The obvious differences in stability results between vinyl chloride and m-xylene might be
related to their characterizations. In the former methodology study, the within-laboratory
RSD of vinyl chloride was 2.55%, while that of m-xylene was 0.43%. The lower boiling
point of vinyl chloride than m-xylene might lead to significant differences in method
precision [17], which could then lead to the different dispersions of stable results. Similar
results were also observed for the other 26 VOCs, with the stable values of VOCs having
higher boiling points generally being closer to their certified values than those having
lower boiling points.

2.5. Characterization and Uncertainty Study

The certification of the water MCRM was conducted by nine competent laboratories.
Laboratory 4 used the headspace GC-MS method for certification, while the remaining
eight laboratories used the purge-and-trap GC-MS method. The reported values of the
28 VOC analytes were expressed after diluting 1000 times in water. Statistical analysis
was conducted for the received data using Grubb’s test, the Cochran test and Dixon’s test,
and the mean values of the retained data were calculated as certified values. Figure 4
shows the reported mean values and standard deviations of the 28 VOCs in water from
the nine laboratories. Most of the values were close to the certified values and within
their expended uncertainties. However, some values from one or two laboratories showed
obvious deviations from the certified values, such as the results reported from laboratory 3.
Because both headspace GC-MS and purge-and-trap GC-MS are commonly used for the
determination of VOCs in water, there were no obvious discrepancies in the results from
the nine laboratories using the two different detection methods.

Figure 4. Cont.
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Figure 4. Measurement of 28 VOCs in water from nine laboratories. Thick red lines represent certified
values, thin blue lines represent expended uncertainties.

The results of the certified values and the expanded uncertainties of the water MCRM
expressed at 95% confidence (with the coverage factor k = 2) are presented in Table 5. The
certified values of the 28 VOCs in the water MCRM were in the range of 6.162 to 17.37 μg/L.
The uncertainty of the water MCRM was calculated by combining the uncertainty of
inhomogeneity (ubb), instability (ulst) and characterization (uchar) [18], and the ubb and ulst
were those of VOCs spiking solution. Some of the ubb were calculated through ubb = sbb =√

MSamong−MSwithin
n when MSamong > MSwithin for some VOCs, while others were calculated

through ubb
′ =

√
MSwithin

n
4
√

2
vMSwithin

when MSamong < MSwithin. As shown in Table 5, the

ubb of the 28 VOC analytes ranged from 0.18% to 3.73%, which was lower than the reported
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CRM of BTEX in methanol [19]. The uchar and ulst of the 28 VOC analytes ranged from
0.87% to 9.44% and 0.91% to 11.4%, respectively. The expanded uncertainty of the 28 VOC
analytes in the water MCRM ranged from 0.5 to 5.3 μg/L with a coverage factor k = 2 under
an approximately 95% confidence level. The expanded uncertainty of o-xylene as 0.5 μg/L
was lowest, and the expanded uncertainty of vinyl chloride as 5.3 μg/L was highest. The
relatively high expanded uncertainty of vinyl chloride might result from two aspects.
On the one hand, the highly volatile nature and early elution time on chromatography
could result in a relatively high operation and instrument effect on quantification. On
the other hand, the tested value of commercial vinyl chloride standard solution was not
consistent with the labeled value, and large discrepancies existed among commercial
standard solutions from different producers, making precise quantification difficult.

Table 5. Certified values and expended uncertainties of 28 VOCs in the water MCRM.

No. Composition
uchar
(%)

ubb
(%)

ulst
(%)

Certified Value
(μg/L)

uCRM (k = 2)
(μg/L)

1 vinyl chloride 9.44 3.73 11.4 1.7 × 101 5.3
2 1,1-dichloroethylene 5.75 1.22 6.20 1.4 × 101 2.5
3 dichloromethane 2.87 1.89 4.07 1.4 × 101 1.4
4 trans-1,2-dichloroethene 2.04 0.84 4.75 1.1 × 101 1.2
5 cis-1,2-dichloroethene 2.24 0.81 4.48 1.1 × 101 1.1
6 trichloromethane 2.42 1.52 4.25 1.6 × 101 1.6
7 carbon tetrachloride 2.61 1.71 5.80 1.3 × 101 1.7
8 benzene 2.99 0.86 3.67 8.1 × 100 0.8
9 1,2-dichloroethane 4.49 1.02 3.77 1.2 × 101 1.4
10 trichloroethylene 2.68 1.20 6.09 1.4 × 101 1.9
11 chlorodibromomethane 0.87 1.40 6.17 1.1 × 101 1.5
12 toluene 3.74 0.46 4.81 7.9 × 100 1.0
13 tetrachloroethylene 2.18 0.82 3.69 1.2 × 101 1.0
14 bromodicloromethane 2.23 1.23 7.38 1.5 × 101 2.3
15 chlorobenzene 3.65 0.50 5.38 9.7 × 100 1.3
16 ethylbenzene 4.65 0.30 3.94 7.2 × 100 0.9
17 p-xylene 4.25 0.31 2.62 6.2 × 100 0.6
18 m-xylene 4.25 0.31 2.62 6.2 × 100 0.6
19 o-xylene 3.46 0.31 1.64 7.1 × 100 0.5
20 styrene 5.44 0.34 1.56 9.2 × 100 1.0
21 bromoform 1.87 1.41 5.54 1.5 × 101 1.8
22 cumene 9.87 0.42 1.32 9.0 × 100 1.8
23 1,4-dichlorobenzene 3.15 0.18 0.91 9.5 × 100 0.7
24 1,2-dichlorobenzene 1.74 0.22 3.00 9.1 × 100 0.7
25 1,3,5-trichlorobenzene 1.56 0.25 3.60 9.3 × 100 0.8
26 1,2,4-trichlorobenzene 3.76 0.39 3.98 8.8 × 100 1.0
27 hexachloro-1,3-butadiene 1.83 0.77 6.14 1.0 × 101 1.4
28 1,2,3-trichlorobenzene 4.72 0.31 2.91 8.2 × 100 0.9

3. Materials and Methods

The Institute for Environmental Reference Materials, Ministry of Environmental Pro-
tection (IERM) has a quality management system based on ISO Guide 35 and ISO/IEC
17025, which is accredited by the China National Accreditation Service for Conformity
Assessment (CNAS). The preparation and certification of the CRMs for environmental
monitoring have been carried out according to the technical requirements of ISO Guide
35 [20].

3.1. Chemicals and Instruments

The commercial standards of 28 VOCs were purchased from several manufacturers.
Detailed information regarding the manufacturers, purities and uncertainties of the purities
are given in Table 6. Pesticide residue grade methanol was purchased from J.T. Baker, USA.
The stock standard solutions were 27 mixed VOCs standard solution (IRMM, 100 μg/mL)
and vinyl chloride standard solution (2000 μg/mL, Supelo, USA). The internal stock
standard solutions were fluorobenzene and 1,4-dichlorobenzene D4 (IRMM, 1000 and
1000 μg/mL, respectively).
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Table 6. Purities of 28 commercial VOC standards.

No. Composition Manufacturer
Labeled

Purity (%)
Labeled

Uncertainty (%)
Measured
Purity (%)

1 vinyl chloride gmgas, China 99.999 0.5 99.99
2 1,1-dichloroethylene ChemService,USA 99.5 0.5 99.83
3 dichloromethane ChemService,USA 99.5 0.5 99.74
4 trans-1,2-dichloroethene ChemService,USA 99.3 0.5 99.37
5 cis-1,2-dichloroethene ChemService,USA 99.5 0.5 99.78
6 trichloromethane ChemService,USA 99.5 0.5 99.34
7 carbon tetrachloride ChemService,USA 99.5 0.5 99.85
8 benzene ChemService,USA 99.5 0.5 99.95
9 1,2-dichloroethane ChemService,USA 99.5 0.5 99.93

10 trichloroethylene ChemService,USA 99.5 0.5 99.83
11 chlorodibromomethane Fluka,USA 98.8 0.5 98.88
12 toluene ChemService,USA 99.5 0.5 99.99
13 tetrachloroethylene ChemService,USA 99.5 0.5 99.94
14 bromodicloromethane Fluka,USA 99.5 0.5 99.86
15 chlorobenzene ChemService,USA 99.5 0.5 99.91
16 ethylbenzene ChemService,USA 99.5 0.5 99.48
17 p-xylene ChemService,USA,USA 99.5 0.5 99.77
18 m-xylene ChemService,USA 99.4 0.5 99.83
19 o-xylene ChemService,USA 99.0 0.5 99.27
20 styrene ChemService,USA 99.4 0.5 99.86
21 bromoform ChemService,USA 99.5 0.5 99.53
22 cumene ChemService,USA 99.5 0.5 99.93
23 hexachloro-1,3-butadiene AccuStandard,USA 98.3 1.0 97.82
24 1,4-dichlorobenzene ChemService,USA 99.5 0.5 99.98
25 1,2-dichlorobenzene ChemService,USA 99.5 0.5 99.73
26 1,2,4-trichlorobenzene ChemService,USA 99.5 0.5 99.58
27 1,2,3-trichlorobenzene ChemService,USA 99.5 0.5 99.93
28 1,3,5-trichlorobenzene ChemService,USA 99.5 0.5 99.11

The VOCs spiking solution was prepared gravimetrically using a calibrated Mettler
Toledo analytical balance (AE-240, 205 g capacity, resolution of 0.01 mg, Switzerland).
The purities of the 28 VOC commercial standards were verified by a calibrated gas chro-
matography with flame ionization detection (Agilent 7890A GC-FID, USA). Homogeneity
and stability studies of VOCs spiking solution were performed on a calibrated Agilent
7890A gas chromatograph coupled with an Agilent 5975C mass spectrometer (Agilent
7890A GC-5975C MS, USA). Analysis of the water MCRM was performed on a calibrated
purge-and-trap Agilent 7890A GC-5975C MS.

3.2. Purity Test

The purities of the 28 VOC commercial standards were determined in-house using a
GC-FID with a DB-1 column (30 m × 320 μm ID × 0.25 μm film). The oven temperature
program started at 70 ◦C, then increased to 150 ◦C at 5 ◦C/min. The injection volume
was 1 μL, and the injection was performed in split mode (30:1). The carrier gas was high
purity nitrogen (1.0 mL/min), and the temperature of the injector and detector were 220
and 230 ◦C, respectively. The final purities of the 28 commercial standards were calculated
by the peak area normalization method.

The purity of methanol (pesticides residue grade) selected as the solvent was checked
by gas chromatography-mass spectrometry (GC-MS) prior to the preparation of CRM.

3.3. Determination of VOCs
3.3.1. Determination of VOCs in the Spiking Solution

Measurement of the 28 VOCs in the spiking solution was performed on a GC-MS [21]
equipped with a DB-624 (60 m × 250 μm ID × 1.4 μm film, Agilent, Santa Clara, CA, USA)
capillary column. The oven temperature was programmed as follows: 35 ◦C for 2 min,
followed by 5 ◦C/min to 120 ◦C, then 10 ◦C/min to 220 ◦C, where it was held for 3 min.
The injection volume was 1 μL, and the injection was performed in split mode (30:1). The
carrier gas was helium (1.0 mL/min), and the temperature of the injector, transfer line and
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ion source was 220, 260 and 230 ◦C, respectively. Data acquisition was performed under
selected ion monitoring (SIM) mode.

3.3.2. Determination of VOCs in Water MCRM

Analysis of the 28 VOCs in water MCRM was performed on a purge-and-trap GC-
MS [21]. The conditions of the purge-and-trap were as follows: purge time: 11 min; purge
rate: 40 mL/min; dry purge time: 1 min; desorption time: 2 min; desorption temperature:
190 ◦C; baking time: 6 min; baking temperature: 200 ◦C. The conditions of GC-MS were
the same as for the determination of 28 VOCs in the spiking solution.

3.4. Preparation of the VOCs Spiking Solution

The 28 VOCs spiking solution was prepared gravimetrically. Briefly, the 28 VOCs
were divided into seven groups during weighing and dissolution, then mixed into a certain
volume. Among the 28 VOC commercial standards, only vinyl chloride standard is gaseous
at room temperature. Therefore, vinyl chloride was placed in its own group, while the
remaining 27 VOCs were divided into six groups according to their characteristics (Table 7).
According to the labeled purities of the 28 VOC commercial standards, the stock solution of
vinyl chloride in methanol was prepared by drawing a moderate volume of vinyl chloride
using an airtight syringe and then adding it to methanol. For the other six groups, the
stock solution of each group was prepared gravimetrically in the sequence of their polarity
from weak to strong. After all stock solutions were prepared, a moderate volume of
stock solution from each group was transferred into the same 1 L flask and then diluted
to 1 L with methanol. The mass fractions of target compositions of the spiked solution
were between 5.0 and 20 mg/L. Approximately 1 L of the VOC mixture was subdivided
into 2 mL amber glass ampoules with 1.2 mL per ampoule using an ampoule filling
machine. During the process of subdivision, 15 ampoules were sampled for a homogeneity
study using a stratified random sampling strategy. After confirmation that the batch was
homogeneous, the sealed ampoules were packed and divided into three parts, then stored
at room temperature, 4 and −18 ◦C.

Table 7. Grouping of 28 VOCs during preparation of VOCs spiking solution.

Group Composition

1 vinyl chloride
2 dichloromethane, trichloroethylene, bromoform, chlorodibromomethane
3 carbon tetrachloride, bromodicloromethane, tetrachloroethylene

4 trichloromethane, 1,2-dichloroethane, 1,4-dichlorobenzene,
hexachloro-1,3-butadiene

5 toluene, ethylbenzene, o-xylene, m-xylene, p-xylene, styrene, cumene

6 chlorobenzene, 1,2-dichlorobenzene, 1,2,4-trichlorobenzene, 1,2,3-trichlorobenzene,
1,3,5-trichlorobenzene

7 1,1-dichloroethylene, benzene, trans-1,2-dichloroethene, cis-1,2-dichloroethene

3.5. Homogeneity Testing

The VOCs spiking solution was subjected to a homogeneity study in which both the
homogeneity between and within ampoules was evaluated. Fifteen ampoules of VOC
spiking solution were selected using a stratified random sampling scheme covering the
whole batch, and three sub-samples were analyzed in each ampoule. The internal standard
was spiked into the solution for the QA/QC process, and each sample was analyzed in
triplicate by GC-MS. Measurement sequences were randomized to be able to minimize
possible trends in both the filling sequence and the analytical sequence.

The homogeneity was evaluated by one-way analysis of variance (ANOVA) as de-
scribed by ISO Guide 35 [20]. The between-bottle standard deviation (sbb) and within-bottle
standard deviation (swb) were also calculated. Possible inhomogeneity was expressed
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as the uncertainty due to the between-bottle inhomogeneity of the material (ubb) and
quantified as:

ubb = sbb =

√
MSamong − MSwithin

n
(1)

In cases in which MSamong < MSwithin (indicating that the study set-up and/or method
repeatability were not sufficient), the maximum heterogeneity that could be hidden by
the method variability, the influence of analytical variation on the standard deviation
between units ubb

′ was calculated and used for estimates of in-homogeneity. The ubb
′ was

calculated as:

ubb
′ =

√
MSwithin

n
4

√
2

vMSwithin

(2)

where MSwithin is the mean square within groups determined from ANOVA, n is the
number of replicates per bottle and vMSwithin represents the degrees of freedom of MSwithin.

The instrumental repeatability of the measurement of 28 VOCs was determined
by conducting 10 replicate GC-MS analyses of 10 μg/mL reference material containing
28 VOCs.

3.6. Stability Testing

A long-term stability study was conducted to ensure the shelf-life of the VOCs spiking
solution. A long-term stability study was conducted based on a classical stability study.
Stability monitoring was performed for each analyte of the spiking solution after 0, 1, 3,
6, 9, 12 and 15 months of storage at room temperature, 4 and −18 ◦C. For each round of
analysis, three ampoules were sampled randomly from those samples stored under each
storage condition.

A linear regression model was utilized for processing data, namely assuming compo-
nent values (Y) of time (X) varying linear equation as Y = b0 + b1X, where b0 and b1 are the
regression coefficients. The estimated standard deviation of b1 is then given by:

S(b1) =
s√

n
∑

i=1
(Xi − X)

2
(3)

where

s2 =

n
∑

i=1
(Yi − b0 − b1Xi)

2

n − 2
(4)

and tcal is given by

tcal =
|b1|

S(b1)
(5)

According to ISO Guide 35, the long-term instability is estimated as ults = S(b1) × t,
with ults being the uncertainty of long-term instability, S(b1) is the standard error of the
slope and t is the selected duration.

3.7. Characterization and Uncertainty Study

The certified values of 28 VOCs in the water MCRM were determined by the average
of the results obtained from nine competent laboratories that each received six ampoules
selected at random. Before analysis, the samples were diluted 1000 times with pure water,
and the average concentrations of analytes after dilution were used.

Data sets were checked to ensure they followed approximately normal distributions
and that variances for each compound were homogeneous. Grubb’s test was applied to
evaluate within laboratory parallel data. Between-laboratory outliers of variance were
detected using the Cochran test, while outliers of average were detected using Dixon’s
test. Generally, the outliers detected from Grubb’s test were retained. When the RSD of
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within-laboratory parallel data was smaller than 15%, the stragglers and outliers from
Cochran’s test were retained. The outliers (95% confidence interval) detected from Dixon’s
test were removed.

The standard uncertainty of the certified values included collaborating characteri-
zation uncertainty (uchar), between-bottle inhomogeneity uncertainty (ubb) and long-term
instability uncertainty (ults). The expanded uncertainty (U) of the certified property value
was calculated as: U = k ×√

ubb
2 + ults

2 + uchar
2, where k is the coverage factor (usually

set k = 2, approximately the 95% confidence level), ubb is the uncertainty due to inhomo-
geneity of the material, uits is the uncertainty due to instability of the material and uchar is
uncertainty in the characterization of the property value.

4. Conclusions

In conclusion, a water MCRM of 28 VOCs was developed using a “reconstitution”
approach by adding the prepared VOCs spiking methanol solution into pure water di-
rectly prior to analysis. The 28 VOCs in methanol as a spiking solution was prepared
gravimetrically by dividing the VOCs into seven groups. The batch of spiking solution
was homogeneous and stable at room temperature, 4 and −18 ◦C for at least 15 months.
The certification of the water MCRM was established in a study involving nine competent
laboratories applying purge-and-trap GC-MS or headspace GC-MS. The certified values
of the 28 VOC analytes in the MCRM ranged from 6.162 to 17.37 μg/L with expanded
uncertainties in the range of 0.5 to 5.3 μg/L. The prepared water MCRM could be used for
quality control during VOC analysis in water and for developing or verifying measurement
methods for VOCs monitoring in water.
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Abstract: Polymeric adsorbents with different properties were synthesized via suspension polymerization.
Equilibrium and kinetics experiments were then performed to verify the adsorption capacities of the
resins for molecules of various sizes. The adsorption of small molecules reached equilibrium more quickly
than the adsorption of large molecules. Furthermore, the resins with small pores are easy to lower their
adsorption capacities for large molecules because of the pore blockage effect. After amination, the specific
surface areas of the resins decreased. The average pore diameter decreased when the resin was modified
with either primary or tertiary amines, but the pore diameter increased when the resin was modified
with secondary amines. The phenol adsorption capacities of the amine-modified resins were reduced
because of the decreased specific area. The amine-modified resins could more efficiently adsorb reactive
brilliant blue 4 owing to the presence of polar functional groups.

Keywords: resin; adsorption; pore size distribution; chemical modification; water treatment

1. Introduction

Nowadays, large amounts of wastewater containing pollutants such as pesticides,
dyes, heavy metals, and pharmaceuticals have been produced because of increased agri-
cultural applications and the growth of the pharmaceutical and chemical industries [1].
Effluent containing even low concentrations of organic contaminants can be highly dis-
cernible and recalcitrant [2]. The large-scale production and widespread use of chemical
substances can cause serious environmental problems, making it an important public con-
cern [3]. Thus, the effective removal of organic pollutants from water sources is necessary
for environmental security and public health.

Adsorption is a low-energy solid phase extraction technique that has been widely ap-
plied in industry in recent years. Various materials have been used as adsorbents, including
mesoporous silica, natural zeolites and activated carbons [4,5]. However, these materi-
als have some disadvantages that limit their application, such as unfavorable selective
adsorption or poor regeneration [6].

Since the 1970s, functional polymers that have adsorption and separation capability
have rapidly developed, and adsorbent resins have been widely used in various fields.
Resins can adsorb organic matter through non-covalent bonding between molecules. The
adsorbed molecules can then be eluted, thereby regenerating the resin to achieve the
enrichment, separation and recovery of organic matter in wastewater [7–9]. For example,
Zhu Shiyun et al. [10] used the strong anionic resin Amberlite IRA 402-OH to remove
acetaldehyde from petrochemical production wastewater. The acetaldehyde removal
efficiency from wastewater was 86%.

Adsorbent resins have been widely used to remove in dyes chemicals (such as ben-
zene and naphthalene), pharmaceutical intermediates, and other organic compounds
from wastewater [11]. Although existing adsorption resins can efficiently remove micro-
molecules and low water-soluble organic matter from wastewater, they are not effective
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for the adsorption of large molecules or organic matter with complex molecular structures.
Therefore, a series of resins with different pore size distributions and high-adsorption ca-
pacity chemical groups were synthesized to address this problem. The adsorption behavior
and effects on adsorption properties were studied.

Adsorbent resins can be synthesized via addition polymerization and condensation
polymerization. The design of the pore structure in the resin synthesis is important and
includes the pore volume, pore size, pore distribution, and specific surface area [12].
Many factors can affect the pore structure. For instance, when synthesizing macroporous
adsorbents, the polarity, pore size, pore distribution, and specific surface area of the resin
can be adjusted by controlling the polymerization conditions, such as the crosslinking
agent, amount and type of porogen, and monomer composition [13,14]. The pore structure
plays an important role in the adsorption ability of resins.

In addition to the pore diameter, the chemical structure of the resin also has an impor-
tant effect on its adsorption properties. Li et al. [15] carbonized XAD-4 resin and found
that the modified resin had good adsorption of phenolic compounds. Huang et al. [16]
synthesized a new diethylenetriamine-modified hyper-cross-linked polystyrene resin with
improved adsorptive removal of phenol. Li et al. [17] synthesized anion-exchange resins
with different trialkylammonium groups, which significantly improved the nitrate adsorp-
tion capacity and improved the humic acid anti-fouling performance. Thus, we modified
synthesized resins with amines and increase the resins adsorption for stronger polar and
bigger molecules.

2. Materials and Methods

2.1. Chemicals

Divinylbenzene (DVB, 83.5%) and divinylbenzene (DVB, 50.0%) was purchased from
Shandong Dongda Chemicals Company (Shandong, China) which were used as monomers.
Toluene (>99.7%, Shanghai Chemical Reagent Company), liquid wax (>99.5%, Shanghai Chem-
ical Reagent Company), n-heptane (>99.7%, Shandong Dongda Chemicals Company) and
hexadecanol (>99.7%, Shanghai Chemical Reagent Company) were used as porogen. Gelatin
(Photographic grade) was purchased from Yancheng Dafeng Gelatin Company (Jiangsu, China).
Benzoyl peroxide (>99.7%, Shanghai Chemical Reagent Company) was used as an initiator.
Zinc chloride (>99.7%) as the catalyst for chloromethylation were purchased from Shang-
hai Chemical Reagent Company. Chloromethyl ether (>99.7%, Shanghai Chemical Reagent
Company), chloroform (>99.7%, Nanjing Chemical Reagent Company) and methylal (>99.7%,
Shanghai Chemical Reagent Company) were used as the swelling agent. Hexamethylenete-
tramine (>99.7%), methylamine aqueous solution (25%) and dimethylamine aqueous solution
(33%) used for amino-modified were all purchased from Nanjing Chemical Reagent Company.
HCl and NaOH were obtained from Shanghai Chemical Reagent Company. Phenol (>99.7%),
1-amino-4- bromoanthraquinone-2sulfonic acid (ABS acid, >99.7%), and reactive brilliant blue
4 (RBB4, >99.5%) used as adsorbates were also purchased from Nanjing Chemical Reagent
Company. Their structure and molecular sizes of them were estimated by WinMopac7.21, and
the results are shown in Figure S1.

2.2. Preparation

An aqueous phase (200.0 g) solution consisting of 1% gelatin and an oil phase consist-
ing of divinylbenzene (DVB, 83.5% or 50.0%), benzoyl peroxide (initiator) and different
porogen were added to a 500-mL flask. The stirring speed was 300 rpm. The temperature
was gradually increased to 80 ◦C for 3 h, then to 85 ◦C for 4 h, and finally to 95 ◦C for 4 h.
After cooling for 2 h, the polymer beads were filtered with glass sand core vacuum filtration
apparatus (50 mesh) and washed with hot water (60 ◦C). The obtained resins were NDA-1,
NDA-2, NDA-3, NDA-4 and NDA-1800 for different monomer concentrations, porogen
proportion and monomer: porogen ratio. All the polymer beads were then extracted with
acetone in a Soxhlet extractor for 8 h, following by vacuum drying for 8 h at 60 ◦C under a
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10 mmHg vacuum, respectively. The reaction process, final product and corresponding
reagents are shown in Figure 1 and Table S1.

Then, the primary aminated resin (NDA-1801), the secondary aminated resin (NDA-
1802) and the tertiary aminated resin (NDA-1803) were prepared, respectively. NDA-
1800 resin (300.0 g) was chloromethylated with chloromethyl ether (1800.0 g) by using
zinc chloride (180.0 g) as the catalyst. For NDA-1801 preparation, the chloromethylated
NDA-1800 resin (80.0 g) was then emerged in chloroform (120 mL) for 2 h, and then
hexamethylenetetramine aqueous solution (50.0%, 331.7 g) was added. The pH value was
adjusted to 12.0 with NaOH (10 mol/L). For the preparation of NDA-1802, NDA-1800 resin
(80.0 g) was swelled in methylal (120 g) 2 h, and then the methylamine aqueous solution
(25%) was added. The pH was adjusted to 12 with NaOH (10 mol/L). The solution was
then incubated at 45 ◦C for 10 h. For the preparation of NDA-1803, NDA-1800 resin (80.0 g)
was also swelled in methylal (120 g) 2 h. Then, the dimethylamine aqueous solution (33%)
was added, and the pH was adjusted to 12 with NaOH (40%). The solution was incubated
at 45 ◦C for 10 h. After the amination, all the obtained beads were washed with deionized
water until the pH was neutral.

Figure 1. The flow diagram of resin synthesis.

2.3. Characterization

The BET surface area (SBET) of the resin was calculated using the isothermal adsorp-
tion and desorption experiments of N2 at 77 K. The micropore volume (Vmicro) and the
micropore area (Smicro) were determined by the t-plot method [18]. When the relative
pressure is close to 1 (0.98 in this experiment), the N2 adsorption amount (Vt) corresponds
to the total adsorption amount of micropores and mesopores in the resin. The mesopore
volume (Vmeso) of the resin can be obtained by subtracting Vmicro from the adsorption
amount at this time. The average pore diameter in the mesoporous region was obtained
through a BJH desorption experiment. The whole process was completed automatically by
an accelerated surface area and porosimeter system (ASAP 2010, Micromeritics, Georgia
USA). The exchange capacity was determined by acid-base titration. The pretreated resin
was soaked in the HCl aqueous solution, and the capacity was obtained by NaOH titration
of the residual HCl in the solution with phenolphthalein [19]. Fourier transform infrared
(FTIR) spectroscopy was performed with an FTIR spectrophotometer (Nicolet 170 SX,
Georgia USA) via KBr pressed-disk technique.

2.4. Adsorption Kinetics

A 0.1000 g aliquot of resin was accurately weighed into a 250-mL conical flask, and
100 mL of preheated (303 K) 500 mg·L−1 aqueous solution of adsorbate was added. The
flask was sealed and placed on a constant temperature shaker set at 303 K and shaken

113



Molecules 2021, 26, 5267

at 130 rpm. Samples were removed at regular intervals to measure the concentration of
the adsorbates via a high-performance liquid chromatography (Waters 600) and a UV-vis
spectrophotometer (GBC UV/VIS 916).

2.5. Static Equilibrium Adsorption

A 0.1000 g aliquot of resin was weighed into a 250-mL conical flask. Different concen-
trations of adsorbate solution (100 mL) were added, and the mixtures were shaken for 48 h
on a constant temperature shaker at 303 K and 130 rpm. The solute concentrations in the
equilibrated solutions were then analyzed.

2.6. Analysis

Phenol was determined by a high-performance liquid chromatography (Waters 600).
ABS acid and RBB4 were determined by a UV-vis spectrophotometer (GBC UV/VIS 916) at
486 nm and 605 nm, respectively.

The equilibrium adsorption capacity (Qe (mmol·g−1)) was calculated as follows:

Qe =
V1(C0 − Ce)

MW
(1)

where, V1 (L) is the volume of the solution, W (g) is the mass of the dry resin, and M is the
molar mass of the adsorbate molecule.

3. Results and Discussion

3.1. Characterization

The specific surface area and pore structure of the synthesized resins (NDA-1, NDA-2,
NDA-3, and NDA-4) were measured. Their specific surface areas ranged from 448.0 to
565.1 m2·g−1.

The characterization results of the resins are shown in Table 1. The mesopore diameter
distribution was calculated using the Barret-Joyner-Halenda (BJH) method, as shown in
Figure 2. NDA-2 had the largest specific surface area, and the other three resins had
similar specific surface areas. The pore diameter distributions of NDA-1 and NDA-2 were
relatively narrow, but those of NDA-3 and NDA-4 were relatively wide.

Table 1. Characterization of resins.

Number
Specific Surface Area (m2·g−1)

Sext%
Pore Volume (cm3·g−1)

Vmeso%
Average Pore

Diameter (nm)
SBET Smicro Sext Vt Vmicro Vmeso

NDA-1 448.0 37.2 410.8 91.7 0.310 0.0098 0.3002 96.8 3.80
NDA-2 565.1 51.8 513.3 90.8 0.474 0.0148 0.4592 96.9 4.74
NDA-3 452.4 43.1 409.3 90.5 0.736 0.0213 0.7147 97.1 6.87
NDA-4 486.6 32.4 454.2 93.3 0.767 0.0091 0.7579 98.8 6.72

Note: SBET, Smicro and Sext are the BET specific surface area, micropore area and non-micropore area, respectively. Vt, Vmicro and Vmeso are
the pore volume, micropore volume and meso-pore volume, respectively, when the relative pressure was 0.98. Sext% and Vmeso% are the
percentage of the specific surface area of non-micropores and the percentage of the mesopore volume, respectively.

The N2 adsorption isotherms of the synthetic resins were mostly II and IV hybrid adsorp-
tion isotherms (see Figure 3). Micropore filling occurred when relative pressure (p/p0) was
between 0.0 to 0.2 and the adsorption was low. When the relative pressure was slightly higher,
the hysteresis curve appeared between the adsorption and desorption curves owing to the
occurrence of multilayer adsorption and capillary condensation, indicating that most pores in
the resins were mesopores [20]. The low range isotherms (at the logarithmic scale (p/p0) scale)
were also presented in supporting information (Figure S2).
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Figure 2. Mesopore diameter distribution of NDA-1, NDA-2, NDA-3, and NDA-4.

Figure 3. N2 adsorption isotherms of NDA-1 (a), NDA-2 (b), NDA-3 (c) and NDA-4 (d) resins at 77 K.

After modification of NDA-1800 with amines, their characterizations were determined.
The infrared spectra of NDA-1800, NDA-1801, NDA-1802, and NDA-1803 resins are shown
in Figure S3. Compared with the NDA-1800 resin, the resins modified by primary amines,
secondary amines and tertiary amines had a very small peak around 672 cm−1; this was
attributed to the chloromethyl peak. The peaks appearing near 1040 cm−1 and 1118 cm−1

were designated as C-N stretching vibration peaks, and they were not present for NDA-
1800. In the modified resins, the peaks around 3445 cm−1 were N-H stretching vibration
peaks, which indicated that amine groups had been successfully introduced to the three

115



Molecules 2021, 26, 5267

modified resins. Moreover, the chloride content of the resin after amination was decreased,
indicating that the chlorine had been partly replaced by the amino groups (Table 2). The
exchange capacities of the three modified resins were 1.3, 1.49, and 5.4 mmol·g−1 for NDA-
1801, NDA-1802, and NDA-1803, effectively, showing that the number of exchangeable
amino groups increased on the resin skeleton after reaction. Therefore, when contacted
by adsorbate, the resins could provide exchange sites and electrostatic adsorption sites in
addition to the π-π interactions of the resin skeleton.

Table 2. Characterization of the modified resins.

Number

Specific Surface
Area (m2·g−1)

Pore Volume
(cm3·g−1)

Average Pore
Diameter (nm)

Modification
Methods Polarity

Mean
Particle

Size (mm)

Residual
Chlorine

Content (%)

Total Exchange
Capacity

(mmol·g−1)SBET Smicro Vt Vmicro

NDA-1800 852.3 93.3 1.470 0.022 7.47 / nonpolar 0.4–0.6 / /

NDA-1801 630.6 84.1 0.944 0.021 5.99 Primary
amine polar 0.4–0.6 6.8 1.13

NDA-1802 628.4 54.7 1.230 0.009 7.86 Secondary
amine polar 0.4–0.6 7.1 1.49

NDA-1803 602.6 59.0 0.961 0.010 6.38 Tertiary
amine polar 0.4–0.6 5.4 5.40

The data in Table 2 show that compared with NDA-1800, the specific surface areas of
the resins modified with primary amines, secondary amines and tertiary amines were 26.0%,
26.3%, and 29.3% smaller, respectively. This was because during chloromethylation some part
of the resin pores collapsed owing to the swelling action of chloromethyl ether, resulting in
a decreased specific surface area. Figure 4 shows that the pore diameter of the resins also
changed after modification with amine groups. The concentration pore diameters of resins
modified with primary amines and tertiary amines slightly decreased to approximately 14 nm,
while that of the resin modified with secondary amines slightly increased.

Figure 4. Mesopore diameter distribution of NDA-1800, NDA-1801, NDA-1802, and NDA-1803.

3.2. Adsorption Kinetics

The adsorption kinetic data were analyzed using pseudo-first-order and pseudo-
second-order rate equations via nonlinear fitting [21,22]; Table 3 lists the corresponding
parameters. The correlation coefficient (R2) suggested that the pseudo-second-order rate
equation was a better fitting model.

Figure 5 shows the adsorption kinetic curves of the three adsorbates on NDA-2 and
NDA-3. Phenol rapidly reached equilibrium in approximately 0.5 h, ABS acid reached
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equilibrium in approximately 8 h, and RBB4 reached equilibrium in approximately 20 h.
The kinetics of the different adsorbates varied because the adsorption process on the inner
surface of the resin is often very fast, and is mainly controlled by internal diffusion into
the resin pores [23]. Owing to the relative size of the resin pores and the molecular size of
phenol, the diffusion of phenol at the resin pore interface is similar to molecular diffusion
in which there is free diffusion and a relatively high diffusion rate. However, RBB4 has
a larger molecular volume, which leads to more frequent collisions with the pore wall,
greater diffusion resistance, and a slower diffusion rate.

The rate constant, k2, of phenol adsorption was in the following order: NDA-2 >
NDA-3, while this was the opposite for RBB4. The equilibrium adsorption capacities of
NDA-2 for phenol and ABS acid were greater than those of NDA-3, while this was the
opposite for RBB4. The pore diameter of NDA-2 was smaller than that of NDA-3, leading to
a higher equilibrium adsorption capacity for micromolecules such as phenol and ABS acid.
In contrast, NDA-3 had higher equilibrium adsorption capacity for the macromolecule
RBB4. Therefore, the pore diameter distribution of the resin not only affected the adsorption
rate, but also influenced the adsorption capacity of the resin for an adsorbate.

Figure 5. Adsorption kinetic curves of the three adsorbates.

Table 3. The corresponding parameters of the adsorption kinetic curves.

Pseudo-First-Order Rate Equation Pseudo-Second-Order Rate Equation

Qe

(L·mmol−1)
K1

(L·mmol−1)
R2 Qe

(L·mmol−1)
K2

(L·mmol−1)
R2

NDA-2 phenol 0.583 0.102 0.963 0.611 0.284 0.969
NDA-3 phenol 0.459 0.069 0.949 0.489 0.213 0.963

NDA-2 ABS acid 0.364 0.005 0.974 0.477 0.011 0.980
NDA-3 ABS acid 0.350 0.004 0.939 0.467 0.008 0.951

NDA-2 RBB4 0.267 0.002 0.957 0.384 0.003 0.958
NDA-3 RBB4 0.189 0.002 0.972 0.260 0.006 0.976

3.3. Static Adsorption Equilibrium

We used a three-parameter multilayer adsorption model to describe the adsorption
data [24]. The equation was as follows:

Qe =
QmK1Ce

(1 − K2Ce)[1 + (K1 − K2)Ce]
(2)
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where Ce (mmol·L−1) is the equilibrium concentration of adsorbate, Qe (mmol·g−1) is
the adsorption capacity of resin, Qm (mmol·g−1) is the maximum first-layer adsorption
capacity of resin, K1 (L·mmol−1) is the first-layer adsorption equilibrium constant, and K2
(L·mmol−1) is the multilayer adsorption equilibrium constant. The three-parameter mul-
tilayer adsorption model can be used to describe almost all S-type adsorption isotherms,
including the BET isotherm and the Freundlich isotherm, which are typical for gas adsorp-
tion and organic matter adsorption. The equilibrium adsorption isotherms are shown in
Figure 6, and Table 4 summarizes the corresponding parameters. The adsorption isotherms
of phenol were approximately straight lines in the concentration range of our study and
could not be simulated by this model.

Figure 6a shows the adsorption isotherms of phenol on the four resins. The order of
adsorption capacity was NDA-2 > NDA-1 > NDA-3 > NDA-4. The NDA-2 resin had the
highest adsorption capacity because it had the largest specific surface area. Although NDA-
1, NDA-3 and NDA-4 had similar specific surface areas, the pore diameter distribution
of NDA-1 was mainly concentrated in the small mesopore region. This resin is suitable
for the adsorption of micromolecules such as phenol. However, the opposite was true for
NDA-4, which had lowest adsorption capacity for phenol.

Figure 6b shows the adsorption isotherm of ABS acid on the four resins. The order
of adsorption capacity was NDA-2 > NDA-3 > NDA-4 > NDA-1. Different from phenol,
the adsorption capacity of NDA-1 for ABS acid was much lower than that of the other
three resins. This was because the adsorption of ABS acid to NDA-1 was affected by pore
hindrance, making part of the pore volume unusable. One reason for this phenomenon
is that the pore size of NDA-1 was smaller than that of the adsorbate molecule; thus, the
molecule cannot be adsorbed within the resin pores. Second, in the process of diffusion from
the surface to the inner channels of the resin, the adsorbate molecules are partly adsorbed
onto the pore walls. This can cause the channels become blocked, preventing the adsorbate
from passing through the channels. As can be seen from the pore diameter distribution
diagram, the pore diameter of NDA-1 was mainly distributed around approximately 3 nm,
this is 2–3 times larger than the diameter of ABS acid. Therefore, the adsorption of this
molecule caused pore obstruction.

Figure 6c shows the adsorption isotherm of RBB4 on the four resins. The order of
adsorption capacity was NDA-3 > NDA-4 > NDA-2 > NDA-1. Although NDA-2 had the
largest specific surface area, its adsorption capacity was far lower than that of NDA-3 and
NDA-4. This was because the NDA-2 resin was also affected by pore hindrance. This effect
was enhanced by the molecular aggregation of RBB4 [25]. Walker et al. [26] showed that
the degree to which some acid dyes aggregate on the surface of activated carbon and bone
charcoal could be greater than 10 molecules. Accordingly, it is understandable that the
macromolecule RBB4 would experience pore hindrance on, NDA-1 and NDA-2 owing to
small pore diameters of these resins.

Figure 6. (a) Adsorption isotherms of phenol; (b) Adsorption isotherms of ABS acid; (c) Adsorption isotherms of RBB4.
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As shown in Figure 6, although NDA-4 and NDA-3 had similar specific surface areas,
pore volumes and average pore diameters, the adsorption capacity of NDA-4 was lower
than that of NDA-3 for the three adsorbates. This was because the pore diameter of NDA-4
was larger than that of the adsorbates. Thus, pore size that is either too small or too large is
not conducive to improving the adsorption capacity of a resin, and there was an optimal
adsorption pore size for specific adsorbates.

Table 4. The corresponding parameters of three-parameter multilayer adsorption model.

Resins

ABS Acid RBB4

Qm

(mmol·g−1)
K1

(L·mmol−1)
K2

(L·mmol−1)
R2 Qm

(mmol·g−1)
K1

(L·mmol−1)
K2

(L·mmol−1)
R2

NDA-1 0.407 6.239 0.040 0.971 0.066 6.727 0.252 0.971
NDA-2 0.683 7.862 0.038 0.995 0.113 4.054 0.200 0.995
NDA-3 0.576 10.830 0.050 0.994 0.239 6.015 0.154 0.999
NDA-4 0.493 10.080 0.047 0.985 0.166 5.884 0.212 0.995

The size distribution of the pores greatly influences the adsorption capacity of a resin.
Only when the resin has a proper pore diameter can the adsorbate achieve good diffusion
into the channels and be absorbed effectively. If the pore diameter is too large and the
specific surface area is small, the resin will have a low adsorption capacity. If the pore
diameter is too small, it will limit the diffusion of adsorbates and solvents, which enhances
the shielding effect for molecules with larger diameters [27]. When the pore diameter of a
micropore is less than several times the diameter of the adsorbate molecule, a potential
shielding effect can occur. This can increase the interaction between the solid surface and
gas molecules, thus enhancing adsorption [28]. Macropores, mesopores and micropores are
typically categorized by pore diameters greater than 50 nm, 2–50 nm, and less than 2 nm,
respectively. The surface of macropores contributes little to adsorption and only provides a
channel for the diffusion of adsorbates and solvent. Mesopores can adsorb macromolecules
and help micromolecules pass through the micropores.

Adsorption is related to the chemical structure of resin, regardless of the adsorp-
tion method. Regarding the adsorption mechanism, non-polar adsorbent resins adsorb
molecules through van der Waals forces. By contrast, adsorption typically occurs via
dipole–dipole and electrostatic interactions (including hydrogen bond and donor–acceptor
interactions) for medium and strongly polar resins.

3.4. Adsorption Properties of the Modified Resins

The adsorption properties of the three amino-modified resins (NDA-1801, NDA-1802,
and NDA-1803) for phenol, ABS acid and RBB4 were investigated at 288 K, 303 K, and 318
K and were compared with NDA-1800. The results are presented in Figure 7 and Table S2
summarizes the corresponding parameters.

The phenol adsorption capacities of the four resins were similar at the three temper-
atures. The order of adsorption capacity was NDA-1800 > NDA-1801 ≈ NDA-1803 ≈
NDA-1802. The adsorption of micromolecules such as phenol is mainly achieved through
π-πand dipole–dipole interactions. The resin adsorption capacity was greatly affected by
the surface of the resin, and no ion exchange occurred. Compared with NDA-1800, the
specific surface areas of the three amine-modified resins were decreased; thus, the adsorp-
tion capacities were lower. However, the specific surface area of the three amino-modified
resins were similar, and their adsorption capacities were not significantly different.

The ABS acid adsorption capacity of the four resins was in the order of NDA-1801
≈ NDA-1803 > NDA-1800 > NDA-1802 at all three temperatures. Compared with NDA-
1800, the adsorption capacities of NDA-1801 and NDA-1803 were increased because of
the increased polarity of the resins and the enhanced dipole-dipole and ion exchange
interactions that occurred between the resin and the adsorbate, even though the specific
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surface areas were reduced after amination. The pore diameter distribution was slightly
reduced, which was suitable for the adsorption of ABS acid molecules and increased the
adsorption capacity. The adsorption capacity of the resin modified with secondary amines
decreased slightly owing to the increased pore size distribution and the decreased specific
surface area.

The RBB4 adsorption capacity of the four resins at all three temperatures was in the
order of NDA-1802 > NDA-1803 ≈ ND-1801 > NDA-1800. Compared with NDA-1800, the
adsorption capacities of the amine-modified resins markedly improved. The adsorption
capacity of the secondary amine resin (NDA-1802) increased the most. This was because
the presence of the polar functional group could be used for ion exchange and because
the resin pore size remained large. The adsorption capacities of NDA-1801 and NDA-1803
increased owing to the presence of polar functional groups.

Figure 7. (a) Adsorption isotherms of phenol at 288 K; (b) Adsorption isotherms of phenol at 303 K; (c) Adsorption
isotherms of phenol at 318 K; (d) Adsorption isotherms of ABS acid at 288 K; (e) Adsorption isotherms of ABS acid at 303 K;
(f) Adsorption isotherms of ABS acid at 318 K; (g) Adsorption isotherms of RBB4 at 288 K; (h) Adsorption isotherms of
RBB4 at 303 K; (i) Adsorption isotherms of RBB4 at 318 K.

4. Conclusions

We have synthesized a series of mesoporous resins with different pore size distribu-
tions via suspension polymerization. These resins, which were suitable for the adsorption
of macromolecules. The adsorption kinetics data were well-fitted by a pseudo-second-order
rate equation, and the adsorption equilibrium data were described by a three-parameter
multilayer adsorption model. The adsorption of small molecules reached equilibrium
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quicker than large molecules, and resins with smaller pores had a lower adsorption ca-
pacity for large molecules because of the pore blockage effect. NDA-1 and NDA-2 could
efficiently adsorb phenol and ABS acid, while NDA-3 could efficiently adsorb RBB4. The
resins were modified by amine groups. The presence of polar functional groups led to more
efficient RBB4 adsorption, while the decreased specific surface areas led to decreased phe-
nol adsorption capacities. Thus, a composite functional adsorbent resin with an improved
ability to adsorb the macromolecule RBB4 was obtained. These mesoporous resins are
promising candidates for application in removing organic contaminants from wastewater.

Supplementary Materials: The following are available online, Figure S1: Characterization of the
adsorbates, Table S1: The reagents used of synthetic resins, Figure S2: N2 adsorption isotherms of
NDA-1 (a), NDA-2 (b), NDA-3 (c) and NDA-4 (d) resins at 77K (logarithmic scale (p/p0)), Figure S3:
The infrared spectra of the four resins, Table S2: The corresponding parameters of three-parameter
multilayer adsorption model.
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Abstract: The pollution status of polychlorinated naphthalenes (PCNs) in the sediment of the
Yangtze River Basin, Asia’s largest river basin, was estimated. The total concentrations of PCNs
(mono- to octa-CNs) ranged from 0.103 to 1.631 ng/g. Mono-, di-, and tri-PCNs—consisting of
CN-1, CN-5/7, and CN-24/14, respectively, as the main congeners—were the dominant homolog
groups. Combustion indicators and principal component analysis showed that the emissions from
halowax mixtures were the main contributor to PCNs in sediment, among most of the sampling sites.
The mean total toxic equivalent (TEQ) was calculated to be 0.045 ± 0.077 pg TEQ/g, which indicates
that the PCNs in sediments were of low toxicity to aquatic organisms. This work will expand the
database on the distribution and characteristics of PCNs in the river sediment of China.

Keywords: PCNs; spatial distribution; congener; environmental risk; sediment

1. Introduction

Polychlorinated naphthalenes (PCNs) have been synthesized since the 1930s, with 75 con-
geners based on the number and position of the chlorine(s) in the naphthalene ring system, in-
cluding 2 mono-chlorinated (CN-1–CN-2), 10 di-chlorinated (CN-3–CN-12), 14 tri-chlorinated
(CN-13–CN-26), 22 tetra-chlorinated (CN-27–CN-48), 14 penta-chlorinated (CN-49–CN-
62), 10 hexa-chlorinated (CN-64–CN-72), 2 hepta-chlorinated (CN-73–CN-74), and 1 octa-
chlorinated (CN-75) [1]. Because of the properties of low water solubility, low vapor pressure,
and resistance to degradation, PCNs were widely used in various industries including cable
insulation, wood preservation, graphite electrode lubrication, masking compounds for elec-
troplating, dye manufacturing, capacitors, and refracting index testing oils [1,2]. In parallel,
an increasing number of toxicological studies have demonstrated that PCNs exhibited the
potential risk to a variety of organisms, including dioxin-like toxic effects on mammals [3–5].
PCNs have been listed in Annexes A and C of the Stockholm Convention on Persistent
Organic Pollutants since May 2015, owing to their potential toxicity, persistence, bioaccu-
mulation, and long-range transport [6,7]. Although, the production of PCNs was banned in
the 1980s [2], unfortunately, products containing PCNs have been unlawfully used so far [8].
There are mainly four pathways of PCNs discharging into the environment, including his-
torical use, historical and present use of polychlorinated biphenyl (PCBs), thermal and other
processes, and landfills [9]. Moreover, PCNs may also be formed unintentionally and emitted
into the environment via thermal processes involved in nonferrous metallurgical facilities,
metal refineries, waste incineration, and cooking industries [9–11]. The possible sources of
PCNs released into the environment could be identified by analyzing homolog profiles and
ratios of several PCN congeners used as indicators of particular emission activities [11].

PCNs have been found in various media such as soil, sediment, water, air, and biota,
even in human breastmilk [12,13]. Sediment, as one of the most important pollutant sinks
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among the environmental media, can hold the contemporary PCNs from aquatic and
terrestrial sources and release them to environment again. Thus, it is essential to monitor
PCNs in sediment as secondary pollution sources in order to examine their ecological
risk. In fact, detectable PCNs have been reported in numerous sediment samples collected
in rivers, lakes, and coastal waters of China [7,14–18], even though PCNs have not been
intentionally produced in China. For example, in Zhang’s study, the PCN concentration
was up to 4610 ng/g, highest among all the sediment samples of China reported [16].
Moreover, these pollutants tend to long-range transport in the atmosphere and finally
deposit to sediments. Therefore, it is necessary to conduct comprehensive research on the
whole valley for accurate assessment of the extent of pollute.

The Yangtze River, Asia’s longest river and the third longest river in the world, serves
as an important resource for drinking water, aquaculture and industrial use. With a rapid
increase in population and economic development around the river, there are numerous
inputs from industrial wastewater, municipal sewage, atmospheric deposition, as well
as agricultural soils containing fertilizers, pesticides, herbicides, and heavy metals [19].
Preserving the river’s water quality is critical for sustainable development as well as the
health and survival of residents. In this study, sediment samples of the Yangtze River Basin
were collected from the cradle to the estuary, including the reservoirs, industrial zones
and residential areas. The samples spanned more than 6000 km across six provinces at
different levels of economic development. Our aims were to provide fundamental data
for quantifying PCN concentrations in the sediments, establishing their distributions and
characteristics, and evaluating their potential ecological risks.

2. Results and Discussion

2.1. Spatial Distributions of PCNs in Sediments

The PCN concentrations of the sampling sites from the Yangtze River basin are shown
in Figure 1.

 

Figure 1. The PCN concentrations of the sampling sites from the Yangtze River Basin.

The PCN concentrations in the sediment samples ranged from 0.103 to 1.631 ng g−1.
The lowest concentration of PCNs was found at S7 located in Minjiang River which
was served as a water reservoir. The highest concentration of PCNs was found at S15,
collected from Xijiu River in Yixing City, a residential urban area. In the upstream zone
(samples S1–S3), the relatively higher PCN concentration was found at S1 located near
a famous tourist resort. Among the upper- and middle-stream zone samples, the PCN
concentrations of S8 and S5 were relatively high. This was mainly due to the fact that
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S8 was in a large city, and S5 was close to an industrial development zone. Within the
sample from the middle and lower zones, the concentration of PCNs was relatively high
at S10, which was near the outlet of a sewage treatment plant. As mentioned in the
previous study [20], the input of wastewater and sewage sludge from urban treatment
plants might be the most significant source of PCNs in the sediment. In the downstream
zones, the highest concentration of PCNs was at S15, which was the inlet of Taihu Lake.
The lake has become a pollutant sink with rapid urbanization and subsequently increasing
amount of agricultural and industrial waste [16]. In our study, S3, S7, S12 and S16 could
all be treated as background with lower concentrations of PCNs (0.1–0.2 ng g−1). Unlike
results reported from Li et al. [7], the trend in PCN concentrations at various spots above
did not increase from cradle to the estuary. Therefore, PCN concentrations in sediments
were more closely related to local human activities and industrial sources rather than
geographically locations.

2.2. Comparison with Reported PCN Levels of Other Studies

PCN levels in this study were compared with those reported from other parts of the
world (Table 1). Sample S16 in our study in Suzhou City was near the sampling point
from the study of Zhang et al. [16], who reported that the PCN concentrations in the
sediment was up to 4610 ng/g·dw in development zone of major industrial plants located
in downtown Suzhou City. In contrast, our measured value (0.17 ng/g·dw) was five orders
of magnitude lower than the above mentioned, while the sampling sites were at such a
close distance about 25 miles away. It might because S16 was collected from a drinking
water source in the suburb of Suzhou City. This result confirmed that local human activities
and industrial sources strongly influence the PCN concentrations.

Compared with other locations, the PCN concentrations in our study were the same order
of magnitude as in the Venice Lagoon in Venice (0.03–1.15 ng/g·dw), the Gulf of Bothnia in
Sweden (0.088–1.9 ng/g·dw), the Liaojie River in Taiwan (0.029–0.987 ng/g·dw), the Tokyo Bay
in Japan (1.81 ng/g·dw), the Qingdao Coastal Sea in China (1.1–1.2 ng/g·dw), and Laizhou
Bay in China (0.12–5.10 ng/g·dw) [8,18,21–24]. Results herein were also lower than those in the
Liao River basin in China (0.33–12.5 ng/g·dw), the Yellow River in China (0.18–130 ng/g·dw),
and the Danube catchment in Czech Republic (0.05–29.2 ng/g·dw) [7,25,26]. They were signifi-
cantly lower than that in the Bitterfeld and coastal Georgia, with chloralkali industries nearby as
a source of PCNs [27,28]. The PCN concentrations in the sediments of the Yangtze River Basin
were relatively lower, for the reason that some samples were collected from the water source
protection area or the rural areas.

Table 1. Polychlorinated naphthalene levels reported in other parts of the world.

Countries/River Side Sediment Concentration (ng/g·dw) TEQ * (pg/g) Reference

Georgia coastal 23400 3.71 × 106 [27]
Bitterfeld, Germany 2540 / [28]

Swedish Lake 0.1–7.6 / [29]
Gdansk Basin, Baltic Sea 6.7 / [22]
Venice Lagoon, Venice 0.03–1.15 0.01–0.22 [21]

Tokyo Bay, Japan 1.81 / [8]
Gulf of Bothnia, Sweden 0.088–1.9 / [30]

Baltic Sea 0.32–1.9 0.19–0.23 [31]
Qingdao Coastal Sea, China 0.212–1.21 0.04–0.38 [24]

Barcelona, Spain 0.17–6.56 / [32]
Lake Ontario 21–38 17 ± 4 [33]

Laizhou Bay, China 0.12–5.10 / [18]
Jiaozhou Bay, China 0.0039–0.00564 <0.1 [14]

River Chenab, Pakistan 8.94–414 0.1–57 [34]
Danube Catchment, Czech Republic 0.05–29.2 0.02–17 [26]

Yangtze River Delta, East China 0.6–4600 0.0014–2160 [16]
Liao River, China 0.33–12.5 / [7]

Yellow River, China 0.618–130 / [24]
East China Sea 0.002–261.71 0–212 [35]

Liaojie River, Taiwan 0.029–0.987 3.4 × 10−3–0.71 [23]
Yangtze River, China 0.103–1.631 0.010–0.304 This study

* TEQ: total toxic equivalent.

125



Molecules 2021, 26, 5298

2.3. PCN Homolog Profiles

PCN homolog profiles for the environmental samples may be of great help to quali-
tatively identify the sources. Figure 2 shows the PCN homolog profiles of the sediment
samples from the Yangtze River Basin. All of 75 PCN congeners were detected by high-
resolution gas chromatography/high-resolution mass spectrometry. In other studies,
PCNs homologs were usually reported the results of tri- to octa-CNs, with the dominant
homologs of tri-and tetra-CNs, such as the Liaohe River basin of China, Laizhou Bay of
China, and the Yellow River of China [7,18,25]. By contrast, in our study, mono-, di-, and tri-
CNs were the dominant homolog groups in most of the samples, with the CN-1, CN-5/7
(i.e., complex of CN-5 and CN-7), and CN-24/14 being dominant congeners. Moreover,
the proportion of PCN homolog groups decreased with an increasing number of chlorine
atoms. Experimental results showed that S8 dominated by hepta-and octa-CN homologs,
while S11 and S12 were dominated by tri-and tetra-CN homologs. S8 was collected from the
stem of the Yangtze River, which was near the developed cities Chongqing City. This sam-
pling site was surrounded by large commercial streets, busy transport hubs, and a garment
industry. S11 was collected in Yunshui River near a fertilizer plant. S12 was collected from
Changhu Lake surrounded by the woodland near Jingmen City. Although there was a
sewage treatment plants that may discharge waste into the lake, the Jingmen City gathered
a few industries including battery factories, petroleum machinery factories, etc. Therefore,
we speculated that the significant difference in the distribution of PCN congeners in S11
and S12 samples may be due to the transport and deposition of surrounding industrial
sources. The local hydrologic monitoring stations reported that the flow rate in S12 was
much lower than in S11. Therefore, the different distribution of the PCN congeners in these
three sites may result from human activities, industry discharges as well as the hydrological
characteristics, deserving further investigations.
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Figure 2. Homolog profiles of polychlorinated naphthalene in the sediment samples from the Yangtze
River basin.

2.4. Source Identification

To further identify the potential sources of PCNs in the samples, we conducted
principal component analysis (PCA) on PCN homologs in the sediment samples of the
Yangtze River. Figure 3 shows the results of the PCA score plot of PCN among different
samples. The extraction variance contributions of PC1 and PC2 accounted for 77.7%
and 10.6% of the total variance, respectively, with a cumulative value of 88.3%. Except
for two samples (S8 and S12), the homolog of PCNs in other samples was relatively
consistent (marked in the red circle), indicating that they may be from the same types of
emission sources.
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Figure 3. PCA score plot of the polychlorinated naphthalene profile of sediment samples.

Several congeners—such as CN-17/25, -36/45, -39, -35, -52/60, -50, -51, -53, and -66/
67—have been identified as combustion indicators (PCNcom) [3,9,15,36]. The ratio of ∑PCNcom
to ∑PCNs was usually calculated to estimate primary sources [36]. Values of ∑PCNcom/
∑PCNs < 0.11 suggested emission from the halowax mixture, values of ∑PCNcom/∑PCNs > 0.5
indicated combustion-related source emissions, and 0.11 < ∑PCNcom/∑PCNs < 0.5 was as-
sumed for the indication of emissions from combustion sources and halowax products [15].
In this study, the values of ∑PCNcom/∑PCNs were all lower than 0.11, except for S12 (0.19).
Thus, it was speculated that the dominant sources of the PCNs were mainly from the emis-
sion of the halowax mixture. Besides, the concentration of PCNs in S12 were also affected
by combustion-related source emissions. Even though PCN mixtures were never historically
produced and are not currently in commercial use in China, the historic usage of halowax
mixture such as paintings and rubber materials could still be a big contributor to PCNs of the
sediment in the Yangtze River Basin [18].

2.5. Ecological Risks of PCNs in Sediments

Some PCN congeners have toxic effects similar to those of 2,3,7,8-tetrachlorobenzo-p-
dioxin (TCDD) in terms of their biological actions in animals [37]. Based on the relative
potency factors [3], the calculated PCN-corresponding total toxic equivalent (TEQ) values in
sediments ranged from 0.009 to 0.250 pg TEQ/g, as presented in Figure 4. Herein, the TEQ
values were significantly lower than those in the interim sediment and quality guidelines
in Canada and the USA (0.85 pg TEQ/g and 2.5 pg TEQ/g) [17], meaning that PCNs in the
sediments expressed very low toxicity to aquatic life. Highest TEQ values were found at
S8 and S15, which were nearly ten times higher than those of the other samples. CN-73
concentrations contributed the most to the TEQs, with 54.8 and 37.4 pg/g·dw, respectively.

Compared with previous studies, the TEQ values in this study (Table 1) were several
orders of magnitude lower than those reported for the Danube catchment (17 pg TEQ/g),
Lake Ontario (17 ± 4 pg TEQ/g), the River Chenab in Pakistan (57.1 pg TEQ/g), and the
Yangtze River Delta in China (2160 pg TEQ/g) [16,26,33,34]. Rather, our TEQ values were
similar to those of the Venice Lagoon of Venice, the Qingdao Coastal Sea of China, Jiaozhou
Bay of China, and the Liaojie River of Taiwan [14,21,23,24].
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Figure 4. TEQ concentrations of the sediments in the Yangtze River Basin.

3. Materials and Methods

3.1. Sampling

To investigate the distribution of PCNs in the sediments along the Yangtze River Basin,
a series of sediments was collected from 16 typical sites, including rural, urban and indus-
trial areas based on their surrounding environment and levels of economic development
nearly (Table 2).

Table 2. Geographical information and site types for the 16 sampling sites on the Yangtze River Basin.

Number Sites Name Latitude Longitude Type of Sample Site

S1 Erhai 25◦37′ 100◦15′ city
S2 Sansu River 26◦59′ 100◦13′ rural
S3 Dianchi 24◦54′ 102◦43′ rural
S4 Xiangshui River 26◦34′ 104◦56′ city
S5 Hongfenghu Reservoir 26◦34′ 106◦26′ industrial areas
S6 Qingshui River 27◦31′ 109◦35′ city
S7 Min River 28◦45′ 104◦38′ city
S8 Stem Stream of Yangtze River 29◦32′ 106◦34′ developed city
S9 Zhanghe Reservoir 30◦58′ 112◦04′ rural
S10 Man River 31◦35′ 112◦16′ city
S11 Runshui River 31◦43′ 113◦20′ city
S12 Chang Lake 30◦23′ 112◦30′ woodland
S13 Hanbei River 30◦40′ 113◦08′ rural
S14 Tao Lake 31◦61′ 119◦55′ rural
S15 Xi Jiu River 31◦21′ 119◦48′ city
S16 Cheng Lake 31◦18′ 120◦51′ rural

This picture just showed Level I and II tributaries. With the direction of the river,
the samples could also be divided in four major zones: the upstream (Samples S1–S3),
the upper and middle-stream (Samples S4–S8), the middle and lower (Samples S9–S13),
and the downstream (Samples S14–S16) (Figure 5). According to the sampling method
reported [21], the surface sediments (from the top 0–20 cm) were collected using a grab
sampler, transported to the laboratory, and stored at −20 ◦C until analysis.
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Figure 5. Yangtze River sampling sites in this study.

3.2. Sample Preparation and Analysis

The PCNs were analyzed according to our previously described method [20]. Briefly,
the sediments were freeze-dried for approximately 48 h and passed through a 100-mesh
(150 μm) stainless steel sieve. Approximately 10 g of sediments was weighed and spiked
with a mixture of 13C10-labeled PCN internal standards (ECN-5102, tetra-octa PCNs Mix-
ture composed of 13C10-CN-27, -42, -52, -67, -73, and -75; Cambridge Isotope Laboratories,
Andover, MA, USA) and then mixed with 40 g (dry weight) of diatomaceous earth, and ex-
tracted by accelerated solvent extraction (ASE 350; Thermo-Fisher Scientific, Waltham,
MA, USA) at 120 ◦C with a mixture extraction solvent of hexane and dichloromethane
(1:1, v:v). The extraction solvents were first cleaned using acid silica column, followed by
multilayer silica gel column and then basic alumina column. The elution fraction was then
concentrated to 20 μL by rotatory evaporation and a gentle nitrogen gas stream. Finally,
13C10-labeled PCN (ECN-5260: 13C10-CN-64, Cambridge Isotope Laboratories, United
States) was spiked for the calculation of recoveries before analysis.

PCNs were analyzed by high resolution gas chromatography coupled with a high-
resolution mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). A DB-5 fused
silica capillary column (60 m × 0.25 mm × 0.25 μm; Agilent Technologies, Santa Clara,
CA, USA) was used for the separation of PCN congeners. The injection volume was 1 μL,
the flow rate of helium as carrier gas was 1 mL min−1, and GC inlet temperature was set at
270 ◦C. The temperature program was initiated at 80 ◦C (for 2 min) and increased to 180 ◦C
at 20 ◦C min−1 (hold for 1 min), 280 ◦C at 2.5 ◦C min−1 (for 2 min), and 300 ◦C at 10 ◦C
min−1 (for 5 min). The HRMS was tuned and operated at approximately 10,000 resolutions
with 45 eV EI energy.

3.3. Quality Assurance and Quality Control (QA/QC)

A procedural blank sample was evaluated to assess the possible contamination and
instrumental stability. Only a small amount of monochlorinated polychlorinated naph-
thalenes was detected in the blank samples and was 10% lower than the concentrations in
sediment samples. The PCN concentrations in the samples were, thus, not corrected using
the values from the blanks. The recoveries of the 13C10-labeled congeners ranged from
62% to 98%. The instrumental detection limits were assimilated when the signal-to-noise
ratio was three times. PCNs were quantified using a relative response factor of the labeled
congener at the same level of chlorination and a similar retention time.
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4. Conclusions

We evaluated the distribution, composition, and ecological risks of PCNs by ana-
lyzing 16 sediment samples of the Yangtze River basin from the cradle to the estuary.
Their concentrations and TEQs were less than 2 ng g−1 and 0.3 pg TEQ/g, respectively.
These levels were lower than those of most of the previous reports, demonstrating that
there was nearly no alarm to aquatic life with toxic aspects. In our study, the relatively
higher PCN concentrations and TEQs were generally related with frequent human activi-
ties and nearby industrial sources. Further research is needed, however, to elucidate the
relationship between concentrations of PCN congeners and human activities, providing
new insights into understanding the environmental and health risk of exposure to PCN at
low level.
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Abstract: The occurrences, distributions, and risks of 55 target volatile organic compounds (VOCs)
in water, sediment, sludge, and soil samples taken from a chemical industrial park and the adjacent
area were investigated in this study. The Σ55-VOCs concentrations in the water, sediment, sludge,
and soil samples were 1.22–5449.21 μg L−1, ND–52.20 ng g−1, 21.53 ng g−1, and ND–11.58 ng g−1,
respectively. The main products in this park are medicines, pesticides, and novel materials. As for
the species of VOCs, aromatic hydrocarbons were the dominant VOCs in the soil samples, whereas
halogenated aliphatic hydrocarbons were the dominant VOCs in the water samples. The VOCs
concentrations in water samples collected at different locations varied by 1–3 orders of magnitude,
and the average concentration in river water inside the park was obviously higher than that in river
water outside the park. However, the risk quotients for most of the VOCs indicated a low risk to the
relevant, sensitive aquatic organisms in the river water. The average VOCs concentration in soil from
the park was slightly higher than that from the adjacent area. This result showed that the chemical
industrial park had a limited impact on the surrounding soil, while the use of pesticides, incomplete
combustion of coal and biomass, and automobile exhaust emissions are all potential sources of the
VOCs in the environmental soil. The results of this study could be used to evaluate the effects of VOCs
emitted from chemical production and transportation in the park on the surrounding environment.

Keywords: VOCs; distribution; environmental media; risk assessment; chemical industrial park

1. Introduction

Volatile organic compounds (VOCs) are a class of organic chemicals that easily va-
porize and enter the environment at room temperature. There is great concern about the
potential harm they can cause to human health and the environment [1–5]. VOCs are
mainly emitted from biological and anthropogenic sources [6,7] and are widespread in the
environment because of their volatility. Anthropogenic VOCs are important precursors
in the production of ozone and secondary organic aerosols, which have a significant im-
pact on the atmospheric environment [8–10]. VOCs are extensively released from fuels,
paints, spray, solvents, deodorants, combustion exhausts, etc. [11]. They are released into
the environment during their production, storage, handling, and use and can infiltrate
surface water, soil, and sediments through various physical and chemical processes from
many sources [12]. Many VOCs are classified as toxic and carcinogenic pollutants, and
exposure to VOCs can increase the risk of illness, congenital malformation, neurocognitive
impairment, and cancer in humans [11].
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The emission of VOCs from anthropogenic sources is a major issue in China. In 2012,
29.85 million tons of VOCs were emitted in China, and the emissions from industry sources
in 2018 totaled 12.7 million tons [13,14]. As a key source of VOCs in China, the chemical
industry accounts for more than 40% of the total emissions from industrial sources na-
tionally [15]. The chemical industry plays an important role in economic development.
However, chemical industrial parks contain many plants that manufacture multiple prod-
ucts and generate associated, complex pollutants and emissions, which are difficult to
monitor and regulate. As an important emission source of various pollutants, chemical
industrial parks will have an adverse impact on the surrounding environment. Studies
have shown that the concentrations and risks of pollutants, such as pesticides, pharmaceu-
tical pollutants, polycyclic aromatic hydrocarbons, and some VOCs, are relatively high in
various environmental media surrounding chemical industrial parks [16–18].

Previous studies on VOCs mainly focus on air samples and few on environmental
media such as water and soil. To evaluate the effects of VOCs emissions from chemical pro-
duction and transportation in chemical industrial parks on the surrounding environment,
we comprehensively investigated the occurrences, distributions, and risks of 55 target
VOCs in water, soil, and sediment samples from a selected park and an adjacent area.
There are more than 100 chemical plants in the park, and the main products are medicines,
pesticides, and novel materials. The analysis of the concentration levels and composition
characteristics of the VOCs in the samples suggests a source-to-sink relationship, with
the chemical industrial park as the main emission source. The impact of production and
transportation in the chemical park on the surrounding environment was studied, and
the ecological environmental risk of VOCs was evaluated. The results will contribute
to the knowledge of potential influences of VOCs from chemical industrial parks on the
environment, and these are also helpful for risk management and the control of pollutants
in chemical industrial parks.

2. Materials and Methods

2.1. Chemicals and Reagents

A total of 55 compounds (Table S1, in the Supplementary Materials) were monitored.
VOC mixed standards, surrogate standards (fluorobenzene and 4-bromofluorobenzene),
and internal standards (dibromofluoromethane, toluene-d8, and 1,4-dichlorobenzene-d4)
referenced to US EPA Method 8260D [19] were purchased from o2si Smart Solutions (North
Charleston, SC, USA). Methanol and dichloromethane were pesticide residue grade and
were purchased from J.T. Baker Chemical Company (Phillipsburg, NJ, USA).

2.2. Sampling

Rudong Yangkou Chemical Industrial Park has an area of 11.6 km2 and is located in
Nantong, Jiangsu Province, China. In November 2018, we collected a series of water, soil,
and sediment samples in the park and the surrounding area. A map of the sampling sites
is presented in Figure 1.

The differences between the VOCs concentrations in samples collected inside and
outside of the park could reflect the influence of the production activities in the chemical
industrial park on the nearby environment. To compare the VOCs concentrations and
compositions, different samples collected inside and outside the chemical industrial park
were analyzed. Five sewage samples (labeled W1–W5) were collected from the sewage
treatment plant (STP) at the water inlet (W3–W5), the regulating tank (W1), and the water
outlet (W2). One sludge sample was collected from the STP. Eight surface water samples
(labeled W6–W13) were collected from the river water inside the chemical industrial park
(InCP) and the river water outside the chemical industrial park (OuCP). Because the river
bank and bottom were sealed with cement, only three sediment samples (labeled Se1–Se3)
were collected from a depth of 0–20 cm at different sites in the rivers using a stainless-
steel grab sampler. All the water samples were collected in 40 mL pre-cleaned brown
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glass sampling bottles. The sediment and sludge samples were stored in 60 mL screw-top
wide-mouth jars.

 

Figure 1. Map of the sampling sites. (a: water and sediment samples, b: soil samples).

Twenty surface soil samples (labeled S1–S20) were collected in the park and the
adjacent area from a depth of 0–20 cm using a stainless-steel scoop (Figure 1b). Each soil
sample was a composite of five samples collected from the four corners and the center
of a square (5 m × 5 m) at each sampling site. A portion of the mixed sample was used
to fill a 60 mL screw-top wide-mouth jar, and the jar was rapidly sealed and retained for
VOC analysis.

To prevent effusion and photolysis of the analytes, all the samples were collected into
brown glass sampling bottles that were filled completely without headspace. The samples
were stored in the dark at 4 ◦C in a portable refrigerator and analyzed within 48 h.

2.3. Sample Analysis

The VOCs were analyzed using a gas chromatograph/mass spectrometer (GC/MS)
(Agilent 7890B/5977A, Agilent Technologies Inc., Santa Clara, CA, USA) that was equipped
with a purge and trap (P&T) concentrator (Tekmar-3100, Tekmar Dohrmann, Mason, OH,
USA). The sample analysis followed EPA Method 8260D [19]. The water samples were
directly analyzed, but the soil and sediment samples were pre-treated before analysis. First,
approximately 5 g of the sample was accurately weighed into a 40 mL brown bottle, and
then 1 g of sodium bisulfate, 5 mL of ultrapure water, and a magnetic stirring bar were
added. Surrogate and internal standards (1 μL, 30 mg L−1) were added to the sample by
the autosampler during analysis.

The parameters of the P&T were set as follows: sample volume, 5 mL; purge gas,
helium (99.999%); flow rate, 40 mL min−1; purge time, 11 min; purge temperature, 20 ◦C;
desorption temperature, 190 ◦C; desorption time, 2 min; baking temperature, 210 ◦C; and
hold time, 10 min.

A capillary column (Agilent DB-624, 30 m × 0.25 mm, 1.4 μm) was used for the
GC/MS. The injection temperature was 190 ◦C, and the split ratio was 20:1. Helium
(99.99%) was used as the carrier gas at a flow rate of 1.73 mL min−1. The oven temperature
was held at 45 ◦C for 2 min, increased to 120 ◦C at 6 ◦C min−1, and then increased to 220 ◦C
at 12 ◦C min−1 and held for 5 min. Electron ionization was performed at 70 eV with an ion
source temperature of 200 ◦C. The temperature of the quadrupole rods was 150 ◦C, and the
interface temperature was 210 ◦C. The MS was operated in scan mode (45.00–280.00 amu).

135



Molecules 2021, 26, 5988

2.4. Quality Assurance and Quality Control

Strict quality assurance and quality control measures were performed for field sam-
pling and laboratory analyses. The recovery for surrogates was maintained in the range of
72–118%. The concentrations of target compounds in laboratory blanks and procedural
blanks were below the method detection limits. The recovery range of spiked sample
matrices was 83–114%.

2.5. Environmental Risk Assessment

The environmental risks assessment of the VOCs in the water to the aquatic organisms
followed the method used in previous research [5,20]. The risk quotient (RQ) model
can be used to quantify the risk of exposure of a specific species to the chemicals in the
surrounding natural environment [4]. The measured environmental concentration (MEC,
μg L−1) of an individual compound and the predicted no-effect concentration (PNEC,
μg L−1) to organisms are used to calculate the RQ as follows:

RQi =
MECi

PNECi
(1)

PNECs are derived from toxicity test data (acute and chronic toxicity, such as lethal
concentration (LC50), effective concentration (EC50), and chronic value (ChV) and the
assessment factor (AF). In this study, the minimum ChV of the individual chemicals for
fish, Daphnia, and green algae were used to calculate the PNECs. As the toxicity data of
three trophic levels were selected here, the AF was set to 10, according to the literature (Van
Leeuwen and Vermeire, 2007). The PNECs were calculated using the following equation:

PNECi ≡ min(ChVi, f ish , ChVi, Daphnia , ChVi, green algea)

10
(2)

The ChVs (μg L−1) were obtained using ECOSAR V2.0 software [21], and the relevant
data are given in Table S1 (in the Supplementary Materials). The sum of the RQ (RQtotal)
for all the detected compounds was calculated to estimate the total toxicity using the
following equation:

RQtotal = RQ1 + RQ2 + · · ·+ RQi (3)

3. Results and Discussion

3.1. VOCs in Water, Sediment, and Sludge

The Σ55-VOCs concentrations in the water, sediment, and sludge samples collected
from different sites within and around the chemical industrial park were analyzed for
detection rates, total concentrations, and compositions of VOCs (Table 1). The detection
rate of VOC species in the water samples (2–74%) extended to a higher value than in the
sludge (19%) or sediment (0–22%) samples. The VOCs concentrations in the water samples
from different locations varied by 1–3 orders of magnitude. The VOCs concentrations in the
rivers from the study area were obviously higher than those in other environmental rivers in
China, such as Dongjiang Lake (2.93 to 4.69 μg/L) [3], Yangtze River (0–4.03 μg/L), Huaihe
River (0–22.21 μg/L), Yellow River (1.94–42.78 μg/L), Haihe River (0.48–42.78 μg/L), and
Liaohe River (1.10–20.85 μg/L) [4].

The VOCs concentrations at some points in the chemical park are very high, which
may be caused by unorganized emissions or leakage in the process of chemical production
and transportation. Therefore, the unorganized discharge of VOCs from some enterprises
in the parks should be controlled. Meanwhile, measures should be taken to minimize the
leakage of VOCs during transportation.
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Table 1. VOCs concentrations and compositions in different samples from sewage treatment plant (STP), inside the park
(InCP), and outside the park (OuCP).

Sample No. Location
Count of

Detected VOCs

Concentration
(μg L−1 or ng g−1)

Composition

Alkyl
Halide

Alkenyl
Halide

Aryl
Halide

Aromatic
Hydrocarbon

W1 STP 40 5449.21 97.5% 1.6% 0.6% 0.3%
W2 STP 19 147.74 61.8% 6.0% 4.3% 27.9%
W3 STP 10 88.86 16.3% 74.9% 4.2% 4.6%
W4 STP 5 36.19 92.9% 7.1% / /
W5 STP 4 19.08 / 49.9% 26.1% 24.0%
W6 InCP 8 1905.99 99.5% 0.1% 0.1% 0.3%
W7 InCP 4 10.23 91.7% / / 8.3%
W8 InCP 6 1512.09 99.7% 0.2% / 0.1%
W9 InCP 3 30.19 100.0% / / /

W10 OuCP 5 54.36 96.6% / / 3.4%
W11 OuCP 1 1.22 / / / 100.0%
W12 OuCP 3 3.45 71.0% / / 29.0%
W13 OuCP 20 57.07 31.7% 9.8% 22.1% 36.4%

Slu * STP 10 21.53 32.1% 30.0% / 37.8%

Se1 OuCP 0 ND / / / /
Se2 InCP 1 1.09 / / / 100.0%
Se3 InCP 12 52.20 4.9% 44.8% 6.4% 43.9%

S1 STP 1 2.54 / / / 100.0%
S2 STP 1 2.00 / / / 100.0%
S3 STP 1 1.75 / / / 100.0%
S4 STP 0 ND / / / /
S5 InCP 0 ND / / / /
S6 InCP 3 5.62 / / / 100.0%
S7 InCP 4 5.69 / / / 100.0%
S8 InCP 3 6.15 / / / 100.0%
S9 InCP 0 ND / / / /

S10 InCP 0 ND / / / /
S11 InCP 3 7.70 / / / 100.0%
S12 InCP 5 9.24 / / / 100.0%
S13 InCP 0 ND / / / /
S14 InCP 0 ND / / / /
S15 InCP 5 6.00 / / / 100.0%
S16 InCP 0 ND / / / /
S17 InCP 5 9.16 / / / 100.0%
S18 OuCP 1 2.43 / / / 100.0%
S19 OuCP 1 3.09 / / / 100.0%
S20 OuCP 4 11.58 / / / 100.0%

ND: not detected. * Slu is sludge sample from STP.

3.1.1. Samples from the Sewage Treatment Plant

The STP is a sink of pollutants in the chemical industrial park, and the treatment
efficiency of pollutants in the STP is important in regulating the impact of pollutants on the
surrounding environment. Water samples taken from the inlet, the regulating tank, and the
outlet of the STP were analyzed in this study. Sewage discharged by specific enterprises
in the inlet of the STP represented the VOCs concentrations and emission characteristics
of these enterprises. Samples W3–W5 were collected from sewage originating from enter-
prises that produce polymer materials and drug intermediates; agricultural chemicals; and
pesticide intermediates and formulations, respectively. The VOCs compositions in these
samples were different. Samples W3 and W4 were dominated by alkenyl halides (75%) and
alkyl halides (93%), respectively. The dominant components in sample W5 were alkenyl
halides (50%) as well as aryl halides and aromatic hydrocarbons (50%). The differences in
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the VOCs compositions in these samples could be used as a reference for source analysis of
the VOCs in the environment.

The sample taken from the regulating tank represents the overall level and characteris-
tics of the VOCs in the chemical industrial park. The difference in the VOCs concentrations
between the regulating tank (W1) and the outlet (W2) reflects the removal efficiency of
the VOCs in the STP (Figure 2). As expected, W1 contained the most VOCs (40 species)
at the highest concentrations (up to 5449.21 μg L−1). The dominant compound in the
sample from the regulating tank was dichloromethane (87%), and the total contribution of
alkyl halides and alkenyl halides was up to 99% of all compounds in the sample. These
results could be attributed to the fact that the main products manufactured in the studied
chemical industrial park are medicines, pesticides, and novel materials, and alkyl halides
and alkenyl halides are important compounds used in the synthesis of drugs and poly-
mer materials. Compared with the regulating tank sample, the sample from the effluent
outlet of the STP had a much lower concentration (147.74 μg L−1) and a variety of VOCs.
According to our results, the VOC-removal rate of the STP was up to approximately 97%.
However, although most of the VOCs were reduced in concentration or removed from the
sewage after treatment, the concentration of benzene significantly increased. This could be
attributed to the fact that most aromatic hydrocarbons and aryl halides are degraded and
converted into benzene during sewage treatment, but they are not completely decomposed
and removed. Ten different VOCs were detected in the sludge from the STP, and the total
VOCs concentration was 21.54 ng g−1. These results imply that VOCs adsorbed in the
sludge are degraded during sewage treatment.

Figure 2. VOCs concentrations in the water samples collected at the sewage treatment plant (W1,
W2), inside the park (InCP), and outside the park (OuCP).

3.1.2. Comparison of VOCs in River Water Inside and Outside the Chemical
Industrial Park

The average VOCs concentrations in the InCP samples were obviously higher than
those in the OuCP samples (Figure 2). However, for individual samples, the VOCs con-
centrations in some InCP samples were lower than those in some of the OuCP samples.
Among the OuCP samples, the highest VOCs concentrations were found in the water from
the Bingcha Canal (site W13), which is located about 3 km from the chemical industrial
park. Moreover, the sample taken from this waterway also contained more VOC species
than any of the other samples, except for the sample from the STP regulating tank. The
high VOCs concentrations and number of species in this waterway may have been caused
by the intensive use of river transportation and human activities.

The top five abundant VOC species in the different types of samples are shown in
Figure 3. The most abundant VOC species was dichloromethane in the samples from the
STP and the InCP and bromochloromethane in the samples from the OuCP. The results
were different from the other research where chloroform was the compound with the
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highest concentration in the surface water from a chemical industrial park [22]. This
indicated that the VOCs released by the chemical industrial processes directly affected
the environment. However, chemical industrial park’s industrial processes are not the
only source of VOCs for samples collected outside a chemical industrial park. Benzene,
toluene, ethylbenzene, and xylene (BTEX) have received much attention due to frequent
detection in the environment, with the widespread use of petroleum products as their
main source [22,23]. The BTEX concentration ranges in the InCP and the OuCP samples
in the present study were ND–3.97 μg L−1 (mean: 1.50 μg L−1) and 1.00–3.55 μg L−1

(mean: 1.91 μg L−1), respectively. Unlike the Σ55-VOCs, the BETX concentration in the
OuCP samples was slightly higher than that in the InCP samples. This is because the
production and the transportation of chemical products in the chemical industrial park
are the only sources of BTEX for the InCP samples. In the case of the OuCP samples, the
BTEX concentration is affected by a combination of chemical production, coal and biomass
burning, automobile exhaust emissions, and other industrial activities such as iron and
steel production [1].

Figure 3. The top five VOC species in water samples collected at the sewage treatment plant (STP),
inside the park (InCP), and outside the park (OuCP).

3.2. VOCs in Soil

Soil samples were collected from different sites, including inside the chemical indus-
trial park, around the STP, and outside the park. The Σ55-VOCs concentration range in the
soil samples was ND–11.58 ng g−1, which was lower than that in other chemical industrial
parks [22]. The distribution of total VOCs concentrations in the soil at the study site is
shown in Figure 4. The average VOCs concentration in the soil from inside the park was
slightly higher than that in the soil from outside the park, but the VOCs were not detected
in some samples. The Σ55-VOCs concentration in the soil from inside the park had a wide
range (ND–9.16 ng g−1), and in the samples where VOCs were detected, the concentrations
were generally higher, and more species were found than in the soil from outside the park.
These results implied that the chemical production processes affected the concentrations
and compositions of VOCs in the soil inside the chemical park. The highest Σ55-VOCs
concentration was found in a sample (S20) from outside the park (11.58 ng g−1), which
was collected in a small vegetable garden near the road. The largest contributor to the
Σ55-VOCs concentration in this sample was tert-butylbenzene, which accounted for 41%
of the total VOCs. tert-Butylbenzene is an important intermediate in the production of
pharmaceuticals and pesticides, such as fungicides and acaricides [24]. This result suggests
that the use of pesticides could be a major contributor to VOCs in agricultural soil.
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Figure 4. The distribution of total VOCs concentrations in soil at the study area.

Five kinds of VOCs were detected in the soil samples. These were 1,2,4-trimethylbenzene,
benzene, p-isopropyl benzene, tert-butylbenzene, and sec-butylbenzene, which are all aro-
matic hydrocarbons. This was a little different from what was detected at the chemical
industrial park in eastern China, which had more alkyl halide in the soil in the park [22]. In
this study, benzene was the most frequently detected compound in the soil samples. These
results were completely different from those obtained from the water samples, where the
main VOCs were halogenated aliphatic hydrocarbons. This difference can be explained by
the physical and chemical properties of the VOCs. Compared with aromatic hydrocarbons,
aliphatic hydrocarbons have higher water solubility and lower octanol–water distribution
coefficients, which lead to different distribution characteristics in water and soil. The con-
centrations of BTEX in all soil samples ranged from ND to 3.52 ng g−1 (mean: 1.55 ng g−1),
which was close to the relatively low levels of BTEX in water. Generally, the chemical
industrial park had a limited impact on the surrounding soil. The potential sources of
VOCs in the soil in the surrounding environment are the use of pesticides, the incomplete
combustion of coal and biomass, and automobile exhaust emissions [25,26].

3.3. Environment Risk Assessment

The RQs to fish, Daphnia, and green algae for individual VOCs in the InCP and the
OuCP water samples were analyzed in this study. An RQ > 1.0 indicates high risk, an RQ of
0.1–1 indicates moderate risk, and an RQ of 0.01–0.1 indicates low risk [3]. The RQs for most
of the VOCs, except for hexachlorobutadiene (HCBD), dichloromethane, 1,2-dichloroethane,
vinylidene chloride, 1,2,3-trichlorobenzene, n-butylbenzene, and naphthalene, detected in
eight sampling locations from the InCP and the OuCP were below 0.1. Therefore, these
compounds were of low risk to the relevant, sensitive aquatic organisms in the area. Among
the sampling locations, W13 (from the OuCP) had the highest RQ, which was 3.32 for HCBD.
This result indicated that aquatic organisms were at potentially high risk from HCBD in
this waterway. HCBD mainly comes from the production of chlorinated hydrocarbons,
paints, plastics, and herbicides [27]. W13 is in an important transportation location, and the
potentially high risk of HCBD may be caused by the volatilization and leakage of chemicals
during transportation. Therefore, the management of the transportation and storage of
chemicals outside the park should be strengthened.

High concentrations of dichloromethane at sampling locations W6 and W8 (from
the OuCP) resulted in RQs for dichloromethane that were greater than one. Therefore,
dichloromethane is of concern at these sites. The environmental risk of a pollutant is
affected not only by its concentration in the environment but also by the pollutant toxicity
and the organism sensitivity. Consequently, high pollutant concentrations are not directly
related to environmental risk, even though they may induce adverse effects or represent an
ecological risk [4,5]. In the present study, dichloromethane did not have the highest RQ,
even though it was present in many samples and had the highest concentration among the
VOCs in some samples. By contrast, the concentration of hexachlorobutadiene in sample
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W13 was far lower than that of dichloromethane in samples W6 and W8, but hexachlorobu-
tadiene showed a higher RQ than dichloromethane for the selected aquatic organisms.
Furthermore, the RQs for 1,2-dichloroethane, vinylidene chloride, 1,2,3-trichlorobenzene,
n-butylbenzene, and naphthalene at some locations were higher than 0.1, which indicated
that these compounds may pose a moderate risk to aquatic organisms.

The RQtotal values at the eight locations varied from 3.10 × 10−3 (sample W11) to
4.36 (sample W13). The RQ values for all the detected VOCs in the samples are shown in
Table 2. Among the locations, the OuCP water sample collected in the Bingcha Canal had
the highest RQ. As mentioned above, the VOCs concentration in this river was higher than
that in the water taken from the other OuCP locations. Therefore, the future treatment of
water in this river should focus on the removal of VOCs.

Table 2. RQs of water in the rivers from study area.

Location Sample Site
RQ

Min Max Sum

InCP

W6 2.02 × 10−3 1.570 1.881
W7 1.23 × 10−3 0.007 0.013
W8 3.31 × 10−3 1.142 1.653
W9 1.53 × 10−3 0.019 0.034

OuCP

W10 5.19 × 10−3 0.029 0.081
W11 3.40 × 10−3 0.003 0.003
W12 7.92 × 10−4 0.003 0.005
W13 4.39 × 10−3 3.318 4.359

4. Conclusions

Chemical production had a great impact on the environment inside the chemical
industrial park, and the VOCs concentrations of samples taken from inside the park were
higher. It is found that the sewage treatment plant has high removal efficiency of VOCs in
sewage through the study of the VOCs concentrations and species in the inlet and the outlet
of the sewage treatment plant. However, the concentration of the VOCs in the sludge from
the sewage treatment plant was higher than that in the soil and the sediment; therefore,
careful disposal of the sludge should be considered. Based on the results from the soil
and sediment samples, the chemical industrial park had a limited impact on the soil in the
surrounding area.

One of the most important measures to control the effect of VOCs in the environment
is to control the source emissions of VOCs. In this study, we found that chemical production
has an important effect on the distribution of VOCs inside the chemical industrial park,
but the emission sources of VOCs in the actual environment are complex. Pesticides,
the incomplete combustion of coal and biomass, and automobile exhaust emissions are
all potential sources of VOCs in the environment. Therefore, while paying attention to
fixed emission sources, such as chemical industrial parks, these scattered, mobile emission
sources should also be examined further.

Supplementary Materials: The following are available online: Table S1: PNEC values calculated
using chronic values (ChVs) from ECOSAR.
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Abstract: Ubiquitous occurrences of phthalic acid esters (PAEs) or phthalates in a variety of consumer
products have been demonstrated. Nevertheless, studies on their occurrence in various types of
bottled drinks are limited. In this study, fifteen PAEs were analyzed in six categories of bottled drinks
(n = 105) collected from the Chinese market, including mineral water, tea drinks, energy drinks,
juice drinks, soft drinks, and beer. Among the 15 PAEs measured, DEHP was the most abundant
phthalate with concentrations ranging from below the limit of quantification (LOQ) to 41,000 ng/L
at a detection rate (DR) of 96%, followed by DIBP (DR: 88%) and DBP (DR: 84%) with respective
concentration ranges of below LOQ to 16,000 and to 4900 ng/L. At least one PAE was detected in
each drink sample, and the sum concentrations of 15 PAEs ranged from 770 to 48,004 ng/L (median:
6286 ng/L). Significant differences with respect to both PAE concentrations and composition profiles
were observed between different types of bottled drinks. The median sum concentration of 15 PAEs
in soft drinks was over five times higher than that detected in mineral water; different from other
drink types. Besides DEHP, DBIP, and DBP, a high concentration of BMEP was also detected in a
tea drink. The estimated daily dietary intake of phthalates (EDIdrink) through the consumption of
bottled drinks was calculated based on the concentrations measured and the daily ingestion rates
of bottled drink items. The EDIdrink values for DMP, DEP, DIBP, DBP, BMEP, DAP, BEEP, BBP, DCP,
DHP, BMPP, BBEP, DEHP, DOP, and DNP through the consumption of bottled mineral water (based
on mean concentrations) were 0.45, 0.33, 12.5, 3.67, 2.10, 0.06, 0.32, 0.16, 0.10, 0.09, 0.05, 0.81, 112, 0.13,
and 0.20 ng/kg-bw/d, respectively, for Chinese adults. Overall, the EDIdrink values calculated for
phthalates through the consumption of bottled drinks were below the oral reference doses suggested
by the United States Environmental Protection Agency (U.S. EPA).

Keywords: phthalate; dietary intake; DEHP; DBP; DIBP; bottled drink
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1. Introduction

Phthalic acid esters (PAEs) or phthalates, primarily used to make polyvinyl chloride
(PVC), or vinyl, flexible and pliant, are a group of chemicals made of aryl esters of phthalic
acid and alkyl. PAEs are generally used to soften plastics because of their strong perfor-
mance, durability, and stability [1,2]. These phthalate plasticizers are used in hundreds
of products in our homes, hospitals, cars, and businesses, such as vinyl flooring, plastic
packaging, toys, medical tubing, and cosmetics [3–7]. For example, Xu et al. (2020) reported
the sum concentrations of dimethyl phthalate (DMP), diethyl phthalate (DEP), and dibutyl
phthalate (DBP) ranged from 102 to 710 μg/kg in polyethylene terephthalate (PET) bottles
collected from Beijing, China [8]. PAEs are not covalently bound to the plastic [9,10], so
they can be easily released into the environment, leading to potential human exposure
through ingestion, dermal absorption, and inhalation.

As a group of well-studied endocrine-disrupting chemicals, phthalates exposure
has been associated with a variety of health effects, including premature thelarche, en-
dometriosis, low semen quality, diabetes, overweight and obesity, allergy and asthma, and
reproductive health [11,12]. Diethylhexyl phthalate (DEHP) is one of the most-studied
phthalates, and accumulative evidence showed that DEHP exposure was significantly
related to insulin resistance and higher systolic blood pressure as well as reproductive
system problems [13,14]. Potential toxicity mechanisms of DEHP exposure include the
activation of Kupffer’s cells and the nuclear receptor peroxisome proliferator-activated
receptor (PPARα) [15–17]. Evidence has shown that phthalates’ toxicity heavily depends
on their chemical structures [18]. Based on the difference in carbon backbones in the alkyl
side chain, phthalates are differentiated into low and high molecular weight categories.
Low molecular weight (LMW) phthalate plasticizers have straight carbon backbones of
C3-C6 in the alkyl side chains, while high molecular weight (HMW) phthalate plasticizers
have straight C7-C13 carbon backbones in the alkyl side chains [18]. Studies have indicated
that LMW phthalates can cause adverse reproductive effects, while HMW phthalates and
those C1-C2 backbone alkyl phthalates do not show adverse reproductive effects [18]. The
US Environmental Protection Agency (EPA) listed DEHP and butyl benzyl phthalate (BBP)
as probable and possible human carcinogens, respectively [11]. European authorities have
also classified LMW phthalates with C3-C6 backbone alkyl phthalates as presumed human
reproductive toxicants.

Parent phthalates and their metabolites have been detected in a variety of human
samples, including serum [19], urine [20,21], semen [22], breast milk [23], and breast
tumor tissue [24]. Considerable efforts have also been made to characterize the sources of
human exposure to PAEs [25,26], and the ubiquitous occurrence of PAEs in both consumer
products [25–28] and environmental matrices [29–31] has been reported. The accumulating
evidence has shown that the sources and routes of human exposure to individual PAEs can
vary depending on their physicochemical properties [26,31–33]. For example, cosmetics and
personal care products are the major sources of human exposure to LMW phthalates [25],
diet has been a major source of exposure to HMW phthalates, especially DEHP [31,32,34],
and inhalation is the predominant exposure route to DMP [32]. Recent studies have
indicated that drinking water is also an important source of human exposure to PAEs. For
example, Liu et al. (2015) performed a national survey and risk assessment of phthalates
in drinking water from waterworks in China and found that DBP and DEHP were the
most abundant PAEs among the six PAEs measured at median levels of 0.18 ± 0.47 and
0.18 ± 0.97 μg/L, respectively [35]. Thuy et al. (2021) surveyed the contamination levels
and distribution patterns of ten PAEs in various types of water samples, including bottled
water and tap water, collected from Hanoi, Vietnam, and suggested widespread occurrence
of PAEs in the water samples [36]. However, little is known of the occurrence of phthalates
in bottled drinks commercially available in the market, although the consumption of
bottled drinks is huge.

This study aims to investigate the occurrence and distribution levels of fifteen typical
phthalates in 105 popular branded bottled drinks in the Chinese market, including mineral
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water (n = 19), a tea drink (n = 22), an energy drink (n = 15), a juice drink (n = 15), a soft
drink (n = 25), and beer (n = 9), in order to estimate human exposure to phthalates through
the consumption of bottled drinks. We also chemo-metrically investigate if grouping
and correlations among PAEs and bottled drinks from the Chinese market exist. To our
knowledge, this is the first survey on phthalates in various types of bottled drinks collected
from the Chinese market.

2. Materials and Methods

2.1. Standards and Reagents

Fifteen phthalates, including dimethyl phthalate (DMP), diethyl phthalate (DEP),
dibutyl phthalate (DBP), dinonyl phthalate (DNP), diamyl phthalate (DAP), dihexyl phtha-
late (DHP), diisobutyl phthalate (DIBP), butyl benzyl phthalate (BBP), bis(2-Ethoxyethyl)
phthalate (BEEP), bis(2-methoxyethyl) phthalate (BMEP), bis(2-n-Butoxyethyl) phthalate
(BBEP), bis(4-Methyl-2-pentyl)phthalate (BMPP), dinoctyl phthalate (DOP), dicyclohexyl
phthalate (DCP), and diethylhexyl phthalate (DEHP), were analyzed in this study. Detailed
information regarding the 15 PAEs is shown in Table S1. Nine deuterated internal stan-
dards, including d4-DMP, d4-DEP, d4-DBP, d4-DNP, d4-DHP, d4-DIBP, d4-DOP, d4-DCP,
and d4-DEHP, were used as surrogate standards in the quantification of phthalates. Both
the target and surrogate standards were purchased from AccuStandard, Inc. (New Haven,
CT, USA), with a purity of >99%. Analytical-grade acetone and acetonitrile were purchased
from Macron Chemicals (Nashville, TN, USA), and hexane and HPLC-grade water were
purchased from J. T. Baker (Phillipsburg, NJ, USA).

2.2. Sample Collection and Analysis

A total of 105 bottled drinks were collected from local supermarkets in Dalian, Liaon-
ing Province, China, including mineral water (n = 19), a tea drink (n = 22), an energy
drink (n = 15), a juice drink (n = 15), a soft drink (n = 25), and beer (n = 9). The drink
samples collected in this study were popular brands that were consumed widely by the
Chinese population.

All the drink samples were spiked with surrogate standards prior to extraction, follow-
ing the extraction protocol described earlier [28]. In brief, 200 ng of each surrogate standard
was spiked into 1500 mL of the bottled drink sample. Spiked samples were thoroughly
mixed for 5 min and allowed to equilibrate at room temperature for 30 min. Then 10 mL
hexane was used for extraction via shaking in a mechanical shaker at 250 oscillations/min
for 30 min. After centrifugation, the hexane layer was transferred into a clean glass flask.
The extraction was repeated three times, and the hexane extract was combined and concen-
trated using a rotary evaporator to 1 mL and transferred into a gas chromatography (GC)
vial for analysis.

The instrumental analysis protocol of phthalates was described elsewhere in ear-
lier studies [28,31]. Briefly, the analysis was performed using GC (Agilent Technolo-
gies 6890, Santa Clara, CA, USA) coupled with mass spectrometry (Agilent Technologies
5973, Santa Clara, CA, USA) in the selection ion monitoring (SIM) mode. The chro-
matography separation was carried out using a fused silica capillary column (DB-5 ms,
30 m × 0.25 mm × 0.25 μm; Agilent Technologies; Santa Clara, CA, USA). The detailed
parameters for the GC-MS condition for PAE analysis are shown in Table S2.

2.3. Quality Assurance/Quality Control

Prior to the analysis of samples, considerable effort was made to reduce the back-
ground contamination from the analytical procedures following the earlier studies [7].
Briefly, all glassware was washed with a detergent and Milli-Q water, followed by solvents
(i.e., acetone and hexane), baked at 450 ◦C for overnight, and kept in an oven at 100 ◦C
until use. All solvents were tested for background levels of phthalates and the batches of
solvents that contained the lowest levels of phthalates were used throughout the analysis.
Prior to each batch of analysis, pure hexane was injected into GC–MS until the background
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level was stable. Within each batch of ten samples, three solvent blanks and three proce-
dural blanks and a pair of matrix-spike samples were processed together. Trace levels of
phthalates found in procedural blanks were subtracted from the measured concentrations
in bottled drink samples (Table S2). The quantification of phthalates in the samples was
based on the isotope dilution method. The calibration curves were prepared by plotting
a concentration−response factor for each target analyte (peak area of analyte divided by
peak area of the internal standard) versus the response-dependent concentration factor (the
concentration of the analyte divided by the concentration of the internal standard). The
regression coefficients (r) were ≥ 0.99 for all calibration curves. The limits of quantification
(LOQs) were calculated based on the instrument detection limits (a quantifiable peak must
have a signal-to-noise ratio > 10, and a dilution factor in sample preparation (Table S3)).
Recoveries of surrogate standards were calculated using matrix spikes of both low (50 ng
each PAE) and high (500 ng each PAE) amounts of chemical spikes, and the recoveries
ranged from 82% to 113% (Table S3). The relative standard deviation (RSD) was calculated
by analyzing a high amount of matrix spike replicates (n = 3) to evaluate the reproducibility
and repeatability of the analysis, and the RSDs of PAEs are below 10% (Table S3).

2.4. Statistical Analysis

Basic descriptive statistical analysis was performed using Microsoft Excel (Microsoft
Office 2013). For concentrations below the LOQs, a value of half the LOQ was used in
the calculation [37,38]. As a major tool for simplifying the large initial datasets, principal
component analysis (PCA) has been widely used in the investigation of possible sources of
chemical pollutants in the environment [38,39]. Here, Euclidean distance-based constrained
analysis of principal coordinates (CAP), a type of principal component analysis, was used
to provide information regarding the sources of PAEs in the analyzed bottled drink samples,
and to compare the PAEs concentrations among different groups [40]. PRIMER-e (version
7, PRIMER-E, Ivybridge, UK) with PERMANOVA+ add-on software (PRIMER-E Ltd.,
Ivybridge, UK) was used in the PCA analysis, and the statistical significance level was set
at α < 0.05.

2.5. Exposure Doses and Health Risk Assessment of PAEs through Consumption of Bottled Drinks

Daily intake of phthalates through the consumption of bottled drinks by the Chinese
population was estimated via the following equation [31]:

EDIdrink =
CQ
bw

(1)

where EDIdrink (ng/kg-bw/d) is the estimated daily intake from drink, C (ng/g) is the
phthalate concentration in the drink, Q (g/day) is the average amount of daily intake of
the drink, and bw (kg) is body weight. For Chinese adults, 60 kg and 2000 g/day were used
as the bw and Q values, respectively.

Both carcinogenic and non-carcinogenic risks of the select PAEs through the consump-
tion of bottled drinks were assessed following the methods described earlier [41]. The
selection of PAEs was based on the availability of relevant parameters in the Integrated
Risk Information System, prepared and maintained by the U.S. Environmental Protec-
tion Agency (U.S. EPA) [42]. The carcinogenic risk (R) from exposure to PAEs via the
consumption of bottled drinks was calculated by the following equation:

R = SF × EDI (R < 0.01) (2)

R = 1 − exp(−EDI × SF) (R ≥ 0.01) (3)

where SF is the carcinogenic slope factor of oral intake. The SF value for DEHP is 0.014
(Kg d)/mg [42].
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The hazard index (HI) was used to assess non-cancer risks, calculated using the
following equation:

HI = EDI/R f D (4)

where RfD is the reference dose for the non-carcinogenic health risk of a chemical proposed
by the guidelines. The RfD of BBP, DBP, DEP, and DEHP is 0.2, 0.1, 0.8, and 0.02 mg/Kg/d,
respectively [42]. HI below 1 indicates safety concerns [41].

3. Results and Discussion

3.1. Concentrations of Phthalates in Bottled Drinks

Overall, at least one PAE was detected in each one of the 105 bottled drinks analyzed
(Table 1). The sum concentrations of 15 PAEs measured in the 105 bottled drink samples
ranged from 770 to 48,004 ng/L at a median level of 6286 ng/L (Table 1). Among the
15 PAEs measured in this study, DEHP was the predominant compound detected in the
bottled drinks (detection rate, DR: 96%; median: 2000 ng/L; range: <LOQ-41000 ng/L),
followed by DIBP (88%; 2100; <LOQ-16000) and DBP (84%; 820; <LOQ-4900) (Table 1).
All other PAEs were also frequently detected in this study with DRs over 59%, but their
contributions to the sum mean concentration of the 15 PAEs were low, with a contribution
ratio between 0.1% and 4.4% (Table 1).

Table 1. Overall concentrations of phthalates in bottled drinks (n = 105) collected from Dalian, Liaoning Province, China.

Chemical DRa (%) Mean (ng/L) SDb (ng/L) GMc (ng/L) Median (ng/L) Range (ng/L) Ratiod (%)

DMP 75.2 277 837 64.9 65 <LOQe–7300 3.0
DEP 59.0 32.9 44.2 20.3 17 <LOQ–390 0.4
DIBP 87.6 2825 2796 1491 2100 <LOQ–16000 30.7
DBP 83.8 1097 1119 551 820 <LOQ–4900 11.9

BMEP 87.6 404 2074 36.5 39 <LOQ–17000 4.4
DAP 61.0 41.0 174 5.12 3.5 <LOQ–1400 0.5
BEEP 84.8 63.4 61.2 32.8 50 <LOQ–270 0.7
BBP 81.9 97.6 464 13.3 12 <LOQ–3800 1.1
DCP 76.2 14.6 15.8 9.4 9.5 <LOQ–110 0.2
DHP 60.0 6.88 8.46 4.16 3.7 <LOQ–51 0.1

BMPP 75.2 16.4 39.2 6.6 6.2 <LOQ–280 0.2
BBEP 87.6 92.0 111 48.4 61 <LOQ–760 1.0
DEHP 96.2 4193 6949 2025 2000 <LOQ–41000 45.5
DOP 78.1 10.6 13.0 6.28 7 <LOQ–86.0 0.1
DNP 81.0 35.9 137 9.45 9.8 <LOQ–1300 0.4

∑(sum) 100 9207 8952 6127 6286 770–48004
a: DR, detection rate; b: SD, standard deviation; c: GM, geometric mean; d: ratio, concentration ratio (%), calculated as the ratio between the
mean concentration of each target analyte versus the mean sum concentration of 15 PAEs; e: LOQ, limit of quantification.

Mineral water is the most commonly used bottled drink among the Chinese pop-
ulation. Among the 15 PAEs measured, DEHP was the most frequently detected and
most-abundant chemical in the mineral water samples, with a DR of 100% and median
concentration of 1600 (range: 500–15,000) ng/L, followed by DIBP (DR: 58%; median: 170;
range: <LOQ-940) and DBP (37%; 57.0; <LOQ-320) (Tables 2 and 3). The distribution
pattern is similar to that observed when taking other types of bottled drinks into account
(Table 1), but different from what was observed in bottled waters collected from other
countries such as Vietnam [36]. Differences in packaging material, water source, and other
materials used in the production and bottling between the two countries may explain this
observation. When compared with the concentration in bottled water or tap water samples
collected from other regions, the concentration of DEHP in mineral water was at a higher
level (at the same level as that calculated when taking other types of drinks into account),
but the concentrations of DIBP and DBP were at lower levels (DIBP and DBP levels were
also at higher levels when taking other types of bottled drinks into account), as shown
in Table 2. This indicates that bottled mineral water/drinks are an important source of
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human exposure to DEHP, similar to other dietary sources such as foodstuffs [28]. The
sum concentrations of 15 PAEs measured in 19 bottled mineral water samples ranged from
770 to 16,301 ng/L (median: 1805 ng/L) (Table 3). Median individual PAE concentrations
in the bottled drink samples (n = 105) were 1.3–16.1 times higher than that detected in the
bottled mineral water samples (n = 19) (Tables 1 and 3).

Table 2. Concentrationa (ng/L) comparison of DEHP, DIBP, DBP, and BMEP in bottled drink, bottled water, and tap water
samples from various studies.

Sample Type Location n DEHP DIBP DBP BMEP Reference

mineral
water

Dalian,
China 19 3351

(500–15000)
375

(<LOQb-940)
110

(<LOQ-320)
63

(<LOQ-310) this study

tea drink Dalian,
China 22 2660

(500–12000)
3770

(<LOQ-9900)
1197

(<LOQ-3600)
1701 (<LOQ-

17000) this study

energy drink Dalian,
China 15 4738 (<LOQ-

34000)
1539

(<LOQ-4300)
630

(<LOQ-2900)
63

(<LOQ-220) this study

juice drink Dalian,
China 15 3682

(440–27000)
4521

(240–16000)
2363

(290–4900) 73 (8.9–190) this study

soft drink Dalian,
China 25 7198 (<LOQ-

41000)
3916

(1000–7200)
1290

(93–3000)
56

(<LOQ-330) this study

beer Dalian,
China 9 1317

(440–3700)
1974

(330–4100)
1064

(210–3000)
37

((<LOQ-130) this study

total Dalian,
China 105 4193 (<LOQ-

41000)
2825 (<LOQ-

16000)
1097

(<LOQ-4900)
404 (<LOQ-

17000) this study

non-
carbonated

water

Hanoi,
Vietnam 11 873

(227–1950)
1100

(94.0–3930)
1150

(145–3070) - Le et al.
(2021) [36]

carbonated
water

Hanoi,
Vietnam 10 1120

(103–2710)
1790

(123–5190)
1740

(93.0–4710) - Le et al.
(2021) [36]

carbonated
soft drinks Tehran, Iran 4 8423

(6767–14008) - - -
Moazzen

et al.
(2018) [43]

bottled water Tianjin,
China 6 1074

(880–1257) - 486 (465–517) - Wang et al.
(2021) [41]

bottled water 21 global
countries 367–379 3420

(ndc-9410) - 5350
(nd-2220) - Luo et al.

(2018) [44]

bottled water Tehran, Iran 10 100 (70–120) - 70 (nd-120) - Abtahi et al.
(2019) [45]

bottled water Portugal 7 100 (20–180) 959
(100–1890)

1574
(60–6500) - Santana et al.

(2013) [46]

tap water Tehran, Iran 40 150 (nd-380) - 90 (nd-140) - Abtahi et al.
(2019) [45]

tap water Hanoi,
Vietnam 7 5340

(1010–14500)
456

(27.0–1390)
796

(14.0–2560) - Le et al.
(2021) [36]

tap water China 225 770
(<LOQ-5510) - 350

(<LOQ-1560) - Liu et al.
(2015) [35]

tap water Tianjin,
China 6 1338

(1097–1780) - 541 (380–679) - Wang et al.
(2021) [41]

a: mean concentration and the concentration range were used in this Table; b: LOQ, limit of quantification; c: nd, non-detected.

Concentrations of PAEs in both bottled mineral water samples and bottled drink
samples analyzed in this study were at higher levels compared with those reported in
other countries, e.g., Iran [43,45] and Portugal [46]. This may be partly ascribed to the
fact that more types of phthalates (15 vs. 6 [43], 6 [45], and 11 [46], respectively) were
measured in this study as well as the differences in the sample pretreatment method,
analytical technique, data analysis method, etc. Le et al. (2021) [36] recently reported the
concentrations of 10 typical PAEs in bottled water collected from Hanoi, Vietnam with
the mean concentration being 6400 (range: 1640–15,700) ng/L, which is higher than that
detected in mineral water yet lower than that in bottled drinks analyzed in this study. The
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PAE concentrations in the bottled drinks detected in this study are lower than that reported
by Luo et al. (2018) [44] in bottled waters from 21 countries (mean: 14,900 ng/L; range:
n.a.–520,000 ng/L).

Table 3. Concentrations (ng/L) of phthalates in different types of bottled drinks.

DMP DEP DIBP DBP BMEP DAP BEEP BBP DCP DHP BMPP BBEP DEHP DOP DNP ∑(sum)

mineral water (n = 19)
DRa 26 5 58 37 53 5 32 42 21 11 5 53 100 47 53 100

mean 13.7 9.8 375 110 62.9 1.8 9.5 4.9 3.1 2.6 1.5 24.2 3351 3.8 5.9 3980
SDb 6.7 7.8 337 80.8 103 1.0 20.9 8.7 1.0 4.0 0.2 51.2 4321 3.0 5.4 4637
GMc 12.6 8.7 249 89.3 13.7 1.7 4.8 3.0 2.9 1.9 1.5 10.8 1989 3.0 3.8 2546

median 10.0 8.0 170 57.0 7.0 1.6 3.1 1.9 2.6 1.6 1.5 6.5 1600 1.6 4.4 1805

range <LOQe-
31.0

<LOQ-
42.0

<LOQ-
940

<LOQ-
320

<LOQ-
310

<LOQ-
6.00

<LOQ-
95.0

<LOQ-
40.0

<LOQ-
5.80

<LOQ-
19.0

<LOQ-
2.30

<LOQ-
230

500–
15,000

<LOQ-
12.0

<LOQ-
19.0

770–
16,301

ratiod 0.3 0.3 9.4 2.8 1.6 0.1 0.2 0.1 0.1 0.1 0.04 0.6 84.2 0.1 0.2
tea drink (n = 22)

DR 77 86 82 91 95 77 91 82 77 55 86 95 100 73 86 100
mean 177 38.1 3770 1197 1701 12.8 53.5 26.8 22.6 7.5 12.7 143 2660 16.0 105 9942

SD 291 30.0 2712 1037 4366 21.6 44.4 40.5 23.7 11.1 14.3 193 2380 21.4 274 7045
GM 68.2 28.4 2092 673 100 6.1 31.5 12.7 13.4 3.9 7.0 72.5 2043 7.2 21.6 7553

median 86.0 28.5 3550 1060 79.5 5.6 45.5 15.0 20.0 2.5 6.0 74.5 2050 7.4 25.0 8459

range <LOQ-
1300

<LOQ-
110

<LOQ-
9900

<LOQ-
3600

<LOQ-
17,000

<LOQ-
100

<LOQ-
150

<LOQ-
190

<LOQ-
110

<LOQ-
49

<LOQ-
55.0

<LOQ-
760

500–
12,000

<LOQ-
86.0

<LOQ-
1300

1277–
27,298

ratio 1.8 0.4 37.9 12.0 17.1 0.1 0.5 0.3 0.2 0.1 0.1 1.4 26.8 0.2 1.1
energy drink (n = 15)

DR 87 53 93 80 93 73 100 100 100 100 93 100 80 100 67 100
mean 232 27.5 1539 630 63.3 13.7 94.7 80.8 19.1 10.5 13.7 140 4738 17.4 10.1 7629

SD 304 26.6 955 700 64.5 37.8 62.1 214 10.0 5.6 10.3 56.2 9893 14.2 13.6 10,072
GM 104 18.4 1230 372 37.9 4.4 78.4 26.2 16.9 9.1 10.0 129 1276 14.1 5.0 4688

median 98.0 14.0 1500 510 42.0 3.5 92.0 23.0 17.0 9.2 12.0 130 1100 14.0 3.0 3972

range <LOQ-
1100

<LOQ-
98.0

<LOQ-
4300

<LOQ-
2900

<LOQ-
220

<LOQ-
150

22.0–
270

5.7–
850

9.1–
37.0

3.7–
20

<LOQ-
37.0

52–
250

<LOQ-
34,000

6.2–
63.0

<LOQ-
53.0

1184–
36,505

ratio 3.0 0.4 20.2 8.3 0.8 0.2 1.2 1.1 0.3 0.1 0.2 1.8 62.1 0.2 0.1
juice drink (n = 15)

DR 100 73 100 100 100 80 100 87 87 93 100 100 100 93 93 100
mean 820 38.2 4521 2363 72.9 202 115 51.5 16.2 9.2 16.9 88.6 3682 10.3 48.9 12,057

SD 1875 31.5 4654 1499 57.4 425 76.6 102 14.9 6.6 9.2 64.6 6617 8.2 125 11,012
GM 167 25.8 2631 1827 51.3 18.1 90.6 18.0 11.5 7.1 14.3 69.0 1823 7.7 16.5 8792

median 167 27 3400 2200 57 11 71 17 12 8.3 15 61 1600 8.7 14 10,179

range 18–
7300

<LOQ-
87

240–
16,000

290–
4900

8.9–
190

<LOQ-
1400

26.0–
240

<LOQ-
410

<LOQ-
62

<LOQ-
24

2.7–
37.0

18–
220

440–
27,000

<LOQ-
32

<LOQ-
500

1635–
46,541

ratio 6.8 0.3 37.5 19.6 0.6 1.7 1.0 0.4 0.1 0.1 0.1 0.7 30.5 0.1 0.4
soft drink (n = 25)

DR 84 68 100 100 96 72 96 96 92 56 84 88 96 84 96 100
mean 326 44.7 3916 1290 55.7 28.0 64.2 298 15.1 6.8 35.1 74.4 7200 8.6 15.6 13,376

SD 768 76.1 1957 826 71.8 70.9 58.9 917 14.2 10.7 76.0 59.7 9572 7.3 12.4 10,077
GM 92 24.3 3385 991 30.3 5.7 39.3 26.7 11.2 3.8 8.9 46.4 3705 6.0 11.2 10,710

median 110 22 3300 1100 36.0 4.6 39 20 10 3.4 7.0 66 2900 6.2 12.0 10,534

range <LOQ-
3100

<LOQ-
390

1000–
7200

93–
3000

<LOQ-
330

<LOQ-
310

<LOQ-
220

<LOQ-
3800

<LOQ-
71.0

<LOQ-
51.0

<LOQ-
280

<LOQ-
210

<LOQ-
41,000

<LOQ-
30.0

<LOQ-
52.0

1991–
48,004

ratio 2.4 0.3 29.3 9.6 0.4 0.2 0.5 2.2 0.1 0.1 0.3 0.6 53.8 0.1 0.1
beer (n = 9)

DR 89 67 100 100 89 56 100 89 89 67 100 100 100 78 89 100
mean 113 35.8 1974 1064 36.8 5.3 61.0 13.1 8.2 4.7 8.3 84.0 1317 6.0 8.4 4740

SD 105 26.4 1157 861 38.6 4.4 32.8 10.8 4.3 3.1 6.3 97.8 1172 4.9 7.0 2374
GM 66.7 25.5 1572 801 21.9 3.9 54.2 9.7 7.2 3.7 7.0 52.0 989 4.5 6.0 4253

median 64 31 2000 980 30 5.0 52 8.3 7.1 4.9 6.8 59 780 4.9 6.7 4111

range <LOQ-
290

<LOQ-
73

330–
4100

210–
3000

<LOQ-
130

<LOQ-
14.0

28.0–
130

<LOQ-
36.0

<LOQ-
16.0

<LOQ-
9.80

3.0–
24.0

7.10–
330

440–
3700

<LOQ-
17.0

<LOQ-
20.0

1895–
9104

ratio 2.4 0.8 41.7 22.5 0.8 0.1 1.3 0.3 0.2 0.1 0.2 1.8 27.8 0.1 0.2

a: DR, detection rate (%); b: SD, standard deviation (ng/L); c: GM, geometric mean (ng/L); d: ratio, concentration ratio (%), calculated as the
ratio between the mean concentration of each target analyte versus the mean sum concentration of 15 PAEs; e: LOQ, limit of quantification.

Several studies also investigated the concentrations of PAEs in bottled water samples
in China, but the reported concentrations are lower than those found in mineral water
in this study. Liu et al. (2015) collected a total of 225 drinking water samples from the
waterworks in different regions of China and determined the concentrations of six typical
PAEs including DEP, DMP, DBP, BBP, DEHP, and DOP, and the mean sum concentration
was 1278 ng/L [35] (mean concentration was 4015 ng/L for mineral water samples in
this study). Wang et al. (2021) collected bottled water samples from Tianjin, China, and
reported that the mean sum concentration of DBP, BBP, and DEHP was 1960 ng/L [41].
Li et al. (2019) reported the concentrations of seven PAEs (DMP, DEP, DPP, DBP, BzBP,
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DEHP, and DnOP) in 60 bottled water samples collected in Beijing, China, and the sum
PAE concentrations ranged from 155 to 5200 (mean: 519) ng/L [47].

Overall, the concentration of individual PAE in bottled drinks did not exceed the
maximum contaminant levels recommended by national and international authorities
(e.g., in China, the guideline values for DEHP, DBP, and DEP are 8, 3, and 300 μg/L,
respectively [48]; the guideline value for DEHP in WHO [49] and the U.S. [50] are 8 and
6 μg/L, respectively). However, the concentration of individual PAE in select bottled
drinks may exceed the no-observed-adverse-effect level (NOAEL) suggested by U.S. EPA
(e.g., NOAELs for BBP and DEHP in water are 0.10 and 0.32 μg/L, respectively [51]). We
further calculated the hazard index (HI) for DEHP using the highest concentration of DEHP
(41000 ng/L) observed in this study. The results showed that the highest HI of DEHP is 0.07,
far less than 1, indicating that DEHP in bottled drinks posed negligible non-carcinogenic
health risks to human health by ingestion. However, this still warrants attention when
performing health risk assessment of chemical exposure because individuals are exposed
to thousands of chemicals simultaneously and they may work synergistically in posing
risks to human health.

3.2. Factors Influencing Phthalates Concentrations in Bottled Drinks

The bottled drinks analyzed in this study were grouped into six different types of
bottled drinks, including (1) mineral water, (2) tea drink, (3) energy drink, (4) juice drink,
(5) soft drink, and (6) beer. Compared with other types of drinks, mineral water samples
contain the least phthalates with respect to both DRs and concentrations. Of the 15 PAEs
measured in this study, only DEHP was detected in over 60% of mineral water samples
(DR: 100%); however, in tea drink, energy drink, juice drink, soft drink, and beer samples,
the number of PAEs with DRs over 60% was 14, 14, 15, 14, and 14, respectively (Table 3).
With respect to concentrations of PAEs, of the six types of bottled drinks, soft drink had the
highest sum concentration of 15 PAEs (range: 1991–48,004 ng/L; median: 10,534 ng/L),
followed by juice drink (1635–46,541; 10,179), tea drink (1277–27,298; 8459), beer (1895–9104;
4111), energy drink (1184–36,505; 3972), and mineral water (770–16,301; 1805) (Table 3).
The median sum concentration of 15 PAEs detected in soft drink samples is over five times
higher than that detected in mineral water samples. Thus, considerable differences between
the concentrations of PAEs in different types of bottled drinks were observed in this study.
This is the first study showing that drink type can significantly impact the concentrations
of PAEs in bottled drinks.

To investigate the contribution of each phthalate to the total phthalate burden, we
calculated the ratio of the mean concentration of each phthalate to the mean sum concen-
tration of 15 PAEs (Table 3; Figure 1a). As shown in Table 3, DEHP, DBIP, and DBP are the
three major PAEs detected in beer, soft drink, juice drink, and energy drink samples, with
a contribution ratio of over 10% (or around 10%). The predominant compounds found
in the four types of bottled drinks are DIBP, DEHP, DIBP, and DEHP, respectively, with
the respective contribution ratios being 41.7%, 53.8%, 37.5%, and 62.1%. In mineral water
samples, DEHP is the predominant PAE with a contribution ratio of 84%, followed by DBIP
(ratio: 9.4%), and the contribution of DBP is minor (2.8%). In tea drink samples, besides
DEHP, DBIP, and DBP, we also observed a significant contribution of BMEP to the sum
PAE concentration with a contribution ratio of 17.1% (Tables 2 and 3). This indicates that
tea drink is an important source of human exposure to BMEP.
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Figure 1. Compositions of total phthalates in different categories of bottled drinks: (a) Sorted by
bottled drink types; (b) sorted by packaging material of bottled drinks.

We further examined the concentrations of PAEs in bottled drinks based on the
packaging material, including plastic (n = 56), glass (n = 19), metal (n = 22), and paper
(n = 8) (Table 4; Figure 1b). As shown in Table 4, of the 15 PAEs measured, the majority
of chemicals (12–14) had DRs over 60% in each category. DEHP, DBIP, and DBP are the
predominant phthalates found in each category with corresponding contribution ratios of
over 10%. Compared with other packaging materials, paper-bottled drinks have a higher
concentration of BMEP with a contribution ratio of 10.2%. The highest sum concentration
of the 15 PAEs was found in paper-bottled drinks (range: 6418–46,541 ng/L; median:
11119 ng/L), followed by glass-bottled drinks (1635–23,256; 10,190), metal-bottled drinks
(3078–48,004; 7501), and plastic-bottled drinks (770–27,298; 4340). This is different from our
assumption that plastic may contain higher amounts of PAEs, which might be explained by
the following reasons. Firstly, the sample size not large enough to investigate the impact of
packaging material on PAEs concentrations within the same drink type. Secondly, even
within the same type of packaging material, various sub-types exist. For example, different
vendors may use different types of plastic in bottling the drinks. PAE concentrations may
vary significantly depending on the specific plastic employed.

Table 4. Concentrations (ng/L) of phthalates in bottled drinks sorted by the packaging material.

DMP DEP DIBP DBP BMEP DAP BEEP BBP DCP DHP BMPP BBEP DEHP DOP DNP ∑(sum)

plastic (n = 56)
DRa 73 57 77 70 82 59 75 75 71 59 64 84 93 71 77 100

mean 217 33.7 1968 920 708 14.9 54.3 36.3 17.0 7.7 13.1 112 2826 12.8 24.9 6964
SDb 553 54.9 2205 1240 2816 45.3 51.6 115 18.4 8.8 23.2 136 3689 16.5 42.0 6421
GMc 53.7 19.6 861 336 44.1 4.6 25.2 10.5 10.2 4.5 5.7 54.0 1637 6.6 10.0 4559

median 45.0 17.0 1100 280 49.5 3.3 51.5 9.8 11.0 5.2 5.5 76.5 1650 7.4 11.0 4340

range <LOQe-
3100

<LOQ-
390

<LOQ-
8100

<LOQ-
4900

<LOQ-
17,000

<LOQ-
310

<LOQ-
220

<LOQ-
850

<LOQ-
110

<LOQ-
49.0

<LOQ-
160

<LOQ-
760

<LOQ-
17,000

<LOQ-
86.0

<LOQ-
200

770–
27,298

rat
iod 3.1 0.5 28.3 13.2 10.2 0.2 0.8 0.5 0.2 0.1 0.2 1.6 40.6 0.2 0.4

glass (n = 19)
DR 79 53 100 100 95 63 90 84 79 68 79 90 100 74 79 100

mean 524 28.8 3510 1285 63.0 5.6 56.3 222 8.4 7.2 20.7 42.3 6083 5.4 10.2 11,871
SD 1653 26.4 3740 1042 75.9 5.6 75.7 867 5.7 11.2 55.9 31.5 9060 3.8 9.0 9584
GM 94.3 18.8 2085 853 33.1 3.9 29.4 15.9 6.8 4.2 6.7 28.9 2915 4.2 6.7 8418

median 109 12.0 2600 840 43.0 3.4 28.0 10.0 6.2 3.7 6.2 32.0 2600 4.1 8.4 10,190

range <LOQ-
7300

<LOQ-
80

240–
16,000

<LOQ-
3100

<LOQ-
310

<LOQ-
24.0

<LOQ-
270

<LOQ-
3800

<LOQ-
22.0

<LOQ-
51.0

<LOQ-
250

<LOQ-
100

440–
34,000

<LOQ-
13.0

<LOQ-
36.0

1635–
36,505

ratio 4.4 0.2 29.6 10.8 0.5 0.1 0.5 1.9 0.1 0.1 0.2 0.4 51.2 0.1 0.1
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Table 4. Cont.

DMP DEP DIBP DBP BMEP DAP BEEP BBP DCP DHP BMPP BBEP DEHP DOP DNP ∑(sum)

metal (n = 22)
DR 82 55 100 100 91 59 100 91 86 55 91 91 100 91 91

mean 248 29.9 3216 1136 42.9 20.9 80.6 155 13.8 4.9 22.7 89.5 5502 10.1 12.3 10,584
SD 486 29.1 1469 804 72.3 45.8 56.8 595 15.0 4.6 58.2 84.7 9848 8.2 11.1 10,841
GM 72.0 19.4 2858 919 21.7 4.94 589 15.8 9.63 3.4 8.6 53.7 2220 7.3 7.6 7782

median 58.0 17.0 3200 970 25.5 3.65 63.0 12.5 9.35 2.8 7.9 59.0 1400 6.3 8.4 7501

range <LOQ-
2100

<LOQ-
98.0

750-
5800

240–
3300

<LOQ-
330

<LOQ-
170

4.2–
220

<LOQ-
2800

<LOQ-
71.0

<LOQ-
16.0

<LOQ-
280

<LOQ-
330

470–
41,000

<LOQ-
30.0

<LOQ-
36.0

3078–
48,004

ratio 2.3 0.3 30.4 10.7 0.4 0.2 0.8 1.5 0.1 0.1 0.2 0.9 52.0 0.1 0.1
paper (n = 8)

DR 75 100 100 100 100 63 100 100 75 63 100 100 100 100 88 100
mean 197 44.5 6125 1780 74.5 363 96.4 73.5 14.9 6.0 11.5 78.1 5680 8.7 238 14,791

SD 245 28.8 3925 962 60.8 546 85.3 138 11.2 7.6 9.9 63.6 8714 4.0 462 13,292
GM 76.9 35.2 5252 1531 51.0 23.5 54.7 27.3 9.9 3.8 8.2 57.2 2932 7.8 25.8 11,815

median 109 44.5 4900 1750 66.0 5.6 82.5 21 16 3.2 6.0 57.0 3550 8.2 8.5 11,119

range <LOQ-
700

14-
80

2900–
14,000

480-
3600

11-
190

<LOQ-
1400

4.80–
240

5.90-
410

<LOQ-
28.0

<LOQ-
24.0

2.70–
28.0

15.0–
180

440–
27,000

2.7–
14.0

<LOQ
-1300

6418–
46,541

ratio 1.3 0.3 41.4 12.0 0.5 2.5 0.7 0.5 0.1 0.04 0.1 0.5 38.4 0.1 1.6
a: DR, detection rate (%); b: SD, standard deviation (ng/L); c: GM, geometric mean (ng/L); d: ratio, concentration ratio (%), calculated as the
ratio between the mean concentration of each target analyte versus the mean sum concentration of 15 PAEs; e: LOQ, limit of quantification.

3.3. Principal Component Analysis (PCA) of Phthalates in Bottled Drinks

PCA was applied to provide information regarding the possible sources of PAEs
detected in the bottled drink samples in Dalian, China. Here, we performed a canonical
analysis of the principal coordinates (CAP) method to analyze the input dataset after log-
transformation and standardization. CAP allows a constrained ordination to be done on
the basis of any distance or dissimilarity measure. The analytical results on PAEs present
in 105 bottled drink samples showed that the top six principal components, abbreviated
as CAP here, explained 78.3% of the total variance in the data, with the top two CAPs
explaining 37.3% and 11.0% variance, respectively. The percentages of the total variance
explained by other CAPs are all below 10%. This indicates that there is only one major
source of PAEs present in the bottled drinks, and a variety of factors are contributing to the
PAEs concentrations in the bottled drinks analyzed in this study.

The correlation coefficients between the new abstract principal components and the
PAEs were also provided, indicating how well the new abstract principal components corre-
late with the PAEs (Table S4). The first new abstract principal component, CAP1, correlates
positively with all the PAEs measured in this study, implying that higher concentrations of
PAEs were linked to higher values of CAP1. This could be explained by the same exposure
sources of PAEs present in these bottled drinks.

Permutational multivariate analysis of variance was carried out to compare PAEs
concentrations among different types of drinks, and a significant difference (p < 0.001)
was observed, especially between mineral water and other types of drinks, as shown
in Figure 2a. In addition, results of permutational multivariate analysis of variance also
indicated the significant difference (p < 0.001) of the PAE concentrations among bottled
drinks with different packaging materials (Figure 2b). Thus, both drink type and packaging
material are associated with the PAEs in the samples. This further corroborated the earlier
conclusion that many factors contribute to the PAEs present in the bottled drinks.

3.4. Dietary Exposure to PAEs through Consumption of Bottled Drinks in China

The human exposure doses of 15 PAEs through the ingestion of bottled drinks were
estimated based on the mean/maximum concentrations of PAEs measured in different
types of bottled drinks, as shown in Table 5. The average daily intake of drink for Chinese
adults was estimated as 1 L per day [41]. Mineral water is the most commonly used
bottled drink among the Chinese population. Among PAEs, the mean exposure doses
of DEHP were the highest from the consumption of mineral water (mean/maximum
dose: 112/500 ng/kg-bw/d), followed by DIBP (12.5/31.3) and DBP (3.67/10.7). The
mean/maximum human exposure doses from mineral water for other PAEs (DMP, DEP,
BMEP, DAP, BEEP, BBP, DCP, DHP, BMPP, BBEP, DOP, and DNP) were 0.45/1.03, 0.33/1.40,
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2.10/10.3, 0.06/0.20, 0.32/3.17, 0.16/1.33, 0.10/0.19, 0.09/0.63, 0.05/0.08, 0.81/7.67, 0.13/0.40,
and 0.20/0.63 ng/kg-bw/d, respectively. The mean/maximum human exposure doses to
the total phthalates were 133/544 ng/kg-bw/d.

Figure 2. Plots of the canonical analysis of principal (CAP) of PAEs among different types of bottled drinks (a) and bottled
drinks with different packaging materials (b). Permutational multivariate analysis of variance results are also shown in
the figure.

Table 5. Estimated daily intake (EDIdrink, ng/kg-bw/d) of PAEs through ingestion of bottled drinks, based on
mean/maximum concentrations.

Chemical Mineral Water Energy Drink Beer Tea Drink Juice Drink Soft Drink

DMP 0.45/1.03 7.72/36.7 3.77/9.67 5.91/43.3 27.3/243 10.9/103
DEP 0.33/1.40 0.92/3.27 1.19/2.43 1.27/3.67 1.27/2.90 1.49/13.0
DIBP 12.5/31.3 51.3/143 65.8/137 126/330 151/533 131/240
DBP 3.67/10.7 21.0/96.7 35.5/100 39.9/120 78.8/163 43.0/100

BMEP 2.10/10.3 2.11/7.33 1.23/4.33 56.7/567 2.43/6.33 1.860/11.0
DAP 0.06/0.20 0.46/5.00 0.18/0.47 0.42/3.33 6.75/46.7 0.93/10.3
BEEP 0.32/3.17 3.16/9.00 2.03/4.33 1.78/5.00 3.82/8.00 2.14/7.33
BBP 0.16/1.33 2.69/28.3 0.44/1.20 0.89/6.33 1.72/13.7 9.95/127
DCP 0.10/0.19 0.64/1.23 0.27/0.53 0.75/3.67 0.54/2.07 0.50/2.37
DHP 0.09/0.63 0.35/0.67 0.16/0.33 0.25/1.63 0.31/0.80 0.23/1.70

BMPP 0.05/0.08 0.46/1.23 0.28/0.80 0.42/1.83 0.56/1.23 1.17/9.33
BBEP 0.81/7.67 4.66/8.33 2.80/11.0 4.78/25.3 2.95/7.33 2.48/7.00
DEHP 112/500 158/1133 43.9/123 88.7/400 123/900 240/1367
DOP 0.13/0.40 0.58/2.10 0.20/0.57 0.53/2.87 0.34/1.07 0.29/1.00
DNP 0.20/0.63 0.34/1.77 0.28/0.67 3.49/43.3 1.63/16.7 0.52/1.73

∑(sum) 133/544 254/1217 158/304 331/910 402/1551 446/1600

Of the six types of bottled drinks analyzed, the highest mean exposure doses of DEHP
(240/1367), DIBP (151/533), and DBP (78.8/163) can be obtained through the consumption
of soft drinks, juice drinks, and juice drinks, respectively. Other high exposure doses of
individual PAEs include DMP though juice drinks (27.3/243) and BMEP through tea drinks
(56.7/567). Based on the highest mean exposure doses of each PAE, it can be generalized
that the EDIdrink values were in the order of 0.10 ng/kg-bw/d for DCP, DHP, BMPP, and
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DOP, 1.00 ng/kg-bw/d for DAP, BBP, DNP, DMP, DEP, BEEP, and BBEP, 10.0 ng/kg-bw/d
for BMEP and DBP, and 100 ng/kg-bw/d for DIBP and DEHP.

Human exposure doses of PAEs through the consumption of bottled drinks were
several orders of magnitude lower than the oral reference doses suggested by the U.S. FDA
(20, 100, 200, and 800 μg/kg-bw/d for DEHP, DBP, BBP, and DEP, respectively) [52], even
when the highest phthalate concentrations in bottled drinks were used in the estimation.
However, humans are exposed to PAEs via multiple pathways including inhalation, diet
ingestion, and dermal absorption. The evidence has shown that dietary exposures represent
a small fraction of the total exposure doses (e.g., contributed ~10% for DBP, ~10% for DMP,
and ~2% for DEP to the total exposures) [28]. Other exposure sources such as personal care
products also play crucial roles in human exposure to phthalates. Thus, it is highly likely
that the entire human exposure doses to phthalates for individuals might exceed the oral
reference doses recommended by the U.S. FDA.

3.5. Health Risk Assessment of Select PAEs through Consumption of Bottled Drinks in China

Human cancer risk caused by DEHP via consumption of different types of bottled
drinks was assessed by calculating the carcinogenic risk (R). Based on the mean concen-
trations of DEHP detected in different types of bottled drinks, the cancer risks of DEHP
for mineral water, tea drink, energy drink, juice drink, soft drink, and beer are 1.6 × 10−6,
1.2 × 10−6, 2.2 × 10−6, 1.7 × 10−6, 3.4 × 10−6, and 0.6 × 10−6, respectively. Except for
beer, the cancer risks of DEHP for other types of bottled drinks are higher than the max-
imum acceptable risk level, which is 1.0 × 10−6 [38]. Thus, the potential carcinogenic
risk attributable to DEHP present in the bottled drink samples should be of concern for
Chinese consumers. Consumption of bottled drinks over a long duration could be harmful
to human health.

Non-carcinogenic risks of DEHP, DBP, DEP, and BBP were also evaluated via the
calculation of HIs. The results showed that mean HIs for DEHP, DBP, DEP, and BBP
were 5.6 × 10−3, 3.7 × 10−5, 0.4 × 10−6, and 0.8 × 10−6, respectively. These values are
far less than 1, indicating that these PAEs in the bottled drinks collected in this study
posed negligible non-carcinogenic health risks to human health by ingestion [38]. DEHP is
the major chemical contributing to the non-carcinogenic risk of PAEs on average, posing
non-carcinogenic risk two orders of magnitude higher than that of DBP. Because non-
carcinogenic risk is highly associated with the concentrations of PAEs detected in the
samples [38], the risk posed by other non-assessed chemicals (e.g., DIBP) is most likely
much lower than DEHP.

It has been known that storage time and temperature can significantly impact the
migration of chemicals from packaging material to drinks [38]. When bottled drinks are
stored at a high temperature for a long time, human health risks posed by the ingestion
of chemicals can be increased significantly, especially the carcinogenic risk [38]. Further,
co-exposure of a variety of chemical pollutants under long-term chronic exposure may
have a considerable total risk to human health. Therefore, the consumption of bottled
drinks could be a non-neglectable risk factor contributing to human health risk.

4. Conclusions

In summary, this is the first study to investigate the occurrence and distribution of fif-
teen PAEs in various types of bottled drinks in China. Our results indicated the widespread
occurrence of PAEs in different types of bottled drinks. Drink type is an important factor
determining the concentrations of PAEs in the drinks. Significant differences of PAE concen-
trations between different types of bottled drinks were observed in this study. For example,
the median sum concentration of 15 PAEs in soft drink samples is over five times higher
than that detected in mineral water samples. Although human exposure doses of PAEs
through the consumption of bottled drinks are much lower than the oral reference doses
recommended by U.S. EPA, it is non-neglectable, especially considering the high frequency
of the consumption of bottled drinks in daily life. Further, the higher carcinogenic risk
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posed by DEHP exposure through the consumption of bottled drinks warrants attention
from the public.

Our results provide baseline information, for the first time, regarding the occurrence
of PAEs in bottled drinks available in the Chinese market, which is helpful for people in
choosing appropriate bottled drinks. To minimize PAE exposure, it is recommended to
use bottled mineral water, instead of energy drinks, juice drinks, soft drinks, tea drinks,
and beer, and avoid the use of bottled drinks with long-term storage at a high tempera-
ture. Compared with bottled drinks, tap water is recommended in everyday life. This is
especially important for vulnerable members in the community, such as pregnant women,
lactating women, infants, and children. Further, it is recommended to develop safer al-
ternatives for DEHP, which is the most frequently observed PAE and can pose a higher
carcinogenic risk. Authorities need to take measures to control the content of DEHP present
in bottled drinks.

Supplementary Materials: The following are available online, Table S1: title, Detailed information
of the 15 PAEs measured in this study; Table S2: title, Instrumental parameters on GC-MS conditions
for phthalate analysis; Table S3: title, Concentrations (ng/L) of the target phthalates in procedural
blanks and their limits of detection (LOD) and limits of quantification (LOQ); Table S4: title, Cor-
relation coefficients between the new abstract principal components and the PAEs present in the
bottled drinks.
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38. Škrbić, B.; Ðurišić-Mladenović, N.; Cvejanov, J. Principal component analysis of trace elements in Serbian wheat. J. Agric. Food
Chem. 2005, 53, 2171–2175. [CrossRef]

158



Molecules 2021, 26, 6054
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Abstract: Per- and polyfluoroalkyl substances (PFASs) are a class of highly fluorinated aliphatic
compounds that are persistent and bioaccumulate, posing a potential threat to the aquatic envi-
ronment. The electroplating industry is considered to be an important source of PFASs. Due to
emerging PFASs and many alternatives, the acute toxicity data for PFASs and their alternatives are
relatively limited. In this study, a QSAR–ICE–SSD composite model was constructed by combining
quantitative structure-activity relationship (QSAR), interspecies correlation estimation (ICE), and
species sensitivity distribution (SSD) models in order to obtain the predicted no-effect concentrations
(PNECs) of selected PFASs. The PNECs for the selected PFASs ranged from 0.254 to 6.27 mg/L. The
ΣPFAS concentrations ranged from 177 to 983 ng/L in a river close to an electroplating industry in
Shenzhen. The ecological risks associated with PFASs in the river were below 2.97 × 10−4.

Keywords: PFASs; QSAR–ICE–SSD; electroplating industry; ecological risk assessment

1. Introduction

Per- and polyfluoroalkyl substances (PFASs) consist of carbon chains of different
lengths where the hydrogen atoms are completely (perfluorinated) or partly (polyflu-
orinated) substituted by fluorine atoms. PFASs are widely used in the textile/leather
treatment industry, manufacture of fluoropolymers, semiconductor industry, and electro-
plating industry. From 1951 to 2015, an estimated 2610–21,400 t of long-chain perfluoroalkyl
carboxylic acids (PFCAs) were produced [1]. Due to the toxic effects, tissue accumulation,
long-range transport, and environmental persistence of PFASs, perfluorooctanesulfonic
acid (PFOS) was listed under the Stockholm Convention on Persistent Organic Chemicals
and perfluorooctanoic acid (PFOA) was being considered for listing by 2017 [2]. As a result,
around 3 million companies developed PFAS alternatives, for which they claim intellectual
property rights protection [2].

An ecological risk assessment (ERA) aims to qualitatively or quantitatively describe the
possibility that adverse ecological effects occur because of exposure to one or more stressors
(e.g., chemical substances) [3]. An ERA has been adopted as an important methodology
in many studies of typical PFASs such as PFOS [4] and PFOA [5]. The predicted no-effect
concentration (PNEC) is expressed as the lowest concentration of adverse effects in an
ecosystem of a given chemical substance [6]. The ratio of the PNEC to the measured
exposure concentration (MEC) is known as the risk quotient (RQ), which is a screening-
level descriptor of the ecological risk. To reduce the uncertainty associated with an ERA,
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the species sensitivity distribution (SSD) method is widely used to derive the PNEC [7,8].
An SSD is a cumulative probability distribution of the toxicity measurements of a chemical
obtained from single-species bioassays of various species that can be used to estimate the
ecotoxicological impacts of a chemical [9]. The robustness and accuracy of the SSD method
strongly depend on the amount of species toxicity data [6,10,11]. Owing to the wide variety
of PFASs and many emerging alternatives, the acute toxicity data for emerging PFASs and
their alternatives are relatively limited [12]. The combination of quantitative structure-
activity relationship (QSAR) models with interspecies correlation estimation (ICE) models
can greatly expand the ability to predict untested chemicals and their potential effects on
untested species; this has aroused a wide research interest [13–16]. QSAR models provide
opportunities to estimate the ecotoxicity values for certain species (usually standard test
species such as zebrafish) based on the knowledge of chemical structures or properties [17].
ICE models use available toxicity data of tested species (i.e., surrogate species) to predict
those of untested species (i.e., predicted species) [18]. QSAR–ICE models can fill the data
gap to generate SSDs, providing practical applications for the ERA of chemicals with
limited data [13].

In aquatic systems, PFAS concentrations are higher in industrialized and urbanized
areas than in less populated and remote regions in China [19]. Our previous study investi-
gated the concentrations of PFOA and PFOS in the effluent of a sewage treatment plant in
Beijing, which were found to be 29.9–71.5 ng/L and 60.1–233 ng/L, respectively [20]. These
results indicated that the activated sludge process could not effectively remove PFOA and
PFOS. Another previous study in the Fenhe River in Shanxi Province showed that the
PFOA and PFOS concentrations were 2.49–4.79 ng/L and 3.54–16.2 ng/L, respectively [21].
Yamazaki et al. [22] reported that the PFAS concentrations ranged from non-detected to
1.5 ng/L in rivers and lakes on the Qinghai–Tibet Plateau, corresponding with low indus-
trial levels. Based on the estimations of Wang et al. [19], the electroplating industry was the
most important source of PFASs discharged into the aquatic environment.

Few studies have been undertaken on the occurrence and ERA of PFASs in the surface
waters surrounding areas where electroplating industries operate. Relatively limited toxic-
ity data make it difficult to develop the ERA of PFASs and their alternatives. In addition,
QSAR–ICE–SSD models developed for estimating the PNECs of PFASs and their alterna-
tives have been rarely reported in recent studies. Accordingly, the objectives of this study
are (1) to construct QSAR–ICE–SSD models to predict the PNECs of PFASs and their alter-
natives and (2) to assess the ecological risk of PFASs in a river near electroplating factories.

2. Materials and Methods

2.1. Construction of QSAR–ICE Models

Following the procedures recommended in the Technical Guidance Document on
Risk Assessment of the European Commission [6], the Guidelines for Ecological Risk
Assessment of United States Environmental Protection Agency (US EPA) [3], and the
literature [23–25], the process of collecting toxicity data can be summarized briefly as
follows: four species (Pseudokirchneriella subcapitata, Chlorella vulgaris, Daphnia magna, and
Danio rerio) representing three trophic levels in the aquatic environment were selected as
model species for QSAR models. The acute toxicity data were mainly obtained from the
US EPA ECOTOX database (http://cfpub.epa.gov/ecotox/ (accessed on 4 May 2021)), the
literature, and relevant government documents. Structurally similar chemicals in the same
group (i.e., PFASs) were used in the QSAR modeling. Chemicals that contained at least one
-CF2- were originally considered as PFASs and further checked against the list of PFASs of
the US EPA (https://comptox.epa.gov/dashboard/chemical_lists/pfasmaster (accessed
on 4 May 2021)) [26]. Data screening followed the principles of accuracy, relevance, and
reliability [27]. The test methods were in accordance with standard test methods (e.g., the
methods of the Organization for Economic Cooperation and Development). The toxicity
endpoints were the median lethal concentration (LC50) or the median effect concentration
(EC50). The 48 h LC(EC)50 was preferred for invertebrate species and the 96 h LC(EC)50
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was preferred for other species. When multiple toxicity values were available for the same
species and the same endpoint, the geometric mean was taken as the mean toxicity value
for the species.

Molecular structure files were obtained from the ChemSpider database (https://
chemspider.com/ (accessed on 10 May 2021)) and the molecular energy was optimized
using the GAMESS Interface method in ChemBio3D (https://perkinelmerinformatics.com/
(accessed on 12 May 2021)). A total of 12 semi-empirical molecular descriptors were then
calculated using the AM1 method in MOPAC 2016 (http://openmopac.net/ (accessed
on 12 May 2021)) and the Kow values (shown in Table 1) were calculated using EPI Suite
software (https://www.epa.gov/ (accessed on 12 May 2021)). The Chemical Abstracts
Service Registry Number (CAS No.), chain lengths, and molecular descriptor values of the
selected PFASs are listed in the Supplementary Excel file. There were 27 PFASs selected, in
which chain lengths ranged from 2 to 15 and contained PFCAs, perfluoroalkane sulfonic
acids (PFSAs), polyfluoroalkyl ether sulfonic acids (PFESAs), cyclic perfluorinated acids,
fluorotelomer-based substances, and perfluoroalkyl acid precursors.

Table 1. Molecular descriptors used in this study.

No. Molecular Descriptors Abbreviations Units

1 Heat of formation HOF kcal/mol
2 Total energy TE EV
3 Electronic energy EE EV
4 Core–core repulsion energy ECCR EV
5 COSMO area CA Å2
6 COSMO volume CV Å3
7 Gradient norm GN -
8 Gradient norm per atom GN p A -
9 Ionization potential IP EV
10 Lowest unoccupied molecule orbital energy ELUMO EV
11 Highest occupied molecular orbital energy EHOMO EV
12 Molecular weight MW -
13 Octanol–water partition coefficient Kow -

The stepwise regression method in SPSS (https://www.ibm.com/ (accessed on 4
May 2021)) was used to establish the multiple regression statistical models between the
logarithmic values of the toxicity data (i.e., log LC(EC)50) and the molecular descriptors
(including their logarithmic values)). Four QSAR models were validated using SIMCA
software (https://www.sartorius.com/ (accessed on 28 May 2021)), in which the non-
cross-validation correlation coefficient (r2) and leave-one-out cross-validation correlation
coefficient (q2) were used as the evaluation indices.

A total of 227 ICE models of native species in China were established and used
to estimate the acute toxicity data of 6 chemicals, including 4-dichlorophenol, triclosan,
tetrabromobisphenol A, nitrobenzene, PFOS, and octachlorodiphenyl [28]. These ICE
models were used after verifying the application domain.

2.2. Sample Treatment and Analysis of PFASs

Water samples were collected from a river near electroplating factories in Shenzhen.
S1 and S5 were located approximately 500 m upstream of the factories and S2, S3, and S4
were located downstream. The locations of the water sampling points around the plant
are shown in Figure 1. Each water sample was collected in a polypropylene sample bottle
and stored at 4 ◦C in a sampling box. Upon arrival at the laboratory, 500 mL of each water
sample was filtered through a glass microfiber filter (GFF: diameter 150 mm; pore size
0.7 μm). The pH of the water was adjusted to 3.0 with a hydrochloric acid solution. The
samples were then stored at 4 ◦C in the laboratory.
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Figure 1. Sampling sites near the electroplating factories.

The water samples were extracted following a previously established method [29]
with a few modifications. Briefly, Oasis WAX cartridges were preconditioned with 4 mL of
0.1% NH4OH/MeOH, 4.0 mL of methanol, and 4.0 mL of deionized water. Each filtrate was
passed through a preconditioned cartridge at a flow rate of 5–10 mL min−1. The cartridge
was then washed with 4 mL of deionized water and 25 mM of an acetic acid–ammonium
acetate buffer solution (pH = 4). The WAX cartridges were placed in a centrifuge tube and
centrifuged at 3000 rpm for 2 min to remove the excess water. An elution was carried out
with 4 mL of methanol and 4 mL of 0.1% NH4OH/MeOH. The eluent was evaporated
to dryness under a gentle N2 stream in a water bath at 40 ◦C, redissolved in 1.0 mL of
methanol, transferred to a liquid chromatography (LC) vial, and evaporated to dryness
under a gentle N2 stream. Each sample was reconstituted with methanol (0.5 mL) and
spiked with an internal standard (0.5 ng).

Ultra-high-performance liquid chromatography combined with Q-Exactive Orbitrap
Tandem Mass Spectrometry (UPLC-Q-Exactive MS) was applied for the non-target screen-
ing of the PFASs and 19 certified standards (Table S1) were applied for the further quantifi-
cation of the PFASs. An RRHD Extend-C18 column (2.1 mm × 50 mm, 1.8 μm, Agilent) was
used for separation. Mobile phase A consisted of 2 mM ammonium acetate/water, and
mobile phase B consisted of methanol. The elution gradient was set as follows: 5–35% B for
1 min; 35–55% B for 7 min; 55–95% B for 17 min and maintained at 18 min; then back to the
initial conditions (95% A) for 18.1 min and maintained at 20 min. The flow rate was set at
0.25 mL/min and the column oven was maintained at 35 ◦C. A 5 μL aliquot was injected
into the LC-Q-Exactive MS system. The mass spectrometer was operated in the negative
electrospray ionization in full scan mode (m/z 100–1000) (Table S1). The chromatograms
are shown in Figure S1. The exact mass of the PFASs was applied to the screening and
quantification of the PFASs.

All target analytes were quantified using an internal standard calibration curve
(r > 0.99). The method reproducibility was evaluated based on the relative standard devi-
ation (RSD) of the recovery of the spiked replicates. The limits of detection (LOD) were
estimated based on signal-to-noise ratios of 3:1. The mean procedural recovery of the
PFASs ranged from 81 to 122% and the LODs of the PFASs were 1–70 ng/L (Table S1). One
procedural blank and one procedural recovery sample were also analyzed for each batch
of samples to check for laboratory contamination and accuracy.
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2.3. Ecological Risk Characterization

RQ methods were used in this study to roughly characterize the estimated ecological
risks posed by the PFASs (as shown in Equation (1)). The ecological risks could be divided
into four grades: high risk (RQ ≥ 1); medium risk (1 > RQ ≥ 0.1); low risk (0.1 > RQ ≥ 0.01);
and no risk (RQ < 0.01) [30].

RQ =
MEC
PNEC

. (1)

The PNEC values were extrapolated by SSDs. The log normal parametric fitting
method was used for the construction of the SSD curves. The cumulative distribu-
tion function (CDF) is shown in Equation (2). The threshold concentration for pro-
tecting 95% of the species (i.e., the hazardous concentration for 5% of species, HC5)
was obtained from the constructed SSD curve. The PNEC values were obtained using
Equation (3). The model construction and related statistical calculations were completed
using R (https://r-project.org (accessed on 2 July 2021)) and related packages such as “ss-
dtools” (https://bcgov.github.io/ssdtools/ (accessed on 2 July 2021)). The goodness-of-fit
test for the normal distribution of the toxicity data was conducted using the Anderson–
Darling test, Kolmogorov–Smirnov test, or Cramér–von Mises test.

CDF = (x, μ, σ)
1
2
+

1
2

erf[
ln x − μ√

2σ
]. (2)

PNEC =
HC5

AF
(3)

where AF is the assessment factor, which was set to 5 in this study [6].

3. Results and Discussion

3.1. Predicted Toxicity Data by QSAR–ICE Models

The acute toxicity of PFASs to Pseudokirchneriella subcapitata, Chlorella vulgaris, Daphnia
magna, and Danio rerio were collected (Table S2). There were 14 EC50 values (from 2.1 to
1130 mg/L) for Pseudokirchneriella subcapitata, 10 EC50 values (from 3.9 to 4030 mg/L) for
Chlorella vulgaris, 10 LC50 values (from 0.06 mg/L to 2.58 × 105 mg/L) for Daphnia magna,
and 12 LC50 values (from 8.4 to 1500 mg/L) for Danio rerio. Based on the collected data,
the calculated molecular descriptors (Supplementary Excel file), and a stepwise multiple
linear regression, QSAR models for the four species were constructed (Equations (4)–(7)
in Table 2). The four QSAR models were validated using the conventional correlation
coefficient (r2) and the leave-one-out cross-validation correlation coefficient (q2) (Table 2).
Generally, QSAR models with r2 > 0.6 and q2 > 0.5 can be regarded as having a relatively
good predictive ability [31]. In this study, although the QSAR models showed only passable
fitting degrees (R2) due to the relatively small datasets (n), the r2 and q2 values were >0.6
and >0.5, respectively, indicating that the established QSAR models had a good prediction
ability and statistical significance (p < 0.05).

Table 2. QSAR models and their validation parameters.

Species Models Equations n a R2 b r2 c q2 d p e

Pseudokirchneriella
subcapitata

log EC50 = −log Kow × 8.82 + TE × 47.8 + log
ELUMO × 1.47 − ECCR × 39.7 + 50.3 (4) 14 0.770 0.742 0.701 0.006

Chlorella vulgaris log EC50 = −4.18 × Kow − 0.332 × ECCR − 4.29 (5) 10 0.592 0.751 0.673 0.043

Daphnia magna log LC50 = −Kow × 4.09 + log TE × 9.75 − ECCR
× 7.03 + log ELUMO × 1.63 + 1.95 (6) 10 0.370 0.605 0.580 0.045

Danio rerio log LC50 = −Kow × 1.03 − ECCR × 1.04 +
ELUMO × 0.318 + 2.94 (7) 12 0.558 0.722 0.630 0.046

a n: number of toxicity data. b R2: coefficient of determination of the multiple regression. c r2: conventional correlation coefficient or
non-validation correlation coefficient. d q2: leave-one-out cross-validation correlation coefficient. e p: statistical significance.
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The molecular descriptors of the established models practicably explained the mecha-
nism of acute toxicity (MOA). There was a positive correlation between the log EC50 and
the total energy (TE), which is a molecular descriptor related to the molecular energies
and stabilities of PFASs. These include molecular internal energy, translational kinetic
energy, the energy of electrons in a molecule, the vibration energy between atoms in a
molecule, and the energy of a molecule rotating around the center of a mass. A higher TE
value indicates that the molecule is not easily polarized or absorbed by cells, thus resulting
in a lower toxicity [32]. There was a positive correlation between the log EC50 and the
lowest unoccupied molecule orbital energy (ELUMO). As the electronegativity of the F
atom is the strongest, the PFASs reacted with the action site of the target organism as the
electron acceptor. According to the frontier orbital theory, the occurrence of the reaction
is related to the difference between the highest occupied orbital energy (EHOMO) of the
electron donor and the ELUMO of the electron acceptor; that is, EHOMO–ELUMO (also
known as the energy band gap). The larger the band gap, the easier the reaction and the
stronger the binding force between the electron donor and the electron acceptor. Hence, the
larger the band gap, the more obvious the toxicity and the lower the log LC50 value [33].
There was a negative correlation between the log LC50 and the nuclear–nuclear repulsive
energy (ECCR). The electron cloud of atoms in a molecule is deformed more easily with an
increase in the ECCR value, which makes PFASs more likely to polarize and enter a cell [33].
The log EC50 was negatively correlated with the octanol–water partition coefficient (Kow),
which is related to the lipophilicity of PFASs. With an increase in the Kow value, PFASs
accumulate more easily in an organism, thus corresponding with a higher toxicity. Kow
is a key physico-chemical parameter serving as a classic molecular descriptor in QSAR
modeling [34]. In this study, all 4 QSAR models contained Kow (or log Kow), indicating the
universality of Kow in predicting aquatic acute toxicity. Moreover, it has been shown that
Kow is also important in applying QSAR models to predict toxicity in rodents [35,36] and
in vitro toxicity assays [37,38]. In the practice of chemical management, Kow can be used to
justify waiving ecotoxicity tests (if log Kow < 3) to assess bioaccumulation (if log Kow < 3,
the chemical can be considered to be non-bioaccumulative) [34]. As a result, Kow-based
QSAR modeling can be an effective tool for predicting the toxicity of different endpoints in
screening levels.

The acute toxicity data of perfluorobutyric acid (PFBA), PFOA, perfluorobutane-
sulfonic acid (PFBS), perfluorohexanesulfonic acid (PFHxS), PFOS, and 6:2 chlorinated
polyfluoroalkyl ether sulfonate (6:2 Cl-PFESA) for the four selected species were predicted
using the four QSAR models, as shown in Table 3. The results predicted by the QSAR
models showed that the toxicities of novel PFASs or substitutes such as 6:2 Cl-PFESA,
PFBA, and PFBS were higher than those of PFOS and PFOA. The insertion of an oxygen
atom into the 6:2 Cl-PFESA molecule could increase the activity of the molecule. The
experimental results of other studies have also indicated that the presence of oxygen atoms
could increase the toxicity of PFASs [39]. Due to their smaller molecular weight, short-chain
PFAS substitutes (e.g., PFBA and PFBS) may be more easily polarized and absorbed by
cells, thus increasing toxicity.

Table 3. Predicted acute toxicity data (mg/L) of six PFASs by QSAR models.

PFASs CAS No. Pseudokirchneriella subcapitata Chlorella vulgaris Daphnia magna Danio rerio

PFBA 375-22-4 67.1 112 37.4 1410
PFOA 335-67-1 478 150 570 98.5
PFBS 375-73-5 2840 222 487 1000

PFHxS 355-46-4 1030 258 821 256
PFOS 1763-23-1 53 309 173 61.3

6:2 Cl-PFESA 73606-19-6 1.3 84.9 10.9 32.7

Based on the measured toxicity data collected from databases (Table S3) and the
predicted data of the QSAR models, the 13, 34, 17, 13, 13, and 13 ICE models available
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for PFBA, PFOA, PFBS, PFHxS, PFOS, and 6:2 Cl-PFESA (Table S4) were selected for their
toxicity extrapolation, respectively [28]. The acute toxicity data estimated by the QSAR–ICE
models constructed for the above six substances are listed in Table S5.

3.2. Calculation and Comparison of the PNEC Values of SSDs Produced Using Predicted and
Measured Data

Figure 2 shows the SSD curves based on the predicted data by the QSAR–ICE models
(the six PFASs) and measured data, respectively. The results of the goodness-of-fit tests
for the acute toxicity data are shown in Table S6. The results of the goodness-of-fit tests
for all six PFASs were less than the corresponding thresholds, indicating that the obtained
acute toxicity data were consistent with the log normal distribution. The HC5 and PNEC
values are presented in Table 4. The order of the HC5 values was ranked from low to high,
which was 6:2 Cl-PFESA < PFBA < PFOS < PFOA < PFBS < PFHxS. The measured acute
toxicity data used in the SSD curves of PFOA and PFOS are shown in Table S7. The HC5
values obtained by the two methods were compared in order to evaluate the accuracy of
the QSAR–ICE–SSD models. As shown in Table 4, the HC5 values of the QSAR–ICE–SSD
models were 1.16 times (PFOA) and 1.20 times (PFOS) higher than the calculated values
based on the measured toxicity data. As a result, the QSAR–ICE–SSD models had a certain
reliability for predicting PNEC values when limited data were available.

Table 4. The HC5 and PNEC values based on the predicted data (six PFASs) and measured data (PFOA and PFOS).

PFBA PFOA PFOA (Measured) PFBS PFHxS PFOS PFOS (Measured) 6:2 Cl-PFESA

HC5 (mg/L) 4.02 31.4 27 50.5 64.5 10.5 8.72 1.27
PNEC (mg/L) 0.804 6.27 - 10.1 12.9 2.09 - 0.254

3.3. Concentrations of PFASs in the River near the Electroplating Factories

The Σ19PFAS concentrations ranged from 177 to 983 ng/L in the river water samples
(Figure 3); the mean values of PFOS, PFBS, and PFHxS were 254, 132, and 9.18 ng/L,
respectively. One study on PFASs in 28 rivers in eastern China showed that the PFAS
concentration ranges were 39–212 ng/L and 0.68–146 ng/L in Shanghai and Zhejiang
Province, respectively [40]. Another study of fluoropolymer facilities showed that PFAS
concentrations ranged from 0.96 to 4534.41 ng/L in nearby rivers [41]. Industrial pro-
cesses involving the use of PFASs are a conspicuous source of PFASs for the environment.
Major downstream industrial users, such as electroplating facilities, have started to use
alternatives [42].

3.4. Ecological Risks of PFASs

Based on the monitoring data of PFASs in this study, PFBA, PFOA, PFBS, PFHxS,
PFOS, and 6:2 Cl-PFESA were the mainly detected PFASs in the river near the electroplating
facilities. The PNEC values of the six typical PFASs were calculated using the QSAR–ICE–
SSD models. The RQ values of the PFASs in this study and in four other electroplating
areas in Guangdong Province in China [43] were then calculated, as listed in Table 5.
The results showed that the six PFASs posed no ecological risks to the river although,
compared with other electroplating areas, the RQ values of PFOA, PFBS, PFOS, and 6:2
Cl-PFESA were higher in this study. Only ecological risks based on acute PNEC values
were calculated due to limited data. However, it has been suggested that PFASs may
have reproductive and growth adverse effects on aquatic organisms [12]. PFASs are
persistent, bioaccumulative, and can be transported long distances, thus causing lasting
damage to the aquatic organism [12]. The ecological risks of PFASs in this study may have
been underestimated.
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(c) (d) 

 
(e) (f) 

Figure 2. SSD curves based on the predicted data (six PFASs) and measured data (PFOA and PFOS). (a) PFOA (b) PFOS (c)
PFBA (d) PFBS (e) PFHxS (f) 6:2 Cl-PFESA.
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Figure 3. PFAS concentrations in a river near electroplating factories.

Table 5. RQ values (×10−6) of six PFASs in this study and in the literature.

Sample Sites RQ Values PFBA PFOA PFBS PFHxS PFOS 6:2 Cl-PFESA

This Study Range 11.5–60.9 3.25–15.8 9–20 0.23–1.83 15.3–297 5.1–49.8
Mean 29.1 7.26 13.1 0.71 121 19.1

Gaoping [43] Range 2.44–24.1 0.18–2.81 0–0.6 0.04–0.48 0–7.66 0–1.38
Mean 11.1 0.57 0.21 0.23 1.07 0.12

Humen [43]
Range 2.44–42.3 0.53–3.24 0.13–1.24 0–27,000 0–4.41 0–3.82
Mean 24.7 1.42 0.64 9290 1.29 0.39

Boluo [43]
Range 16.2–54.3 0.064–2.99 0–14.9 0–1.87 0–15.6 0–1.26
Mean 24.3 0.76 4.17 0.31 2.03 0.16

Shatian [43]
Range 22–105 0.99–6.98 0.23–4.7 0–0.3 0–6.44 0
Mean 38.9 3.4 1.7 0.2 1.57 0

3.5. Implications and Limitations

It has been shown that there are around 4700 PFASs on the global market [26]. The
development of rapid in silico methods avoiding time-consuming and laborious animal
experiments is necessary. QSAR–ICE–SSD models can be used to derive screening-level
PNEC values in both prospective and retrospective assessments for novel PFASs where
ecotoxicity data are lacking. The acute toxicity data of at least 15 species covering three
trophic levels of an ecosystem can be derived [26]. These data can meet the requirements of
the minimum datasets for the construction of SSD models, improving ecological relevance
and reducing the uncertainty caused by the limited data quantity [3,6,44]. We selected as
much as possible of the acute toxicity data of four model species from a wide range of
PFAS groups (e.g., PFCAs, PFSAs, PFESAs) selected for QSAR modeling. The selected ICE
models were also developed from data containing PFOS. This improved the adaptability
and reliability of the model, reducing the uncertainty caused by the construction of the
models [45]. As mentioned in Section 3.1, Kow was found to be a key molecular descriptor
in predicting aquatic acute toxicity in QSAR modeling. A possible future research direction
could be to identify the role of Kow in QSAR modeling to predict other endpoints (e.g.,
no observed adverse effect level (NOAEL), benchmark dose (BMD) of acute toxicity in
rodents, or in vitro toxicity assays). This can help us understand the MOA of PFASs and
integrate the data between an ERA and a human health risk assessment [46].
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A major limitation of this study was that the acute toxicity data used to develop the
QSAR model for each species was quite limited. Correspondingly, the small data sizes
led to a just passable fitting effect of the QSAR models and limited the use of machine
learning algorithms such as random forest [47,48]. One possible improvement of this issue
is the selection of more acute toxicity data in QSAR modeling from not only PFASs but also
other organic chemicals based on the same MOA [49]. However, this method is based on
a sufficient understanding of the MOA of PFASs, in which further study is needed [26].
Another limitation of the QSAR–ICE–SSD approach was that only acute toxicity data were
used and only acute PNEC values could be derived. Given the current limited availability
of chronic (e.g., growth and reproductive effect) no observed effect concentration (NOEC),
lowest observed effect concentration (LOEC), and 10% effect concentration (EC10) data,
it was not possible to follow our approach to derive chronic PNEC values. Using an
acute-to-chronic ratio to extrapolate the chronic toxicity data for each species is a possible
way; however, it can increase the uncertainty of the data quality [50].

4. Conclusions

In summary, the QSAR–ICE–SSD models predicted the following HC5 values for six
PFASs: 0.804 mg/L (PFBA), 6.27 mg/L (PFOA), 10.1 mg/L (PFBS), 12.9 mg/L (PFHxS),
2.09 mg/L (PFOS), and 0.254 mg/L (6:2 Cl-PFESA). The Σ19PFAS concentrations were
177–983 ng/L in the nearby river of electroplating factories in Shenzhen. The results
indicated that these electroplating factories may not be the source of the PFASs in the
local aquatic environment. The RQ values of the six PFASs ranged from 2.29 × 10−7 to
2.97 × 10−4 in the nearby river.

Supplementary Materials: The following are available online: Supplementary Excel file; Table S1:
PFAS properties and m/z values for quantification; Table S2: The collected acute toxicity of PFASs
to four species for the QSAR models; Table S3: The collected acute toxicity of PFASs for the ICE
models; Table S4: The ICE models used in this study; Table S5: The predicted acute toxicity of PFASs
by QSAR–ICE models; Table S6: The results of the goodness-of-fit tests of the SSD models; Table S7:
The measured acute toxicity of PFOA and PFOS; Figure S1: Liquid chromatography coupled to
hybrid quadrupole-Orbitrap mass spectrometer LC-MS (Q-Exactive) (Thermo fisher scientific, USA)
chromatograms for (A) standard PFASs and their (B) internal standard.
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Abstract: A sedimentary record of the 16 polycyclic aromatic hydrocarbon (PAH) pollutants from
Dongping Lake, north China, is presented in this study. The influence of regional energy structure
changes for 2–6-ring PAHs was investigated, in order to assess their sources and the impact of
socioeconomic developments on the observed changes in concentration over time. The concentration
of the ΣPAH16 ranged from 77.6 to 628.0 ng/g. Prior to the 1970s, the relatively low concentration
of ΣPAH16 and the average presence of 44.4% 2,3-ring PAHs indicated that pyrogenic combustion
from grass, wood, and coal was the main source of PAHs. The rapid increase in the concentration of
2,3-ring PAHs between the 1970s and 2006 was attributed to the growth of the urban population and
the coal consumption, following the implementation of the Reform and Open Policy in 1978. The
source apportionment, which was assessed using a positive matrix factorization model, revealed that
coal combustion was the most important regional source of PAHs pollution (>51.0%). The PAHs
were mainly transported to the site from the surrounding regions by atmospheric deposition rather
than direct discharge.

Keywords: PAHs; historical trends; shallow lake; economic parameters; sources; sediment core

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a class of persistent organic pollutants
(POPs) which are ubiquitously present in the environment [1]. Because of their potential
as carcinogens, mutagens, and teratogens [2], PAHs have elicited serious concern world-
wide [3,4]. Sixteen PAH compounds have been included in the priority pollutant list for
risk control and management of the US Environmental Protection Agency (US EPA) [5].
PAHs originate mainly from the incomplete combustion and/or pyro-synthesis of organic
materials through fossil-fuel usage, biomass burning, industrial processes, waste incinera-
tion, and vehicle exhaust emissions [6–8]. PAHs can be transported into aquatic ecosystems
through various processes, including atmospheric deposition [9], wastewater discharge
from urban sewage treatment plants, as well as industrial sites [10], or surface runoff from
urban or industrial areas [11]. The PAHs discharged into the aquatic environment are
prone to combining with fine particles, being ultimately deposited into sediments due
to their hydrophobic nature and resulting low solubility [12,13]. This makes sediments
an important sink for PAHs, which directly affects the dwelling organisms and aquatic
environment safety [14–16].

PAHs in dated sediments provided an ideal archive of historical information about
the anthropogenic contamination of aquatic ecosystems and emission of pollutants from
energy consumption [17–21]. Thus, a dated sediment core analysis can reconstruct very
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well the chronology of PAHs pollution and clearly identify their fate in any water-related
ecosystem [22–24]. China is currently the world's second largest economy and has un-
dergone a rapid growth in population and industrial and agricultural outputs, as well as
energy consumption and transportation infrastructures, during recent decades [25]. Earlier
studies have reported that PAH contamination is often associated with the economic de-
velopment and energy consumption in China [26,27]. In 2004, the emissions of PAHs in
China (up to 114 Gg) accounted for an estimated 22% of total global PAH emissions [28].
Coal burning was responsible for 60% of PAH emissions in China [29]. The sedimentary
records of organic contamination in lakes and marine areas have shown an increase in
PAH quantities following the ~1850s, providing information with regard to regional fuel
consumption and intensity of anthropogenic activities [14,30,31]. However, studies have
mainly focused on developed regions, and limited information is available regarding the
temporal trends of PAHs concentration within inland shallow lakes in the north of China.
This leads to a significant lack of data about the impact of lifestyle and energy consumption
on the concentration of PAHs.

Thus, it could be useful to evaluate the implications of the regional economic develop-
ment and energy consumption on the temporal variation of PAH pollution to understand
the factors related to the historical changes in PAH emissions [32,33]. The present study
aims to (1) investigate the residual levels and temporal distribution of PAHs in sediment
core from a typical inland shallow lake, Dongping Lake, located in the north of China, (2)
speculate on the possible PAH sources in the undisturbed sediment profiles in combination
with a detailed chronology study, and (3) reconstruct the historical trends of PAH contami-
nation related to the economic development in the region (population size, gross domestic
product, and energy consumption).

2. Materials and Methods

2.1. Study Area and Sampling

This study was carried out at Dongping Lake, a shallow freshwater lake with
627 km2 surface area and 4 × 109 m3 storage volume, which is located in Tai’an city
in the western part of Shandong province, China (35◦30′–36◦20′ N, 116◦00′–116◦30′ E)
(Figure 1). Dongping Lake is the second largest freshwater source in Shandong province.
Most of the lake area is no more than 3 m in depth. Dongping Lake is mainly affected
by a warm and semi-humid continental monsoonal climate. The multi-annual mean tem-
perature is 13.3 ◦C with an average annual precipitation of 640 mm [34]. Dongping Lake
serves as an important flood control project in the lower reaches of the Yellow River and
represents the last water reservoir along the Eastern Route of China's South-to-North Water
Diversion Project [35]. The water in the lake flows north through the Xiaoqing River,
eventually entering the Yellow River. Dawen River is the major inflow to Dongping Lake,
whose recharge sources are mainly supplied by surface runoff and rainfall [36]. There has
been increasing concern about water pollution by different types of contaminants in recent
years, mainly due to the large inputs of industrial, agricultural, and urban sewage activities
from the Dawen River. In recent years, the volume of sewage for the Dawen River reached
2.6 × 109 tons, which has led to a severe degradation of the water quality of Dongping
Lake [37].

The study was carried out in the autumn of 2016 in the Dongping Lake (Figure 1).
Two parallel sediment cores with lengths of 60 cm were collected using a Beeker 04.23
core sampler (100 cm length × 57 mm ID; Eijkelkamp Co., Giesbeek, The Netherlands)
at the still water area (DP: 35◦57′23.1′′ N, 116◦11′35.6′′ E) of Dongping Lake, where the
water depth is approximately 3.0 m. The sediment core was sliced into 2 cm thick sections.
Following this step, each section was placed in a precleaned aluminum foil, before being
frozen, freeze-dried, ground into a fine homogenized powder, and finally stored at −20 ◦C
until further treatment.
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Figure 1. Map of the study area and location of the sampling site.

2.2. Total Organic Carbon Analysis and Sediment Core Dating

Total organic carbon (TOC) of sediment core samples was measured using a Perkin-
Elmer PE 2400 Series II elemental analyzer. With the aim of dating the sediment core
samples, the radioisotope activity concentrations (e.g.,137Cs, 210Pb, and 226Ra) in samples
were determined using a well-type HPGe gamma detector (GCW3523, Canberra Inc.,
USA) at the Institute of Geology and Geophysics, Chinese Academy of Sciences. Before
analyzing the radionuclides, each subsample was stored in sealed centrifuge tubes for
3 weeks, allowing radioactive equilibration [25]. The activities of 137Cs and 210Pb were
respectively determined by the γ emissions at 662 keV and 46.5 keV, while the activity of
226Ra was determined by the γ emissions at 352 keV. Detection errors were within 5% for
both 137Cs and 210Pb. 210Pbex was obtained by subtracting the 226Ra activity from the total
210Pb activity [38]. The 210Pb geochronology was calculated from a constant rate of supply
(CRS) model [39] according to the following equation:

t = λ−1ln(A0/Az), (1)

where A0 and Az are the 210Pbex accumulation fluxes at the surface layer of the sediment
core and depth z, respectively, while λ is the 210Pbex radioactive decay constant (0.03114
year−1). The profiles of 137Cs activity in samples were compared to scattering nuclides
from nuclear testing, thermonuclear weapons testing in the middle 1960s, and nuclear
accidents such as the Chernobyl nuclear site in 1986 [40]. Thus, the 137Cs activity was used
as an independent chrono-marker to enhance the dating accuracy from 210Pb [24].

2.3. PAH Extraction and Analysis

The extraction of PAHs was performed according to a previously reported method [14].
Briefly, about 2.0 g (dw) of each sample was extracted with 250 mL of a dichloromethane–
hexane mixture (1:1, v/v) for 24 h using a Soxhlet apparatus. A known mixture of surrogates
(naphthalene-d8, acenaphthene-d10, phenanthrene-d10, and chrysene-d12) was added to
each blank and sample before extraction. The extract passed through a glass column packed
with 1:2 alumina–silica gel (v/v) containing 1 g of anhydrous sodium sulfate overlaying
the silica gel. The eluents containing PAHs were collected by eluting 70 mL of hexane–
dichloromethane (7:3, v/v) and were then concentrated to 1.0 mL. After adding a known
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quantity of an internal standard (hexamethylbenzene), the PAHs were analyzed by gas
chromatography and mass spectrometry (GC/MS).

In the study, 16 PAHs, namely, naphthalene (Naph), acenaphthene (Aceph), acenaph-
thylene (Ace), fluorene (Fl), phenanthrene (Phen), anthracene (Ant), fluoranthene (Flu), pyrene
(Pyr), benz[a]anthracene (BaA), chrysene (Chr), benzo[b]fluoranthene (BbF), benzo[k]fluoranth
ene (BkF), benzo[a]pyrene (BaP), dibenz[ah]anthracene (DBA), benzo[ghi] perylene (BgP), and
indeno[1,2,3-cd]pyrene (InP), were detected. A Varian 4000 mass spectrometer (Varian Inc.,
Palo Alto, CA) coupled with a Varian CP-3800 gas chromatograph equipped with a Varian
VF-5MS column (30 m × 0.25 mm × 0.25 μm) was employed to quantitatively determine
PAHs. The column ramp temperature was programmed to rise from 80 ◦C (dwell time of
3 min) to 230 ◦C (dwell time of 2 min) with a rate of 15 ◦C/min, followed by a ramp to
290 ◦C (dwell time of 8 min) with a rate of 5 ◦C/min. The injection volume was 1 μL in
splitless mode. All data were subject to strict quality control procedures. The spiked recoveries
of 16 PAHs in samples were in the range of 75.3–107.4%. The method detection limits (MDLs)
for each PAH ranged from 0.12 to 1.07 ng/g.

2.4. Positive Matrix Factorization (PMF) Model for Source Apportionment

The PMF model was used for source apportionment of sedimentary PAHs [33]. The
model is based on an advanced multivariate factor analysis method that relies on weighted
least squares calculation and was developed in 1994 [41]. The United States Environmental
Protection Agency PMF user guide (version 5.0) explains the model in detail [42]. In theory,
the PMF model can be described by Equation (2).

Xij =
p

∑
j=1

gik fkj + eij, (2)

where Xij is the concentration of the i-th species that was determined by the j-th sample,
whereas, gik is the i-th species concentration, which was detected in source k; fkj represents
the contribution of the k-th source to the j-th sample, and eij is the error for species j to
sample i [43]. The objective function Q(E) of the PMF model is defined by Equation (3).

Q(E) =
n

∑
i=1

m

∑
j=1

[(Xij −
p

∑
k=1

gikkkj)/sij]
2, (3)

where Q(E) is the weighted sum of the squares for the difference in value between the
original dataset and the PMF output [44], whereas sij is the uncertainty in the j-th PAH to
sample i [45].

2.5. Data Analysis

Origin Pro 8.0 was used to plot the experimental data. Statistical analyses were
performed using SPSS 13.0 (SPSS Inc., Microsoft Co., USA). The correlation coefficients
between the measured parameters were calculated through a two-tailed test and the
Pearson correlation coefficient.

3. Results and Discussion

3.1. Sediment Chronology

Figure 2 shows the vertical distribution of excess 210Pb (210Pbex) and 137Cs for the
sediment core collected from Dongping Lake. The 137Cs activity was low (<17 Bq/kg)
throughout the sediment core; however, a typical peak of 137Cs activity (16.8 Bq/kg)
could be identified at 22 cm depth. This corresponded well with the 137Cs atmospheric
fallout peak from the nuclear bomb testing in 1963 [46]. The 210Pbex activity showed a
continuous increase from 6.7 Bq/kg (at the core bottom) to 55.5 Bq/kg (at the core top). The
210Pbex activity profile showed a definite exponential decay together with increasing depth
(R2 = 0.934); thus, a CRS dating model was applied to date the sediment core to determine
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the chronologies of 210Pb [39]. The 210Pbex CRS model provided an age of 1963 at the depth
of 22 cm, which was verified by the age provided by the independent 137Cs dating peak.
Mover, the enrichment factor of Pb significantly increased after 1960 due to gasoline-related
Pb emission [47], which was consistent with the historical trend of 210Pbex activity in
sediment core. Thus, the chronology based on the 210Pbex CRS model was considered
reliable. According to this age–depth model, the estimated average sedimentation rate was
approximately 0.56 cm/year at the site, meaning that the 60 cm core covered ~110 years of
sedimentary history between 1907 and 2016.

Figure 2. Age–depth profiles of excess 210Pb (210Pbex) and 137Cs in the sediment core.

It is noted that 210Pbex activity was higher than found in earlier studies from the
adjacent areas, for instance, those from Baiyangdian Lake in Hebei Province [48] and Lake
Gonghai in Shanxi Province [23]. This is because the 210Pbex activity in sediment cores
is positively correlated with the atmospheric deposition flux [23]. The average sediment
accumulation rate in the sediment core from Lake Gonghai (0.17 g/cm2/year) [23] was
lower than that performed at the Lake Chaohu (0.23 g/cm2/year) [49] and the Dongping
Lake (0.22 g/cm2/year) [50]. In addition, atmospheric deposition of 210Pb is also influenced
by local precipitation. The climate between the two sites is also quite different, with an
annual average precipitation of 456 mm at Lake Gonghai and 680 mm at Dongping Lake,
which could lead to large variance of the 210Pbex activity in the sediment cores.

3.2. Temporal Variation of PAH Concentration and Composition

The concentration of PAHs at different dates of the lake’s sediment core is illustrated
in Table S1 and Figure 3a. All 16 priority PAHs were detected in the sediment core back
to the 1970s, yet only nine individual PAHs were detected before the 1970s in the totality
of the core samples. Increased industrial and agricultural activity after the 1970s may
have increased the input of PAHs such as Ace, Fl, and DBA [14]. An overall increasing
trend of total PAH concentration (ΣPAHs) was observed from 1907 to 2016, and the ΣPAH
concentration ranged from 77.6 to 628.0 ng/g. Three temporal trends for the concentra-
tion of ΣPAHs in the sediment core were characterized. In the first stage from 1907 to
the 1950s, the concentration of ΣPAHs spread over a relatively narrow range (77.6–122.1
ng/g) showing a similar constant trend before the mid-20th century. In the second stage
from the 1950s to 2006, the concentrations of ΣPAHs increased sharply, reaching around
628.0 ng/g in ca. 2006. This increase can be attributed to rapid industrialization and
urbanization following the establishment of the People’s Republic of China in 1949, as
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well as the implementation of the Reform and Open Policy in 1978 [26]. Moreover, the
construction of the Dongping Industrial Park in 2002–2005 and the consequently increasing
development activities around the lake not only further deteriorated the water quality of
Dongping Lake [51], but also increased the input of PAHs. In the third stage from 2006 to
2016, the concentrations of ΣPAHs (average value of 337.6 ng/g) decreased compared to
the period of 2000–2006. The implementation of pollution control measures, which were
carried out to guarantee the water quality and safety of the South-to-North Water Diversion
in the catchment since the 2005, may have already reduced the emissions of PAHs and
deposition in the lake sediment [36]. Compared with other lakes subject to more frequent
industrial and human activities in China, Dongping Lake is a lake mainly developed for
agriculture and tourism, and the peak (455.4 ng/g) PAHs in this location were lower than
observed in Dianchi Lake (4560.8 ng/g) [52], Chaohu Lake (2500 ng/g) [32], and Taihu Lake
(1600 ng/g) [30]. In addition, the peak period (in the 1990s–2000s) of PAHs in Dong-
ping Lake appeared later than that in the aforementioned lakes (in the 1980s–1990s).
The different temporal trends of the ΣPAH concentration in the sediment core of lakes
in China indicated different histories of industrialization and development intensity in
different catchments.

Figure 3. The historical variations of the concentrations (a) and percentages (b) of polycyclic aromatic hydrocarbons (PAHs)
with different rings (2–6 rings) in the sediment core of Dongping Lake. Two-ring PAHs include Naph; three-ring PAHs
include Aceph, Ace, Fl, Phen, and Ant; four-ring PAHs include Flu, Pyr, BaA, and Chr; five-ring PAHs include BbF, BkF, BaP,
and DBA; six-ring PAHs include InP and BgP.

Different types of PAHs were grouped according to their number of aromatic rings,
and the concentration and percentage of PAHs ranging from 2–6 rings were calculated
(Figure 3). The concentration of two- and four-ring PAHs slowly increased from the 1900s
to the 1920s, and then decreased and maintained a steady value between the 1920s and the
1950s, finally showing a significantly increasing trend after the 1950s. Concentrations of
three-, five-, and six-ring PAHs increased from the 1900s to recent years, with the three-ring
PAH concentration increasing even more. The 2,3-ring PAHs exhibited the highest ratios to
total PAHs compared to other multiring PAHs, considering the period from the 1970s to
the recent years, with an average of 60.1% over the last four decades. The two total PAHs
peaks in 1989 and 2006 had the highest 2,3-ring PAH contribution to the total PAH amount
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(>74%), suggesting that the more frequent and high-intensity occurrence of petrogenic
discharge and low–moderate temperature combustions (e.g., incomplete grass and wood
burning) allegedly occurred in these periods [32,51]. Compared with the early and late
2000s, the water level of Dongping Lake in 2006 was at a low level, which reduced the
water environment capacity and further deteriorated the water quality [53]. In addition,
according to the statistical data of Tai’an city, the amount of biomass combustion in 2006
was the highest during the 2000s, which was twice that in 2010 [54], which resulted in
more 2,3-ring PAHs entering the lake through atmospheric emissions [32]. These factors
resulted in the highest concentration of PAHs and a high proportion of 2,3-ring PAHs
in 2006 (Figure 3). This study further confirmed that the deposited PAHs found in the
sediment core of the lake are strictly derived from the transportation and precipitation of
atmospheric aerosols [55] and direct emissions from petrogenic sources [23], as observed
in some lakes of rural areas in Thailand [24,56], as well as in Baiyangdian Lake [14] and
Yangzonghai Lake [25] from China.

Furthermore, the relationship between PAH concentration and TOC content in sed-
iment cores was investigated using Pearson’s coefficient rank correlation. A significant
positive correlation was found between PAH and TOC concentrations at the 0.05 level
of significance (r > 0.7, p < 0.01, n = 30), with correlation coefficients of 0.776, 0.905, and
0.859 for 2,3-ring PAHs, four-ring PAHs, and 5,6-ring PAHs, respectively. This indicates
that PAH pollution in sediment core was primarily controlled by TOC. Several previous
studies have also demonstrated that the TOC in the sediment is an important indicator for
determining the fate, sorption dynamics, and sequestration mechanisms of PAHs [19,57,58].
The correlation between TOC and four-ring or 5,6-ring PAH concentration was better
compared to that between TOC and 2,3-ring PAH concentration. This may be attributed to
the strong hydrophobicity and degradation resistance of four-ring or 5,6-ring PAHs [23,59].

3.3. Sources Analysis

Molecular diagnostic ratios of specific PAHs were applied to identify a more specific
origin of PAHs found in the environment [32]. Many former studies used this methodology
to confirm the possible emission sources of PAHs [14,60,61]. PAH molecular ratios for
Ant/(Ant + Phen) and Fl/(Fl + Pyr) were applied to calculate the possible sources of PAHs.
The results for this study are shown in Figure 4. Ant/(Ant + Phen) ratios lower than 0.1
suggest that the PAHs principally originated from petrogenic source. Ratios higher than 0.1
are considered representative of pyrogenic sources including biomass, coal, and petroleum
combustion [25,60]. Fl/(Fl + Pyr) ratios less than 0.4 are often considered to be typical
of petroleum contamination. Ratios greater than 0.5 imply that PAH compounds were
primarily generated from pyrogenic sources, especially grass, wood, and coal burning,
while values of Fl/(Fl + Pyr) that fall between 0.4 and 0.5 point to liquid fossil-fuel com-
bustion [58,62]. For the Ant/(Ant + Phen) ratios, all values were >0.1 in the sediment
core, which indicates a combustion source. The Fl/(Fl + Pyr) ratios showed the two types
of PAHs sources. The values exceeded the threshold of 0.5 from the 1907s to the 1920s
and from the 1950s to the recent years, which suggests a strong pyrogenic signal from
grass, wood, and coal combustion. For the period ranging from 1907 to the 1920s, the
pyrogenic source was mainly from the combustion of grass and wood related to natural
or anthropogenic wildfire. For the period from the 1950s to recent years, the pyrogenic
source was mainly related to the combustion of biomass and coal due to the increasing
industrial activities since the 1950s. Further studies have shown that the contribution of
coal and biomass combustion is about 44% and 24% to the PAHs found in the Shandong
province, respectively [27]. Thus, the residential indoor wood and crop burning and coal
combustion may be the two major emission sources of PAHs in the region. The Fl/(Fl +
Pyr) ratios ranged from 0.38 to 0.49, corresponding to the period of time of the 1920s to the
1950s, reflecting PAHs from liquid fossil-fuel combustion. This might show the effect of
the Chinese Liberation War (1946–1949), World War II (1937–1945), and the Chinese Civil
Revolutionary War (1927–1937) on the temporal distribution of PAHs [14].
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Figure 4. Diagnostic ratios of polycyclic aromatic hydrocarbon (PAH) ratios in the sediment core of
Dongping Lake.

3.4. The Impact of Economic Parameters on the Change in PAH Concentrations and Sources

Historical changes in the concentrations of PAHs in this study followed the general
temporal trends reported from the socioeconomic development data in Tai’an city in Shan-
dong province. Due to the limitation of historical statistics, the only used data were gross
domestic product (GDP), total population, rural population, road freight capacity, and coal
consumption data from 1949 to 2016; similarly, petroleum consumption and natural gas
consumption data from 1975 to 2016 were used (Figure 5) [54]. According to Figure 3a,
the concentration of ΣPAHs increased sharply from the 1950s to 2006, and then decreased
from 2006 to recent years. Since the founding of the People’s Republic of China in 1949,
an increase in population from 2.7 × 106 to 5.7 × 106 people has been observed, along
with increases in GDP from 1.0 × 102 to 3.3 × 105 million yuan, coal consumption from
6.4 × 104 to 2.9 × 107 tons standard coal, and road freight capacity from 6.6 × 105 to
1.2 × 108 Tons in Tai’an city; this growth has contributed to an increase and accumula-
tion of PAHs in the catchments, with a good correlation at the 0.05 level of significance
(r > 0.75, p < 0.01, n = 15). The intensification of the industrial activities around lake areas
such as the Dongping Industrial Park development since 2002 [51], combined with the
impact of pollutant transmission phenomena in the area, allowed the concentration of
PAHs to reach a peak in 2006. Later, as the Chinese government carried out environmental
protection and implemented energy conservation and emissions reduction [14], together
with the development of the South-to-North Water Diversion Project in the region [36],
the emissions of PAHs were effectively reduced, leading to a decline in the accumulation
of PAHs in the lake. For example, the road freight capacity gradually decreased from
1.2 × 108 to 6.0 × 107 tons, with the coal consumption decreasing from 2.9 × 107 to
1.4 × 107 tons of standard coal and the petroleum consumption decreasing from 6.2 × 105

to 3.2 × 105 tons of standard coal (Figure 5).
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Figure 5. Statistical data on the socioeconomic development and energy consumption in Tai’an city.

The relationship between the vertical distribution of the concentration of different-
ring PAHs and energy consumption (Figure 5) in the period of 1975–2016 was further
analyzed. With regard to the consumption of coal from 1975 to 2016, the value gradually
increased, reaching a peak in 2012 and then gradually faded. On the other hand, petroleum
consumption was relatively stable at a value (3.3 × 105 tons standard coal) before the
1990s, and then fluctuated between this latter value and 3.0–7.1 × 105 tons standard coal.
The consumption of natural gas augmented slowly from 0.7 to 8.4 × 104 tons standard
coal between 1975 and 2006, and then increased rapidly to 2.5 × 105 tons standard coal.
The results shown in Figures 3 and 5 indicate that the increase in concentration for the
2,3-ring and four-ring PAHs was consistent with the surge of coal consumption, thus
suggesting that the household energy usage structure was a major factor impacting the
concentration of PAHs [33]. Although coal consumption has declined since 2010, it is still
the main structural energy source in the region, accounting for 96.7% of the overall energy
structure [54]. The correlation coefficients between the concentration of 2,3-ring and four-
ring PAHs and coal consumption reached values of 0.75 and 0.91, respectively, between
1975 and 2016. Coal consumption emits higher levels of 2,3 ring and four-ring PAHs
compared to the burning of petroleum products or natural gas [33,63]. A comparison of the
concentrations of 5,6-ring PAHs with petroleum consumption may reflect a relationship
between PAH pollution and vehicles exhaust emissions [33]. The correlation coefficient
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calculated between the concentration of 5,6-ring PAHs and the petroleum consumption
was 0.85 between 1975 and 2016. The positive relationship between 5,6-ring PAHs and the
traffic volume was observed to be 0.89 between 1975 and 2016, confirming once again this
relationship. Moreover, the concentrations of different-ring PAHs had a good correlation
with the natural gas consumption at the 0.05 level of significance (r > 0.61, p < 0.01,
n = 15), suggesting that natural gas is gradually becoming a new source of contribution to
PAH pollution.

The main source components were classified according to the data of Naph, Phen,
Ant, Fl, Pyr, BbF, BaP, InP, and BgP having the largest contribution for the period from the
1970s to 2016; the PMF source file is shown in Figure 6. There are four factors extracted by
PMF model; the percentage contributions to PAH sources were 51.4% by Factor 1, 11.5%
by Factor 2, 4.3% by Factor 3, and 32.8% by Factor 4. Factor 1 showed high levels of
Phen, Fl, and Pyr, suggesting that this factor might be coal combustion [33,63]. Moreover,
a high correlation coefficient (R2 = 0.81) between Factor 1 contributions and the total
consumption of coal from the 1970s to 2016 was observed. Factor 2 had high levels of BbF,
BaP, InP, and BgP (i.e., high-molecular-weight PAHs), indicating this factor as a possible
marker of gasoline and diesel emissions [64,65]. The correlation coefficient of Factor 2
contributions and road freight capacity was 0.55, which further confirmed Factor 2 as
likely related to traffic emissions. Factor 3 correlated strongly with Ant and Pyr, which is
associated with refined petroleum combustion or crude oil leakage [14]. The correlation
coefficient between Factor 3 contributions and the total consumption of petroleum was
0.53, indicating that this factor might represent petrogenic sources. Factor 4 showed a
high loading of Naph and Fl and was identified as an important indicator of biomass
combustion [4,63]. Furthermore, the correlation coefficient between Factor 4 contribution
and the rural population reached 0.66, suggesting that the factor might represent the
suburban lifestyle of biomass burning for cooking and heating [33]. According to the
PMF results, four sources were successfully identified: (1) coal combustion sources (51.4%
of total factor contributions), (2) traffic emissions (11.5% of total), (3) petrogenic sources
(4.3% of total), and (4) biomass combustion and contribution (32.8% of total). Hence, coal
combustion was recognized as the dominant source of PAHs in Dongping Lake in the last
four decades.
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Figure 6. Four main source components of sedimentary polycyclic aromatic hydrocarbons (PAHs) obtained using a positive
matrix factorization (PMF) model for Dongping Lake.

4. Conclusions

The historical variation of PAH pollution in the sediment core of Dongping Lake
was investigated in this study. The concentration of the ΣPAH16 fluctuated from 77.6 to
628.0 ng/g (with a mean value of 198.3 ng/g), which was significantly lower compared to
the lakes located in the areas with frequent industrial and human activities. The ΣPAH16
was mainly composed of 2,3-ring PAHs (48.7%), followed by 5,6-ring PAH (35.4%) and
four-ring PAHs (15.9%). The concentration of 2,3-ring, four-ring, and 5,6-ring PAHs varied
from 32.3 to 464.5 ng/g, 6.1 to 96.8 ng/g, and 39.6 to 101.8 ng/g, respectively. Since the
1970s, the increase in population and the construction of industrial parks have promoted
the accumulation of PAHs in the area. In addition, the main energy structure significantly
affects the input and composition of PAHs. The molecular diagnostic ratios of specific
PAHs demonstrated that pyrogenic sources were the main PAH sources in the sediment
core from Dongping Lake, with coal combustion (51.4% of total sources contributions)
and biomass combustion (32.8% of total) being the dominant sources of PAHs since the
1970s, according to analysis of the PMF model. The results indicate that an appropriate
adjustment of regional energy structure and encouragement of clean energy use can help
reduce the impact of PAHs on lakes, improve air quality, and reduce carbon emissions.

Supplementary Materials: The following are available online: Table S1. Concentration of PAHs and
total organic carbon (TOC) in sediment core from the Dongping Lake.
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Abstract: A gas chromatography-mass spectrometry (GC/MS) method for the determination of
hexabromocyclododecane (HBCD) in expanded polystyrene and extruded polystyrene foam (EPS/XPS)
was developed. The EPS/XPS samples were ultrasonically extracted with acetone and the extracts
were purified by filtration through a microporous membrane (0.22 μm) and solid-phase extraction.
The samples were analyzed using a GC/MS using the selected ion monitoring mode. The ions 157,
319 and 401 were selected as the qualitative ions, while ion 239 was chosen as the quantitative ion.
An HBCD standard working solution with a concentration range of 1.0–50.0 mg/L showed good
linearity. The detection limit of HBCD was 0.5 mg/kg, meeting the LPC limit (<100 or 1000 mg/kg).
Six laboratories were selected to verify the accuracy of the method, and 10 samples were tested.
The interlaboratory relative standard deviation range was 3.68–9.80%. This method could play an
important role in controlling HBCD contamination in EPS/XPS.

Keywords: gas chromatography-mass spectrometry; HBCD; EPS; XPS; POPs

1. Introduction

Hexabromocyclododecane (HBCD) is flame retardant with high bromine content
that has long been used in the manufacture of expanded polystyrene (EPS) and extruded
polystyrene (XPS) boards for fire protection and insulation in buildings. In the 1980s, HBCD
was detected in air, sludge and sediment in Sweden [1]. Since then, many researchers
in other countries have also confirmed the widespread presence of HBCD in soils [2],
outdoor air [3,4], seawater [5], and house dust [6]. Also, HBCD has been detected in arctic
regions [7] and breast milk [8]. There is global concern about the potential toxic effects
of HBCD on humans and ecosystems [3,9] because of its persistence in the environment,
bioaccumulation, and bioamplification in fish [10], birds [11], and mammals [12,13]. Re-
cently many studies in animals have shown that HBCD can affect the expression of related
genes in rats [14] and zebrafish [10]. Furthermore, HBCD promoted the production and
accumulation of fat in vivo and in vitro [15]. HBCD was added to the control list in the
Stockholm Convention on Persistent Organic Pollutants in May 2013 and banned from
future production and use [16].

The latest information on global production of HBCD indicates that total production in
2011 was estimated at 31,000 metric tons, and it was mainly produced in China, Europe, and
the United States. Considering that 90% of HBCD on average is used in the manufacture of
EPS/XPS each year [17], large quantities of HBCD-containing EPS/XPS building materials
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have accumulated globally over the past decade. Because of the long service life of EPS/XPS
(20–50 years) [18,19], many of these building materials are still in use. However, a study
shows that the use of HBCD in some consumer products is unregulated [20], and there
is still a risk of HBCD entering the environment from existing construction materials
and waste through wear and tear during product use, weathering, and leachate from
landfill [21]. As of 2019, HBCD must be destroyed or irreversibly transformed to prevent
its entry into the environment when it is at or above the designated LPC limits (100 or
1000 mg/kg) in accordance with the European Union’s Basel Convention General Technical
Guidelines for Persistent Organic Pollutants Waste Management [22]. Therefore, a simple
and quick method is required to determine whether HBCD in EPS/XPS exceeds the
standard (LPC). Many methods have been developed to determine HBCD concentration in
EPS or XPS foam like X-ray fluorescence spectroscopy (XRF), flowing atmospheric pressure
afterglow mass spectrometry, and liquid chromatography-tandem mass spectrometry
(LC-MS/MS) [23–28].

In this study, the GC/MS method was developed to determine the HBCD concen-
tration in EPS/XPS products. The solvent and purification processes were investigated
to separate the HBCD and EPS/XPS matrix in the extract dilution. Six laboratories were
selected to carry out the verification work, and 10 samples were tested to verify the fea-
sibility of the method. This study aimed to establish a simple, inexpensive and effective
analytical method for determination of HBCD in EPS/XPS. It is used to help more coun-
tries and regions judge whether HBCD in construction waste exceeds LPC limits, and
provides a reference for the recycling or destruction and irreversible transformation of
waste containing HBCD.

2. Materials and Methods

2.1. Samples and Chemicals

HBCD standard (purity >97%) was purchased from Dr. Ehrenstorfer GmbH (Augs-
burg, Germany). Acetone (pesticide residue grade) was obtained from Fisher Chemi-
cal (Thermo Fisher Scientific Inc., Waltham, MA, USA). Toluene and n-Hexane (pesti-
cide residue grade) were purchased from J.T. Baker Corporation (Phillipsburg, NJ, USA).
Methanol and dichloromethane (analytical pure) were purchased from Sinopharm (Beijing,
China). Polytetrafluoroethylene filtration membrane (0.22 μm) was purchased from Jin-
tengyi Technology Co., Ltd. (Beijing, China). Five EPS and five XPS samples were collected
from 10 companies in Shandong China. 20 mg HBCD was dissolved with 2 mL acetone
and diluted to 100 mL with n-hexane to prepare the HBCD stock solution (200 mg/L).
Working solutions with HBCD concentrations of 1.0, 2.0, 5.0, 10.0, 20.0, and 50.0 mg/L
were prepared by dilute with n-hexane of the HBCD stock solution.

2.2. Sample Preparation

The EPS/XPS samples were cut into particles smaller than 5 mm. 0.1 g (±0.1 mg) of
EPS/XPS sample was weighed from the particles above, then placed in a 10 mL stoppered
colorimetric tube, and 5 mL of acetone was added to dissolve the sample. The colorimetric
tube was placed on a vortex mixer for 2 min and then extracted by ultrasonication (KQ-100E,
Kunshan Ultrasonic Instrument Co., Ltd., Kunshan, China) for 20 min at room temperature.
The supernatant was filtered through a 0.22 μm polytetrafluoroethylene filter membrane.
The filtrate was collected and n-hexane was added to give a volume of 20 mL. Because
the concentration of HBCD in the EPS/XPS samples were usually very high, only part
of the filtrate was analyzed. For the EPS sample, the HBCD concentration in typical EPS
product was approximately 0.6–0.8%, 2.5% (500 μL) of the filtrate was analyzed. For the
XPS sample, the typical HBCD in XPS was approximately 4–6%, 0.25% (50 μL) of the
filtrate was analyzed and n-hexane (450 μL) was added to make the volume up to 500 μL.
Next, the sample was purified using a solid-phase extraction (SPE) column (LC-Si, 500 mg,
6 mL, Supelco Inc., St. Louis, MO, USA). The SPE column was activated with 6 mL of
n-hexane. The EPS/XPS filtrates were eluted once with 6 mL of acetone. All of the eluent
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was collected and then concentrated under a stream of nitrogen gas. The concentrated
samples were reconstituted with n-hexane to 1 mL. Finally, the samples were placed in
2 mL brown vials for GC/MS analysis. An EPS sample without HBCD was selected as the
blank sample, extracted, and purified together with other EPS/XPS samples.

2.3. GC/MS Analyses

The samples were analyzed using an Agilent 6890A/5973C GC/MS with a DB-5 MS
capillary column (Agilent Technologies, Santa Clara, CA, USA). The length of DB-5 MS
capillary column is 30 m, the inner diameter is 0.25 mm and the film thickness is 0.25 m.
The following heating procedure of oven temperature was applied: initial temperature is
60 ◦C, held at 60 ◦C for 2 min, increased to 270 ◦C at 15 ◦C/min and held at this temperature
for 5 min, then increased to 290 ◦C at 5 ◦C/min and held at this temperature for 5 min.
The carrier gas used helium (purity ≥99.999%), and the flow rate was 1.0 mL/min. The
sampling method was split-less injection and the injection volume was 1 μL. The inlet
temperature was 230 ◦C. The ionization mode was electron ionization, the ionization
energy was 70 eV, and the ion source temperature was 230 ◦C. The quadrupole temperature
was 150 ◦C and the interface temperature was 280 ◦C. The data acquisition mode used
selected ion monitoring. The selected monitoring ions (m/z) are shown in Table 1. The
ions 157, 319 and 401 were selected as the qualitative ions, while ion 239 was chosen as the
quantitative ion.

Table 1. Selected monitoring ions (m/z) and allowable relative deviations.

Monitoring of the
Ion (m/z)

Ion Species Ion Ratio (%)
Permissible Relative

Deviation (%)

157 Qualitative ion 100 -
239 Quantitative ion 89 ±15
319 Qualitative ion 55 ±20
401 Qualitative ion 19 ±20

2.4. Quality Assurance and Quality Control

Three samples of EPS and XPS each were selected to estimate the matrix effect (ME)
according to the method reported by Caban et al. [29]. The ME is calculated according to
the following formula.

ME =

(
B − C

A
− 1

)
× 100% (1)

where A is the peak area of the HBCD standard solution (20 mg/L). B is the peak area of
the EPS/XPS sample with HBCD standard (20 mg/L) added before injection. C is the peak
area of the non-spiked EPS/XPS sample. The samples showed acceptable matrix effects
ranging from −10.9% to 22.0%.

The HBCD was not detected in the blank sample. The recovery of the blank spiked
sample test is between 87% and 113%.

3. Results and Discussion

3.1. Optimization of the Sample Pretreatment Conditions

Because dissolution of polystyrene from EPS/XPS would cause matrix interference in the
HBCD analysis, different extraction solvents were screened to optimize the method. Through
literature research [23,26,30,31], we chose methanol, toluene, acetone, dichloromethane, n-
hexane, n-hexane/isopropanol (1:1, v/v), acetone/methylene chloride (1:1, v/v), toluene/
methylene chloride (1:1, v/v), acetone/n-hexane (1:1, v/v) and n-hexane/methylene chlo-
ride (1:1, v/v) to conduct experiments on the dissolution of EPS/XPS and the extraction
effect of HBCD.

EPS/XPS partially dissolved in acetone, n-hexane, and n-hexane/isopropanol, but did
not dissolve in methanol. Toluene and dichloromethane completely dissolved EPS/XPS.
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Although acetone emulsified EPS/XPS, minimal dissolution of EPS/XPS occurred, and
this solvent gave a very high HBCD extraction efficiency. Therefore, acetone was selected
as the extraction solvent. The extract was then purified using SPE. We found that HBCD
was adsorbed by the LC-Si filler in the SPE column, and was completely eluted by acetone.
The results of the matrix effect also proved that effectiveness of acetone.

3.2. Optimization of the GC/MS Conditions

HBCD can be analyzed using a 15 or 30 m capillary column. We found that a 30 m
capillary column gave effective separation of HBCD in EPS/XPS and good peak shapes.
The heating procedure was optimized, and the retention time of HBCD was 25.40 min. The
injection temperatures are the important variable in the determination of HBCD. When
the injection temperature is too low, it will lead to incomplete gasification of HBCD and
reduce the amount available for detection. If the injection temperature is too high, it will
cause thermal isomerisation and degradation of HBCD [32–34]. In a comparison of the
chromatograms obtained with injection temperatures of 190 ◦C, 230 ◦C, and 270 ◦C, the
best results were obtained at 230 ◦C (Figure 1). At 190 ◦C, the gasification of HBCD was
incomplete and the response was low, which was only 20–25% of those at 230 ◦C. At
270 ◦C, the HBCD was decomposed, the impurity peak (retention time from 17.40 min to
18.6 min) increased five times of those at 230 ◦C. Consequently, 230 ◦C was selected as
the optimum injection temperature, and a good response was obtained using optimized
GC/MS conditions.

Figure 1. Chromatograms of HBCD at different injection temperatures, (a) 5 mg/L-270 ◦C, (b) 5 mg/L-
230 ◦C, (c) 5 mg/L-190 ◦C, (d) 10 mg/L-270 ◦C, (e) 10 mg/L-230 ◦C, and (f) 10 mg/L-190 ◦C.

3.3. Linear Range and Detection Limit

The HBCD working solutions were analyzed using the optimized GC/MS conditions.
A 1.0 μL aliquot of each HBCD standard working solution was injected. The retention
times and chromatographic peak areas were recorded and a standard curve was plotted
(Figure 2).
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Figure 2. The calibration curve of HBCD.

The linear equation for the standard curve of HBCD was Y = 1197.6X − 283.1, and the
R2 was 0.9934. These results met the test requirements for HBCD analysis [35].

HBCD in real samples were accurately quantified by using a calibration curve. Ac-
cording to the HBCD working curve, the concentration of HBCD in the sample is calculated
according to the following formula.

ρ =
C × V1 × V3

V2 × M
× D (2)

where ρ is the concentration of HBCD in EPS or XPS samples (mg/kg). C is concentration
of HBCD in the sample solution (mg/L). V1 is volume of extract (ml), V2 is volume of
extracted solution transferred (ml) and V3 is volume of injection solution (ml). M is sample
mass (g). D is dilution multiple.

The detection limit was determined as described in the references [35]. Seven blank
spiked samples with HBCD concentration of 5 mg/kg were continuously tested. The
method detection limit is then calculated as 3.143 times the standard deviation. In the
present study, the limit of quantitation of detection is 0.5 mg/kg.

3.4. Method Precision and Accuracy

To evaluate the method precision and accuracy [35], three blank samples were spiked
with HBCD standard solutions to give concentrations of 5, 10, and 20 mg/kg. The HBCD
concentration in each of these samples was determined six times. The 18 analysis results
were shown in Table 2. The relative standard deviation (RSD) range for the three blank
samples was 6.64–6.92%, and the recovery range was 87–113%.

Table 2. Test data for the method precision and accuracy (n = 6).

HBCD Add the Amount 5 mg/kg 10 mg/kg 20 mg/kg

Measured mean xi 4.9 9.9 21.3
The standard deviation Si 0.34 0.69 1.4

Relative standard deviation RSD (%) 6.90% 6.92% 6.64%
Recovery range 87~106% 89~108% 96~113%

We compared the results from our study with those from previous studies (Table 3).
The accuracy of our method met the test requirements.
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Table 3. Comparison of experimental results from different studies.

Test Material Testing Equipment
Concentrations

g/kg
RSDs

%

Limit of
Quantitation

mg/kg
The Literature

EPS/XPS GC/MS 4.5~33.5 6.64~6.92 0.5 In this study
EPS/XPS XRF 5~12 7~16 50 [23]

EPS LC-MS/MS 6.849~7.105 0.2~0.6 0.005 [26]
EPS/XPS XRF, LC-MS/MS, NMR 6.7~11.1 44~104 300 [31]

3.5. Actual Sample Analysis and Interlaboratory Verification

To verify the effectiveness of the method, five EPS and five XPS samples were collected
from 10 companies. Five verification laboratories (L1–L5) and our laboratory (L6) were
commissioned to carry out verification tests for the developed method. The HBCD analysis
results from the six laboratories were shown in Figure 3.

Figure 3. Results from the six laboratories for EPS (A) and XPS (B).

For the five EPS samples, the HBCD concentration range was 4.5–6.7 g/kg and the
RSD range was 3.78–9.76%. For the five XPS samples, the HBCD concentration range
was 29.8–35.5 g/kg, and the RSD range was 3.68–9.80%. The overall RSD range of the
10 EPS/XPS samples was 3.68–9.80% and the R2 of the calibration curve of six laboratories
were between 0.991 and 0.998.

Through our study, we found that the content of HBCD in EPS/XPS is approximately
1%, with a range of 0.45–0.67% in EPS and 2.98–3.55% in XPS. Such a high concentration
of HBCD may be dangerous to human health [36] and pose a challenge to the treatment
of construction waste containing EPS/XPS [27,28]. Improper handling methods may
cause HBCD to leak into the environment, causing serious damage to the ecological
environment [37]. Production of HBCD-containing EPS/XPS was expected to increase by
2.7 million tons per year until 2013, and then decrease by about 7% (18,000 tons) after the
inclusion of HBCD in the Stockholm Convention. Because HBCD-containing EPS/XPS
products have been produced for more than 40 years, we can infer that 40 to 70 million tons
of these products have been produced globally [38]. Consequently, a method is needed to
determine HBCD levels in these plastics to provide a basis for the recycling and disposal
of HBCD.

4. Conclusions

A method was established and verified for the determination of HBCD in the product
and waste of EPS/XPS by GC/MS. Satisfactory recovery and precision results were ob-
tained for 10 EPS/XPS samples. The advantages of this method are its high precision, low
detection limit, simplicity, speed, and suitability for the detection of HBCD in EPS/XPS
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samples. Although HBCD has recently been banned, EPS/XPS products containing HBCD
are still used on the surface of buildings, and will last for 20–50 years until the demolition
of these structures. In the future, HBCD in EPS/XPS waste generated from the demolition
of these buildings needs to be detected and analyzed. Therefore, the detection of HBCD in
EPS/XPS samples by GC/MS still has great application value.
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Abstract: Although tetrabromobisphenol A (TBBPA) has been well proven to disturb TH signaling in
both in vitro and in vivo assays, it is still unclear whether TBBPA can affect brain development due to
TH signaling disruption. Here, we employed the T3-induced Xenopus metamorphosis assay (TIXMA)
and the spontaneous metamorphosis assay to address this issue. In the TIXMA, 5–500 nmol/L
TBBPA affected T3-induced TH-response gene expression and T3-induced brain development (brain
morphological changes, cell proliferation, and neurodifferentiation) at premetamorphic stages in a
complicated biphasic concentration-response manner. Notably, 500 nmol/L TBBPA treatment alone
exerted a stimulatory effect on tadpole growth and brain development at these stages, in parallel
with a lack of TH signaling activation, suggesting the involvement of other signaling pathways.
As expected, at the metamorphic climax, we observed inhibitory effects of 50–500 nmol/L TBBPA on
metamorphic development and brain development, which was in agreement with the antagonistic
effects of higher concentrations on T3-induced brain development at premetamorphic stages. Taken
together, all results demonstrate that TBBPA can disturb TH signaling and subsequently interfere
with TH-dependent brain development in Xenopus; meanwhile, other signaling pathways besides TH
signaling could be involved in this process. Our study improves the understanding of the effects of
TBBPA on vertebrate brain development.

Keywords: tetrabromobisphenol A; Xenopus laevis; brain development; thyroid hormone; biphasic
concentration-response

1. Introduction

Tetrabromobisphenol A (TBBPA) is usually used as brominated flame retardants in
various products, including printed circuit boards, adhesives, coatings, etc. [1]. The exten-
sive production and use of TBBPA have led to wide existence in the environment, especially
in China. It was reported that the TBBPA concentration in surface water from Lake Chaohu
(China) reached 4.87 μg/L [2]. Monitoring studies show that TBBPA is frequently detected
in human samples, such as urine, blood, breast milk, and adipose tissue, including samples
from pregnant women [3–5]. Although the European Union (EU) approved TBBPA as no
significant adverse effects for human health based on a risk assessment of TBBPA following
a series of standard guideline-compliant toxicity tests [6,7], there is growing evidence
that TBBPA could exert certain adverse effects, including carcinogenicity, in laboratory
animals [8]. Especially, TBBPA has been shown to interfere with thyroid hormone receptor
(TR), thereby altering TR-mediated gene transcription in vitro assays, indicating its TH
signaling disrupting activity [9,10]. Importantly, several research groups, including ours, re-
ported that TBBPA antagonized TH-induced metamorphic development in amphibians and
even inhibited spontaneous metamorphosis at the metamorphic climax, along with changes
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in the expressional levels of TH-response genes, demonstrating the TBBPA’s actions on TH
signaling in vivo [11–13].

Given the key roles of TH in brain development, we suspect that TBBPA could disturb
TH-dependent brain development in vertebrates. However, few studies have addressed
this issue. In fact, whether or not TBBPA can exert adverse effects on the nervous system is
still controversial. Based on a series of standard guideline-compliant toxicity tests, the EU
concluded that TBBPA is not a neurotoxicant for both adult and developing mammals [6].
Kacew and Hayes [14] declared that TBBPA has little neurotoxicity to vertebrates, includ-
ing humans, considering limited neurobehavioral effects and its limited presence in the
brain. However, there is increasing evidence that TBBPA could exert adverse effects, such
as increased anxiety and reduced social behaviors, in laboratory mammals and fish [15].
Nevertheless, no data has addressed whether or not the neurotoxic effects of TBBPA are
associated with its TH signaling disruption. Indeed, it is challenging to employ rodents to
reveal whether chemicals could exert neurotoxic effects through TH signaling due to the
involvement of multiple signaling pathways. In contrast to rodents, amphibians undergo
metamorphic development, including brain remodeling, mainly regulated by TR-mediated
TH signaling that activates the expression of a series of TH-response genes. Notably, TH
addition in water can induce precocious metamorphosis of pre-metamorphic tadpoles,
characterized by upregulated expression of TH-response genes and subsequent cellular,
histological and morphological changes of various organs [16,17]. Thus, the metamor-
phic development of amphibians, especially the model species Xenopus laevis, acts as an
excellent model to dissect TH signaling and TH-dependent development [17,18]. Previ-
ously, we developed the T3-induced Xenopus metamorphosis assay (TIXMA) for evaluating
TH signaling disruption and subsequent effects on TH-dependent development [19,20].
Specifically, TH-response gene expression is used as endpoints for TH signaling disruption,
while morphological, histological, and cellular parameters are employed for evaluating
the effects on TH-dependent development. Since the TIXMA involves the parameters
of brain remodeling, it offers a great chance to evaluate the interference of chemicals on
TH signaling and subsequent effects on brain development [21]. In our previous study
investigating TH signaling disruption of TBBPA [13], we noticed that TBBPA appeared to
have an effect on T3-induced brain morphological alternations in Xenopus.

The aim of this study was to determine whether low concentrations of TBBPA could
interact with TH signaling in Xenopus brains and alter TH-dependent brain development.
Following the TIXMA we established previously [13,22], pre-metamorphic tadpoles were
treated with TBBPA in the absence or presence of T3. On day two after exposure, TH-
response gene expression was measured for evaluating TH-signaling disruption in the
brain, while on day four, brain morphological and cellular changes were examined for
evaluating the effects on TH-dependent brain development. Additionally, the effects of
TBBPA on spontaneous TH-dependent brain development were investigated to verify the
results observed in the TIXMA. This study is expected to enhance our understanding of the
neurodevelopmental effects of TBBPA in vertebrates.

2. Results

2.1. TBBPA Affects T3-Induced TH-Response Gene Expression in Xenopus laevis Brains

As expected, two days of T3 treatment dramatically upregulated the expression of
all TH-response genes (klf9, thrb, thibz, mmp13, tgm2, and st3) in Xenopus brains (p < 0.05)
(Figure 1). TBBPA exposure alone had no effects on the expression levels of these genes.
In the presence of T3; however, 5 nmol/L and/or 50 nmol/L TBBPA resulted in higher
expression of these TH-response genes, whereas the highest concentration caused lower
expression of thrb, thibz, klf9, and tgm2, compared with T3 treatment. Altogether, these
observations show that 5–500 nmol/L TBBPA affected T3-induced TH-response gene
expression in a biphasic concentration-response manner.
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Figure 1. The relative expression of six thyroid hormone-response genes in brains of premetamorphic
Xenopus laevis tadpoles following two-day exposure to tetrabromobisphenol A (TBBPA) in the absence
or presence of 1 nmol/L T3. Data are shown as mean ± SEM. * indicates significant differences
between TBBPA + T3 treatment and T3 treatment (p < 0.05).

2.2. TBBPA Alters Brain Morphology in the Absence and Presence of T3

After four days of treatment, the 500 nmol/L TBBPA-treated tadpoles had longer
hindlimbs with more obvious toes and smaller head area than controls, showing that
500 nmol/L TBBPA promoted pre-metamorphic development (Figure 2A). As expected, T3
treatment induced precocious metamorphosis, characterized by body weight loss, hindlimb
growth, head shrinkage (Figure 2B), and brain remodeling. Following co-treatment with T3
and 50–500 nmol/L TBBPA, morphological changes exhibited a concentration-dependent
weakening trend compared with T3 treatment, indicating that 50–500 nmol/L TBBPA
antagonized T3-induced metamorphosis in a concentration-dependent manner. A slight
effect was found at the lowest concentration of TBBPA on T3-induced metamorphosis in
Xenopus brain.

Figure 2. Morphological changes of premetamorphic Xenopus laevis following four-day exposure
to tetrabromobisphenol A (TBBPA) in the absence or presence of 1 nmol/L T3. (A) Representative
morphology of the head and the hindlimb of exposed tadpoles. (B) Quantitative analysis for body
weight, hindlimb length, and head area of exposed tadpoles. Data are shown as mean ± SD.
# indicates significant differences between TBBPA treatment and solvent control treatment (p < 0.05).
* indicates significant differences between TBBPA + T3 treatment and T3 treatment (p < 0.05).

In terms of brain morphological changes, mainly longitudinal shortening as well as
dorsoventral and lateral broadening, T3 treatment induced dramatic brain remodeling, par-
ticularly in the diencephalon. We characterized brain remodeling with ULBW/BL, DL/BL,
and DT/BL (Figure 3A). Compared with controls, T3-treatment resulted in increases in
ULBW/BL and DT/BL but decreased in DL/BL (Figure 3C). Interestingly, 500 nmol/L
TBBPA treatment alone also decreased DL/BL. In 50–500 nmol/L TBPPA and T3 co-
treatment groups, tadpoles exhibited lower ULBW/BL and DT/BL values and higher
DL/BL values in comparison with T3-treated animals. As a whole, 50–500 nmol/L TBBPA
appeared to concentration-dependently antagonize T3-induced increases in ULBW/BL and
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DT/BL but decrease in DL/BL. In contrast, 5 nmol/L TBBPA combined with T3 resulted
in a significant decrease in DL/BL than T3 treatment, displaying an agonistic effect on T3
action. Collectively, 5–500 nmol/L affected T3-induced brain development in a biphasic
concentration-response manner.

 

Figure 3. Brain morphological changes of premetamorphic Xenopus laevis following four-day expo-
sure to tetrabromobisphenol A (TBBPA) in the absence or presence of 1 nmol/L T3. (A) Schematic
description of measurement parameters. DL for diencephalon length, ULBW for unilateral brain
width, BL for brain length, and DT for diencephalon thickness. (B) Representative morphology
of the elevation view and side view of the brain. (C) Quantitative analysis result of brain param-
eters. Each parameter was normalized by the mean value of the solvent control tadpoles. Data
are shown as mean ± SD. # indicates significant differences between TBBPA treatment and solvent
control treatment (p < 0.05). * indicates significant differences between TBBPA + T3 treatment and T3
treatment (p < 0.05).

2.3. TBBPA Affects Cell Proliferation in the Telencephalon in the Presence of T3

EdU-labeled cells were observed in the subventricular zone (SVZ) in the telencephalon,
showing active cell proliferation in this zone (Figure 4A). Some of the EdU-labeled cells
were also present in the surrounding of the SVZ, meaning their migration from the SVZ
because cell proliferation is known to only occur in the SVZ [23]. Corresponding to brain
morphological changes, T3 treatment for four days caused more EdU-labeled cells in the
SVZ compared with controls, and some EdU-labeled cells migrated from the SVZ, along
with shrunk ventricles, indicating that T3 stimulated cell proliferation and subsequent
migration from the zone. Increased cell proliferation was also observed in 500 nmol/L
TBBPA treatment group (Figure 4B). When combined with T3, the lowest concentration of
TBBPA resulted in more EdU-labeled cells, some of which migrated far away from the SVZ
in comparison with T3 treatment. In contrast, decreased EdU-labeled cells and ventricle
size in telencephalons were observed in the co-treatment with 500 nmol/L TBBPA and T3
compared to T3 treatment, and even appeared to be comparable with those of controls,
showing 500 nmol/L TBBPA antagonized and even counteracted T3 actions. The median
concentration (50 nmol/L) appeared to have no pronounced effect on T3-induced cell
proliferation. As a whole, TBBPA treatment affected T3-induced cell proliferation in Xenopus
brains in a biphasic concentration-response manner. In the 500 nmol/L TBBPA treatment
alone, there were more EdU-marked cells than the control, showing that 500 nmol/L TBBPA
increased cell proliferation, despite being less relative to T3 treatment.
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Figure 4. EdU-labeled cell proliferation in telencephalons of pre-metamorphic Xenopus laevis fol-
lowing 4-day exposure to tetrabromobisphenol A (TBBPA) in the absence or presence of 1 nmol/L
T3. (A) Immunofluorescence images of telencephalons at the end of the T3-induced metamorphosis
assay. EdU label (red) and DAPI (blue). (B) The ratio of EdU positive cells number. Three animals
were analyzed for each treatment. V: ventricle. Parameter was normalized by the mean value of the
solvent control. Data are shown as mean ± SD. # indicates significant differences between TBBPA
treatment and solvent control treatment (p < 0.05). * indicates significant differences between TBBPA
+ T3 treatment and T3 treatment (p < 0.05).

2.4. TBBPA Affects Neurodifferentiation in the Telencephalon in the Presence of T3

By immunofluorescence (IF) staining, we detected neuronal marker TUBB2 in the
telencephalon to characterize neuronal differentiation in Xenopus brain (Figure 5A). Com-
pared with controls, T3-treated brains exhibited significantly higher TUBB2 expression
(Figure 5B), with thicker outer neuropil of the telencephalon (Figure 5C), indicating that T3
promoted neurodifferentiation in the brain. Similarly, 50 nmol/L and 500 nmol/L TBBPA-
treated brains also exhibit stronger TUBB2 staining and thicker outer neuropil, despite
the lack of a statistical difference between the 50 nmol/L TBBPA group and the control,
suggesting a stimulatory effect of higher concentrations of TBBPA on neurodifferentiation.
In the presence of T3, 5 nmol/L TBBPA led to stronger TUBB2 staining in comparison
with T3, along with increased thicknesses of the outer neuropil (Figure 5B,C). However,
500 nmol/L TBBPA antagonized T3 action on neurodifferentiation, which was characterized
by thinner outer neuropil and a decreasing trend of TUBB2 expression—combined with
T3, while 50 nmol/L TBBPA had no significant effects on T3-induced TUBB2 expression
and thickening of the outer neuropil. Overall, 5–500 nmol/L TBBPA affected T3-induced
neurodifferentiation in Xenopus brains in a biphasic concentration-response manner.

2.5. TBBPA Disturbs Brain Development in Spontaneous Metamorphosis Assay

Following the TIXMA, the effects of TBBPA on spontaneous metamorphosis and brain
development were investigated. After six-day treatment since stage 58, all the control
tadpoles reached stage 63, whereas some of the TBBPA-treated tadpoles remained at
earlier developmental stages. Statistical analysis revealed significant inhibitory effects of
50–500 nmol/L TBBPA on spontaneous metamorphosis (Figure 6A). At stage 63, as SOX2
labeled the cells in the SVZ of the telencephalon, the EdU-labeled proliferating cells in the
zone and its surrounding appeared to be concentration-dependently less in TBBPA-treated
animals compared with the controls (Figure 6B), with a significant difference between
500 nmol/L TBBPA group and the control group (Figure 6C). Moreover, there were fewer
EdU-labeled proliferating cells far away from the SVZ in the TBBPA-treated brains than
controls. These observations indicate that TBBPA inhibited brain development at the
metamorphic climax.
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Figure 5. The effect of TBBPA on neurodifferentiation in the brain of NF stage 52 Xenopus laevis
tadpoles exposed to a series of concentrations of TBBPA in the absence or presence of 1 nmol/L T3.
(A) the immunofluorescence images of telencephalons retained TUBB2 (red) and DAPI (blue). (B) the
relative fluorescence intensity of TUBB2, normalized by the control group. (C) The relative thickness
of the outer neuropil. The data were normalized by the mean value of the solvent control. Data
are shown as mean ± SD. # indicates significant differences between TBBPA treatment and solvent
control treatment (p < 0.05). * indicates significant differences between TBBPA + T3 treatment and T3
treatment (p < 0.05). The experiment was repeated three times using tadpoles from different sets of
adults. The results were consistent among the three independent experiments.

Figure 6. Effects of tetrabromobisphenol A (TBBPA) on spontaneous metamorphosis of Xenopus laevis
at the metamorphic climax. (A) Percentages of tadpoles at different stages after a six-day exposure.
* indicates a significant difference between TBBPA treatment and the solvent control group (p < 0.05).
(B) Immunofluorescence images for telencephalons of NF 63 tadpoles. EdU labeled proliferating cells
and migrating cells. Sox2 outlined the ventricle zone. (C) The ratio of EdU positive cells number. The
data were normalized by the mean value of the solvent control tadpoles. * indicates a significant
difference between TBBPA treatment and the solvent control group (p < 0.05).
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3. Discussion

In this study, we employed X. laevis, a TH-dependent developmental model, to address
the influences of TBBPA on brain development by interfering with TH signaling. In the
TIXMA, two days of TBBPA treatment alone did not alter TH-response gene (thrb, thibz, klf9,
mmp13, st3, and tgm2) expression in brains of NF stage 52 Xenopus, implying the lack of
TH signaling disruption at this stage, which differed from potential TH signaling agonism
observed in Xenopus intestines and hindlimbs [13]. In fact, previous studies generally
reported TBBPA as a TH signaling antagonist but not as a TH signaling agonist [24].
However, here, we found that 500 nmol/L TBBPA treatment for four days decreased the
DL/BL values and increased cell proliferation and neurodifferentiation in the telencephalon,
indicating a stimulatory effect on brain development at pre-metamorphic stages. Given the
lack of TH signaling disruption [25,26], it is concluded that the stimulatory effect of TBBPA
on brain development at pre-metamorphic stages is not associated with TH signaling.
Maybe, there are other signaling pathways, such as Notch/Wnt signaling, that are involved
in brain development [27], contributing to the stimulatory effect of TBBPA on tadpole brain
development at pre-metamorphic stages. Indeed, TBBPA was reported to affect neural
differentiation of embryonic stem cells and neural stem cells by partially disturbing Notch
and Wnt signaling [28,29].

In this study, importantly, we found that in the presence of T3, 500 nmol/L TBBPA
antagonized T3-induced TH-response gene expression, but 5 nmol/L TBBPA exerted
stimulatory effects on T3 actions, showing an apparently biphasic concentration-response
manner. These results agree with our previous observations in Xenopus intestines treated
with TBBPA [13]. Recently, we found that bisphenol F and bisphenol A also affected T3-
induced TH-response gene expression in Xenopus brains at pre-metamorphic stages in a
biphasic concentration-response manner [21]. Given the strong evidence that TBBPA can act
as a TH signaling antagonist in vitro [24], the antagonistic effect of 500 nmol/L TBBPA on
T3-induced TH-response gene expression implies its TH signaling antagonism in Xenopus
brains. As for the stimulatory effects of 5–50 nmol/L TBBPA on T3-induced TH-response
gene expression, we speculate that some specific TH-dependent signaling pathways could
have participated in the regulation of the TH gene expression response by TBBPA, which
needs further studies. Overall, the effects of TBBPA on T3-induced TH-response gene
expression in Xenopus brains at pre-metamorphic stages strongly indicate that TBBPA could
interfere with TH-dependent signaling pathways.

Furthermore, in the TIXMA, TBBPA affected T3-induced brain morphological changes,
cell proliferation, and neurodifferentiation. These findings reveal that TBBPA disrupted
TH-dependent brain development. Notably, the effects of TBBPA on TH-dependent brain
development were in a biphasic concentration-response manner, i.e., 5 nmol/L TBBPA ex-
erted agonistic effects, whereas 500 nmol/L exerted antagonistic effects, which correspond
to TH-response gene expression in the biphasic concentration-response manner. However,
50 nmol/L TBBPA antagonized T3-induced brain development, but it simulated T3-induced
TH-response gene expression. Overall, the biphasic effects of TBBPA at the highest and
lowest concentration on T3 actions in TH-response gene expression were in agreement
with their effects on phenotype. However, we cannot give a reasonable explication for
the inconsistent effects of the median concentration on TH-response gene expression and
brain development, possibly suggesting complex mechanisms involving other signaling
pathway(s) besides TH signaling.

T3-induced metamorphosis of Xenopus at pre-metamorphic stages can simulate TH-
regulated development at the metamorphic climax, at which tadpoles contain high endoge-
nous TH levels. Based on the findings that TBBPA affected T3-induced brain development,
the effects of TBBPA on TH-dependent brain development at the metamorphic climax
were further investigated. As expected, 50–500 nmol/L TBBPA significantly inhibited
metamorphic development and brain development, which agrees with the antagonistic
effects of higher concentrations on T3-induced brain development. At the metamorphic
climax, however, the lowest concentration of TBBPA did not promote brain development
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but exhibited an inhibitory trend in terms of cell proliferation and migration in brains,
which is inconsistent with the results in the TIXMA. Nevertheless, all findings strongly
demonstrate that TBBPA has significant effects on TH-dependent and TH-independent
brain development. Given the evolutionary conservation of TH signaling and its roles
in brain development [30,31], we infer that TBBPA could exert similar effects on brain
development in other vertebrates, including mammals. However, the extrapolation of our
findings from Xenopus to mammal species warrants cautions due to the difference between
waterborne exposure and general oral administration [32–34]. Nevertheless, our study
supports previous data that TBBPA exerted significant effects on the nervous system in the
literature [35].

4. Materials and Methods

4.1. Chemicals

3,3′,5-triiodo-Lthyronine (T3) from Geel Belgium (New Jersey, USA) was dissolved in
ultrapure water (with NaOH) to prepare a 10 mmol/L stock solution. TBBPA from Tokyo
Chemical Industry Co. Ltd. (Tokyo, Japan) was dissolved in DMSO to prepare 0.5 mol/L
TBBPA stock solution. EdU (5-ethynyl-2′-deoxyuridine) from RiboBio Co. (Guangzhou,
China) were dissolved in ultrapure water to prepare 2 mg/mL stock solution. The β2-
tubulin (7B9) antibody (SC-47751) and anti-SOX2 antibody (ab97959) were from Santa
Cruz Biotechnology (California, USA) and Abcam (Cambridge, UK), respectively. Cy3TM

goat anti-mouse IgG (H+L) (A10521) secondary antibody and Cy3TM goat anti-rabbit IgG
(H+L) (A10520) were from Invitrogen (Carlsbad, California USA). RNA extraction kit was
from Bio Teke Corporation (Beijing, China). Quantscript RT Kit and RealMasterMix (SYBR
Green) Kit were from Tiangen (Beijing, China). PCR primers were synthesized by the BGI
group (Beijing, China).

4.2. Animal Housing

Xenopus frogs were initially obtained from Nasco (Fort Atkins, WI, USA). Frogs and
tadpoles were raised as described previously [36]. Fertilized eggs were obtained by injecting
HCG into a pair of adult frogs and incubating them in dechlorinated tap water at 21–22 ◦C.
Tadpoles were raised in a flow-through system (Esen, Beijing, China) at NF stage 46, staged
according to the Nieuwkoop and Faber system [37].

4.3. T3-Induced Xenopus Metamorphosis Assay (TIXMA)

At the beginning of exposure, NF stage 52 tadpoles received an intracerebral injection
of 0.5 μL of EdU (2 mg/mL) to label proliferating cells. Then tadpoles were randomly
transformed into 4 L glass tanks for 5, 50, 500 nmol/L TBBPA exposure alone or combined
exposure with 1 nmol/L T3, with 0.001% DMSO as the control. Three replicate tanks
with six tadpoles per tank were employed for each treatment. Experiment water was
renewed daily.

Following two days of exposure, tadpoles were anesthetized in MS-222 (100 mg/L),
and each brain was collected for RT-qPCR analysis. After four days, tadpoles were weighed
and photographed for gross morphologic analysis. Then each brain was sampled to fix in
MEMFA solution (0.1 mol/L MOPS, 2 mmol/L ethyleneglycoltetraacetic acid, 1 mmol/L
MgSO4, 3.7% formaldehyde, pH 7.4) for immunofluorescence (IF) staining and EdU labeling.
TIXMA was repeated three times using the offspring from three different sets of adults.

4.4. Spontaneous Metamorphosis Assay

To verify the simulation of T3-induced metamorphosis, the spontaneous metamorpho-
sis assay was conducted. NF stage 58 tadpoles at the early metamorphic climax received
one intracerebral injection of 1.5 μL EdU (2 mg/mL) before exposure. Then tadpoles
were treated with TBBPA (5, 50, and 500 nmol/L) in 10 L glass tanks as described above.
Three replicate tanks and 12 tadpoles were employed for each treatment group. Experiment
water was renewed every other daily. After six days, the developmental stage of each
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tadpole was recorded and statistically analyzed by SPSS, and brains were collected for IF
and EdU staining.

4.5. RNA Extraction and RT-qPCR Analysis

The expression of six typical TH-response genes (thibz, thrb, klf9, st3, mmp13, and tgm2)
was measured by RT-PCR. The rpl8 was used as a housekeeping gene [19,38], the expression
of rpl8 was not affected by all treatments. Total RNA extraction, RT-qPCR analysis, and
primers information were described in the Supplementary Materials [39–41].

4.6. Analysis for Gross Morphology

The morphological parameters for tadpoles were measured by the Image J software
(1.52 a), including hindlimb length (HLL), head area, unilateral brain width (ULBW),
and brain length (BL) [19], diencephalon length (DL), and diencephalon thickness (DT).
Each parameter was normalized by the mean value of the control.

4.7. IF Staining

The neuronal marker β2-tubulin (TUBB2) was chosen to characterize neurodiffer-
entiation by IF staining, with the stem cell marker SOX2 for labeling the ventricle area.
The detailed procedures were described in Supporting Information. Confocal images were
obtained on the Leica TCS SP5 and analyzed with Leica LAS AF Lite (Leica Microsystems
CMS GmbH). The assay ensured no signal in the negative control. Three telencephalon
sections per brain were analyzed by Image J; the neuronal differentiation was quantified by
the intensity ratio of the TUBB2 to DAPI. The intensity of each picture was measured by
spitting the channel, adjusting the threshold, and measuring to record the Mean value in
Image J. The specific value of each exposure group was normalized by the control.

The relative thickness of the outer neuropil was defined by the ratio of the neuropil
thickness to the length from the SVZ to the brain edge along the neurite direction. The length
was measured using Image J. Three images were analyzed for each brain, with at least three
brains for every treatment. The relative value was normalized by the control group.

4.8. EdU Proliferation Assay

EdU was injected as described in TIXMA and spontaneous metamorphosis assay.
The brains were fixed, dehydrated, and transversely sectioned at 10 μm, with the same
procedure for IF staining. Three animals from three replicate tanks were analyzed for
each treatment. For EdU labeling, the Cell-LightTM Apollo 567 Stain Kit (Guangzhou
RiboBio Co. Ltd. Guangzhou, China) was used according to the manufacturer’s technical
information. The assay ensured no signal in the negative control. Confocal images were
obtained as described previously. The number of EdU positive cells and the total number
of cells (marked by DAPI) were counted manually and divided to get the cell proliferation
ratio. Three images were counted in every treatment group, and the relative value was
normalized by the control group.

4.9. Data Analysis

RT-qPCR data were present as means ± standard error of the mean (SEM), other
quantitative data were shown as means ± standard deviation (SD). SPSS software v 18.0
(USA) was used for statistical analysis with the tank as the statistical unit. Two-way analysis
of variance (ANOVA) followed by Dunnett’s test was employed for all data analysis, except
the Chi-square test for the development stage distribution of spontaneous metamorphosis
assay among TBBPA treatments.

5. Conclusions

Our study demonstrates that TBBPA could interfere with TH-signaling and subse-
quently disrupt TH-dependent brain development in Xenopus. In addition, TBBPA could
also disrupt brain development, possibly via other signaling pathways besides TH sig-
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naling at specific developmental stages. Our study enhances the understanding of the
neurodevelopmental effects of TBBPA on brain development in vertebrates.

Supplementary Materials: The methods of total RNA extraction and immunofluorescence staining
were described in the Supplementary Materials. Details of primers sequences of all tested genes
used for qPCR (Table S1). Table S1: Primers sequences of all tested genes used for qPCR and
related information.
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Abstract: Here, we investigated the impact of different turning frequency (TF) on dynamic changes
of N fractions, NH3 emission and bacterial/archaeal community during chicken manure composting.
Compared to higher TF (i.e., turning every 1 or 3 days in CMS1 or CMS3 treatments, respectively),
lower TF (i.e., turning every 5 or 7 days in CMS5 or CMS7 treatments, respectively) decreased NH3

emission by 11.42–18.95%. Compared with CMS1, CMS3 and CMS7 treatments, the total nitrogen
loss of CMS5 decreased by 38.03%, 17.06% and 24.76%, respectively. Ammonia oxidizing bacte-
rial/archaeal (AOB/AOA) communities analysis revealed that the relative abundance of Nitrosospira
and Nitrososphaera was higher in lower TF treatment during the thermophilic and cooling stages,
which could contribute to the reduction of NH3 emission. Thus, different TF had a great influence on
NH3 emission and microbial community during composting. It is practically feasible to increase the
abundance of AOB/AOA through adjusting TF and reduce NH3 emission the loss of nitrogen during
chicken manure composting.

Keywords: composting; turning frequency; ammonia oxidizing bacterial; ammonia oxidizing
archaeal; N fractions; ammonia emission

1. Introduction

As a sustainable, effective and ecofriendly approach to deal with livestock and poultry
waste, composting is a dynamic biological process driven by microbial populations, self-
heating and the biodegradative process of waste [1–4]. Composting manure has been
shown to have a lot of agronomic benefits, such as a reduction in waste material mass
and water content, pathogen suppression, weed seeds killing, and reduction of phytotoxic
substances and unpleasant odors, eventually turning the manure into a stable nutrient
source of organic fertilizer needed for crop production [5,6]. However, the large amount
of loss of nitrogen during the composting process is one of the key disadvantages of
conventional aerobic composting [6–8]. Studies have shown that about 16–74% of the
total nitrogen (TN) at the initial stage is lost and approximately 46.8–77.4% of the TN is
unavoidably lost with the release of NH3 during composting [9,10]. The NH3 emissions
can not only result of reducing the quality of compost products but also cause secondary
environmental pollution [11–13]. Therefore, it is necessary to lower the emission of NH3
during composting in order to minimize environmental impacts.

The differences in transfer rate of heat as well as mass can cause spatial gradient of
air humidity, oxygen content, temperature, volatile solid content and so on. These can
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further lead to less porosity and poor ventilation in the compost [14]. The aforementioned
physicochemical properties of the pile including temperature, humidity and porosity could
influence nitrogen loss and NH3 emission, but also the quality of compost products during
aerobic composting [12,15]. It has been shown that turning of composts can aerate the
composting pile by increasing porosity, further promoting activities of microbial organisms
that are responsible for degrading the compost materials and generating the heat. Therefore,
turning is needed to achieve a homogeneous fermentation process [16] and ensure the
abundant oxygen of the compost [17]. Previous research demonstrated that there was a
strong relationship between turning frequency (TF) and some physicochemical indicators
of compost or compost maturity [18,19]. For instance, the TF could affect total bacterial
abundance, TN, temperature, pH, content of moisture, ratio of C/N and germination index
(GI) of composting piles [19–21]. Aeration also strongly relates to composting efficiency and
gas emission in the aerobic fermentation process. It seemed that turning of materials is the
most convenient and widely used method of aeration for the minimization of TN loss and
NH3 emissions during composting, which can promote the fermentation process [19,22].

So far, many studies have shown that TF can improve the quality of compost [19,22,23].
For example, proper TF (every five days) could improve final product quality (pathogen re-
duction) and cut down the composting time of garden waste (30~36 days) [24]. In addition,
the longest thermophilic stage were obtained with TF of every 7 days compared to every 5,
10 and 15 days when composting Camellia oleifera shell with goat manure [23]. Soto-Paz
et al. also found that it took less time to reach the maximum temperature with higher
TF when he investigated the effects of TF (1, 2 and 3 turnings/week) on co-composting
of biowaste and sugarcane filter-cake. It is thought that the increasing TF may reduce
compaction and ensure aeration inside piles, which further results in higher biological
activity and consequently larger heat release [25]. However, higher frequency of turning
may cause more depletion of degradable materials attributed to a higher heat, water loss
and NH3 emission through evaporation and convection. Turning the compost material
more frequently from once weekly to daily could cause more loss of TN, but this varied
with different cases [25]. Both excessive and less turning could significantly affect the
decomposition of piles through reducing material temperature and humidity, which re-
duces the loss of nutrients, results in long fermentation period and bad quality of the final
product [19,26]. Therefore, choosing appropriate TF is very important for achieving an
effective composting process.

The nitrogen loss mainly in NH3 emission is the most prominent factor limiting the
efficient use of manure [27]. The nitrate formation from NH3 oxidation has been considered
as a way to preserve nitrogen in the final product of composting [9]. The conversion of
ammonia to nitrate (i.e., nitrification) during the assimilation process is inseparable from
the ammonia-oxidizing bacteria or archaea (AOB/AOA) [9]. In recent years, the increasing
and widespread attention were paid on impacts of microbial composition on the quality and
maturation of compost [28,29]. Oxidation of ammonia driven by AOB and AOA producing
ammonia monooxygenase (amoA) is the first and rate-limiting step of nitrification [9].
In general, organic matter is decomposed during the composting process consisted of
complex bioprocessing, relying on the activity of microorganisms. It is crucial for successful
composting to achieve and maintain a favorable composition of microorganisms [30].
Therefore, exploring the dynamic changes of key functional groups (e.g., AOB, AOA) of
microbial communities in relation to NH3 emissions under different turning frequencies of
the composting materials will provide better insight into the AOB and AOA regulations of
NH3 emissions for minimizing the nitrogen losses during composting.

In our study, we analyzed the structure and diversity of bacterial communities, also
including AOB and AOA abundance to quantify the target microbes responsible for ni-
trification by high-throughput sequencing of 16S rRNA gene amplification. The main
objectives of this study were: (1) to understand the effects of TF on composting and product
quality, N transformation and NH3 emissions, and succession microbial structure and
diversity during the composting, (2) to investigate if the contribution of AOB and AOA to
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ammonia oxidation could vary at different composting stages and be manipulated by TF,
(3) to identify key driving factors shaping AOB and AOA communities and influencing
NH3 emission and nitrogen transformation during the composting.

2. Materials and Methods

2.1. Composting Process and Sampling

The composting trial was conducted in an organic fertilizer factory located at Daxing
District in Beijing, China. Composting materials applied in this experiment consisted of
chicken manure (CM) and soybean straw (S). The fresh chicken manure was gathered from
a large farm in Daxing District and was air dried (15–20 ◦C) reaching a water content of
<30%, ground and sieved using a 10 mm mesh. The soybean straw came from farms located
near the factory also air dried to a water content <10%, ground to a granule size smaller
than 10 mm. The chicken manure and soybean straw were mixed well to get the compost
with the initial C:N of 8:1, humidity of 60% [5].

Sixty kilograms of the above mixture were put into each of twelve plastic boxes (150 L)
with lids. There were four treatments assigned with four different turning frequencies of
the compost: (1) once a day (CMS1), (2) once every 3 days (CMS3), (3) once every 5 days
(CMS5) and (4) once every 7 days (CMS7). Each TF treatment was repeated three times,
with 12 boxes in total. The turning process of compost was carried out by mixing the
treated substrate manually with a garden shovel.

The 12 boxes with composting materials were arranged in a room according to the
randomized block design. The temperature of composting piles was monitored twice a
day (9:00 am and 18:00 pm) for calculating an average daily temperature. The duration of
composting was 66 days and the pile temperature was close to room temperature in the
end. The samples were collected after completely mixed on day 1, 3, 5, 7, 10, 12, 15, 17,
22, 29, 35, 43 and 66 during composting. To collect the representative sample from each
replication box, five sub-samples were taken at five locations (one in the center and four
at the corners) of a box at the depth of 15 cm, bulked together and mixed well, then kept
in polyethylene bags. Each sample was split into three parts. The first part was air-dried
for the dry-based chemical analysis. The second part was kept fresh at 4 ◦C to analyze
NH4

+-N, NO3
−-N, etc., and the third was preserved at −80 ◦C for DNA extraction and 16S

rRNA, bacterial amoA (AOB) and archaeal amoA (AOA) gene sequencing analyses.

2.2. Physicochemical Properties Analyses of NH3 Emission

All collected samples were analyzed for moisture content, pH, germination index
(GI), TN and total carbon (TC), ammonium nitrogen (NH4

+-N), nitrate nitrogen (NO3
−-N).

The moisture content was measured by drying the sample at 105 ◦C until constant weight
was achieved. The fresh samples were used to measure pH, GI, NH4

+-N and NO3
−-N

according to Test Methods for the Examination of Composting and Compost (TMECC,
2002). pH values were detected by MP521 pH meter (Shanghai, China) after extracted in
1:5 (w/v). The contents of TN and TC were measured for air-dried samples using elemental
analyzer (Vario EL III, Elementar Analysensysteme GmbH, Langenselbold, Germany). To
determine the concentration of NH4

+-N and NO3
−-N, fresh samples were extracted at

25 ◦C using 0.5 M K2SO4 (1:10 w/v), and the filtrates were analyzed by using indophenol
blue technique [31,32]. Released ammonia was collected with the gas collecting device
during composting processes. The NH3 emission was measured by adsorbing the exhaust
gas with H3BO3 and titrated against HCl [33,34].

2.3. DNA Extraction, PCR Amplification and Sequence Analysis

DNA extraction was performed using the Fast DNA SPIN extraction kits (MP Biomed-
icals, Santa Ana, CA, USA) and subsequently kept at −80 ◦C for further analysis. The
quantity of extracted DNA was determined using NanoDrop ND-1000 spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA) and the quality using agarose gel elec-
trophoresis.
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Bacterial 16S rRNA gene V3–V4 regions (total bacteria) was amplified using the
forward primer 338F (5′-ACTCCTACGGGAGGCAGCA-3′) and the reverse primer 806R (5′-
GGACTACH VGGGTWTCTAAT-3′). The specific primer sets for bacterial amoA (AOB) and
archaeal amoA (AOA) gene were F(5′-GGGGTTTCTACTGGTGGT-3′), R(5′-CCCCTCKGS
AAAGCCTTCTTC-3′) [35] and Arch-amoA26F (5′-GACTACATMTTCTAYACWGAYTGGG
C-3′), Arch-amoA417R (5′-GGKGTC ATRTATGGWGGYAAYGTTGG-3′) [36], respectively.
In present study, the related high-throughput sequencing analysis was processed using the
Illumina MiSeq platform by Shanghai Personal Biotechnology Corporation., Ltd. (Shanghai,
China) to have a closer look at the microbial communities.

Sequences were analyzed and quality-filtered using QIIME 2.0 (Quantitative In-
sights Into Microbial Ecology, Version 2019.4) and Vsearch (v2.13.4) software as described
by [37,38]. In a word, raw sequence data were demultiplexed, quality filtered, denoised,
merged and chimera removed using the DADA2, including a strict quality control by
getting rid of reads with ambiguous bases, singletons and chimera [39]. The reads were
selected to amplicon sequence variants (ASV), or unique sequences, using DADA2 and
taxonomically identified. ASV taxonomic was classified through BLAST searching the
representative sequences set against the Silva 132 [40] or NCBI Database [41].

2.4. Bioinformatics and Statistical Analysis

Microbial functions were analyzed by PICRUSt2 (Gavin M. Douglas, et al., preprint)
upon MetaCyc (https://metacyc.org/ (accessed on 17 July 2021)) and KEGG (https://www.
kegg.jp/ (accessed on 23 August 2021)) databases. Bioinformatic analyses of sequence data
were mainly performed using QIIME 2.0. ASV-level alpha-diversity for microbial commu-
nity was evaluated with Good’s coverage, Chao1, Observed species, Shannon index and
Simpson index. Beta diversity analysis was carried out using Bray-Curtis and visualized
by non-metric multidimensional scaling (NMDS) to investigate the structural variation
and community function of microbial communities. Taxa relative abundances at both
phylum and genus levels were statistically compared among treatments and visualized
as bar chart. Linear discriminant analysis effect size (LEfSe) was conducted to test differ-
entially abundant taxa between treatments using default parameters [42]. Random forest
analysis was applied using “Random Forest” package in the R package [43] to discriminate
the samples from various groups. The generalization error was estimated using ten-fold
cross-validation for all comparisons from the 16S rRNA, bacterial amoA (AOB) and archaeal
amoA (AOA) data. Microbial functions were predicted by PICRUSt 2, through high-quality
sequences of 16S rRNA gene [44] based on MetaCyc (https://metacyc.org/ (accessed on 25
July 2021)).

One-way ANOVA was performed using SPSS19.0 software for testing the treatment
effect. Duncan’s multiple range test was carried out to compare the significance lev-
els between the means. The relationships between physicochemical parameters and
total/ammonia-oxidizing bacterial/archaea community were assessed using Canoco 4.5.
Spearman correlation analysis was also performed using SPSS19.0 software to obtain
whether there was a significant correlation between environmental factors and species com-
munity. All figures for physicochemical parameters were plotted by Graphpad Prism 5.0.

3. Results and Discussion

3.1. Effect of TF on Composting Process, pH and GI Values of the Compost

In this study, the whole composting process could be divided into four phases, namely,
mesophilic phase (21–40 ◦C, days 0–1), thermophilic phase (35–65 ◦C, days 2–17), cooling
phase (65–40 ◦C, days 18–35) and maturation phase (40–25 ◦C, days 36–43) according to the
temperature variation trend of composting. These are consistent with other researcher’s
results [45]. For all TF treatments, the temperature rose rapidly at the beginning and
entered the thermophilic phase (>55 ◦C) on day 2 (Figure 1a). In the present study, the
pile temperature at the CMS7 treatment was kept above 60 ◦C for a total of 11 days,
which was three days less than the other three treatments. In addition, CMS1 treatment
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remained above 55 ◦C for 18 days, with 3 days less than that of CMS5. These results were
in accordance with the previous studies. It has been shown that premature turning delayed
time to achieve high temperatures and turning too late was not helpful for the temperature
rising again and the high temperature keeping during composting [25,46]. Notably, such
high TF aeration surplus as CMS1 treatment not only increased the costs of energy but also
decreased the temperature of the composting pile quickly, hindering the thermophilic phase
achievement [47]. However, too low TF (i.e., CMS7 treatment) resulted in lots of anaerobic
zone present in the compost system and therefore caused problems of long fermentation
time [48]. An increase in temperature was observed for all treatment after each compost
turning as also reported by previous study [49], thereby indicating that proper TF may
increase the oxygen content in the compost, which may result in promoting the activities
of microbial organism that can degrade the materials in the compost pile and generating
heat [17].

Figure 1. Changes in temperature (a), moisture (b), pH (c) and germination index (d) at different
treatments during the composting. Every data point represents the mean of three replicates. Bars
indicate the SDs of the means.

Moisture content can greatly impact the microbial activity and physicochemical pa-
rameters of the compost. As shown in Figure 1b. the moisture content of each treatment
decreased from 65–66% at the beginning to 20.41%, 33.16%, 38.71% and 37.35% on day 43
for CMS1, CMS3, CMS5 and CMS7 treatments, respectively. The composting process may
be hindered at higher TF, which might cause higher loss of compost moisture. It has been
reported that moisture content is the strongest correlative factor with the succession of
bacteria and archaea among numerous other factors such as pH, salinity and nutrients [50].
Therefore, TF should be appropriately regulated to obtain an efficient composting process.

A key factor which influences gaseous emissions as well as the microbial activities
and structure during composting is pH [33,51]. In the present study, the overall patterns of
pH changes during the composting period were similar for all treatments, which increased
dramatically from 6.16–6.48 on day 1 to 8.86–9.17 on day 15 and then gradually increased to
9.23 on day 22 and afterwards reduced slightly (Figure 1c). The respiration microorganism
and of ammonia (NH3) emission have significant impacts to the pH changes, as have been
reported previously [52,53]. The lower pH obtained under CMS1 treatment during cooling
and mature stage (p < 0.05), possibly resulted from the release of H+ ions in the process of
nitrification during the transformation of organic nitrogen [54]. At the end of composting,
the final pH of materials was also affected by ammonia volatilization [6].

The GI always increases with toxic materials degradation in composting pile [55].
As the composting process progressed, the GI values of CMS1, CMS3 and CMS5 in-
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creased, reaching to 91.6%, 93.77% and 124.36% at the end of composting time, respectively
(Figure 1d). The compost is recognized basically and sufficiently mature when the value of
GI is above 50% and enough well matured when GI value achieves 80% [56,57]. Thus, it
can be concluded that the composts of CMS1, CMS3, and CMS5 were stabilized enough at
day 43 but the longer time (than 43 days) was required for CMS7 to reach stabilization. TF
is commonly thought to be a key factor affecting the rate of composting as well as compost
quality [24]. Previous researchers have suggested that compared to every 4-day and every
7-day turning, every 2-day turning can facilitate faster sterilization and maturity during
composting [22,58]. In this study, the GI values of the CMS1, CMS3 and CMS5 treatments
were 101.52%, 91.64% and 87.24%, respectively, which were significantly higher than that
of the CMS7 (46.19%, p < 0.05).

3.2. Effect of TF on Nitrogen Transformation and NH3 Emission

As shown in Figure 2a, the concentration of NH4
+-N showed an increasing trend

among the four treatments with the temperature reaching its highest on day three. These
were primarily attributed to organic nitrogen mineralization and ammonification [59]. The
contents of NH4

+-N in CMS1 and CMS3 group were significantly higher than that in CMS5
and CMS7 on day five suggested higher frequency and premature turning at the beginning
of the composting process may promote rapid mineralization and the ammonification
during composting (p < 0.05) [60]. The difference among the four treatments may be due
to the combined effects of the degree of NH3 emissions, organic nitrogen hydrolysis, and
nitrification during the composting [9]. During the composting process, NH4

+-N might
be transformed into NO3

−-N by AOB and AOA, which could then result in reduction
of NH3 emission, and decreasing the loss of organic nitrogen [61–64]. However, during
thermophilic phase, the excessive NH3, high temperature and oxygen-deficient of pile can
inhibit the proliferation and activity of nitrifying microbial communities [65]. Comprehen-
sively speaking, losses of NH4

+-N might be the result of the volatilization and nitrification
process.

As shown in Figure 2b, the concentration of NO3
−-N was low at 89.60–96.61 mg/kg

initially then it increased to 263.63–483.12 mg/kg on day three during the early composting
stages. The NO3

−-N concentration decreased gradually during the cooling phase due to a
reduction in the concentration of ammonium [66]. The NO3

−-N content of CMS1 is signifi-
cantly lower than that of CMS3, CMS5 or CMS7 during the cooling and maturity period
(p < 0.05). This may because that most of the ammonium in CMS1 used as the substrate for
generating NO3

−-N was volatilized in the form of NH3 due to the high TF, reducing the
substrate for ammonia-oxidation reaction for the nitrifying microorganisms [67]. Or the
moisture content in the compost material was greatly reduced for CMS1, which inhibits
the activity of nitrifying microorganisms [50]. In addition, compared with CMS1, CMS3
and CMS7 treatment, the TN loss of CMS5 was decreased by 38.03%, 17.06% and 24.76%,
respectively (Figure 2e). However, because nitrogen metabolism is a complex process,
synergistic carbon and nitrogen metabolism, for reducing the nitrogen losses, the activity
and quantity of enzymes and the genes, should be further assessed during composting.
The relatively appropriate TF may reduce the NH3 emissions through accelerating the
proliferation of AOB and AOA. It was also testified by the changes of NH4

+-N and NO3-N
contents during composting.

As shown in Figure 2c, NH3 was detected at day 2. With the temperature and pH
increased, NH3 emissions from all of the treatments rapidly increased and reached their
highest values. The NH3 emission from the CMS1 treatment observed on the third, fifth,
ninth and thirteenth day was significantly higher than the other three treatments (p < 0.05).
The high rate of NH3 emissions for all treatments might be due to quick degradation of
organic matter and the fast conversion of NH4

+-N to NH3 [13,34,68], associated with the
increased temperature and pH during the thermophilic stage [59,69]. Previous study also
suggested the NH3 volatilization had a positive relationship with the amount of aeration
or TF [70]. The characteristics of NH3 emissions from this study are in line with previous
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research [71,72]. Overall, physicochemical properties are important factors to influence
NH3 volatilization such as temperature, pH, NH4

+-N concentration, and the microbial
community [12,73–75].

Figure 2. Variation in ammonium nitrogen (a), nitrate nitrogen (b), NH3 emission rate (c), cumulative
NH3 emission (d), TN (e) and TC (f) in different treatments during the composting. Every data point
represents the mean of three replicates. Bars indicate the SDs of the means.

As shown in Figure 2d, the cumulative NH3 emission profiles indicated that more than
73.67% of NH3 emissions occurred during the first 23 days in treatments CMS1. However,
in the same 23 days, less than 70% of the NH3 was emitted from the CMS 5, CMS 7 group
while more than 70% and less than 73% for CMS3 group. The emission of NH3 was strongly
connected with the temperature of the pile and microorganisms [74,76]. NH3 is mainly
important gas causing nitrogen loss during composting. NH3 emission is mainly affected
by temperature, pH, NH4

+-N concentration, aeration rate, and moisture content [77]. The
differences of NH3 emissions in all groups were probably due to the interrelationships
between pH, temperature, aeration rate and moisture content [78]. The results showed that
the higher TF might lead to the emission of relatively larger amount of accumulative NH3
emission during the early composting stage, but the detected concentration was similar
between different TF groups during the late composting period. Therefore, in general, too
high TF results in more ammonia emission during composting.

Figure 2e,f showed the variation of TN and TC content with composting time. TN con-
tents for all treatments presented a similar trend. Compared with CMS1, CMS3 and CMS7
treatments, the TN loss of CMS5 decreased by 38.03%, 17.06% and 24.76%, respectively.
Many studies have shown that 16~74% of the initial TN is lost during composting [75].
The decrease in TN might be due to the large amount of nitrogen loss caused by the NH3
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volatilization, the degradation and mineralization of complex organic compounds [79].
Nitrogen fixing bacteria might also have contributed to a lesser degree to the increase in TN
in the later phase of composting. The TC content of the compost gradually decreased with
composting time. This may be attributed to the microorganisms mineralized the organic
carbon as a source of energy. The C/N ratio data of compost materials and samples, as
shown in the supplementary Table S6 to give more information about the type of compost-
ing waste. The ratio of C/N showed a decreasing trend among the four treatments at the
first five days and increased on day 7.

3.3. Effects of TF on Bacterial Community Diversity and Composition during Composting

The five alpha diversity indices (a1–a5) for each treatment at day 1, 5, 15, 29 and 43
during composting are shown in Figure 3(a1–a5), respectively. The Good’s_coverage index
for all samples was over 0.99, indicated that the sequencing depth was enough for this
bacterial community analysis. The microbial taxa abundance indices Chao and Observed
species were significantly (p < 0.05) lower in the CMS5 treatment than other treatments
at post-thermophilic stage (i.e., day 15), but higher at cooling stage (i.e., day 29). This
suggested a significant effect of different TF on bacterial abundance, especially for the
post-thermophilic and cooling stage. The microbial richness and evenness indices Shannon
and Simpson were also significantly lower in the CMS5 treatment than other treatments at
post-thermophilic stage (i.e., day 15). This indicates a selective effect of different TF against
bacterial taxa at different composting stages. The Chao and Observed Species indices rose
sharply at post-thermophilic stage of composting, which was attributed to the growth
of a range of microbiome. Certain bacteria could proliferate during the thermophilic
phase, such as amylolytic microorganisms as previous studies reported [80]. Previous
research also suggested higher bacterial abundance and diversity during thermophilic
stage of composting for green wastes [81]. However, research has also shown that microbial
activities could be inhibited during thermophilic phase, and the diversity fall may be
attributed to the dominance of some microorganism taxa [82].

The microbial diversity and phylogenetic distribution might have close relationship
with the composting process and the quality of compost. Therefore, the composition and
succession of bacterial communities at different stages were analyzed. The composition
and relative abundance of bacterial communities at phylum and genus levels are shown
in Figure 3(b1,b2), respectively. In total, we detected 27 phyla during composting, with
Firmicutes, Proteobacteria, Actinobacteria, Bacteroidetes as the top 4 dominant bacteria,
which accounted for 92.32–99.82% of the total sequencing reads. This finding agreed with
previous studies [83,84]. These four bacterial phyla are prevalent throughout the whole
composting period and have a strong ability to degradation of organic matter [85,86].
Firmicutes often show high enrichment throughout composting because of the ability
to form endospores that can help them to keep surviving high temperatures and harsh
environment [85,87–89]. In present study, Firmicutes also played a dominant role in the
whole composting process, accounting for 44.24–98.20% of the relative abundance. Previous
studies also suggested that Proteobacteria are typically the most (or second most) abundant
phylum during most aerobic composting [84]. Interestingly, the relative abundance of
Firmicutes in high TF treatments (i.e., CMS1 and CMS3) was significantly lower than that
in other treatments, but Proteobacteria and Actinobacteria were significantly higher than
that in other treatments during cooling and maturation stages. These results might explain
a selective effect of higher TF against bacterial taxa during different composting stages
and indicate high aeration conditions could stimulate the growth of aerobic bacteria such
as Proteobacteria and Actinobacteria [90] but inhibit the activity of anaerobic microorgan-
isms in Firmicutes [91]. Interestingly, the highest abundance of Gemmatimonadetes was
found in the CMS5 treatment at the maturation stage. Previous studies also showed that
Gemmatimonadetes was probiotics [92], significantly enriched at the maturation stage of
vermicomposting with coconut leaf [93], and was predominant in soils amended with alka-
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line treatments [94]. Thus the beneficial microorganisms may be stimulated by appropriate
TF or aeration during aerobic composting [95].

 

Figure 3. Alterations of bacterial community structure in different treatments during the composting.
The α diversity of bacterial community in different treatments during composting process (a1–a5).
The relative abundance of different bacteria at the (b1) phylum and (b2) genus levels in different
treatments during the composting. LDA (Linear discriminant analysis) Effect Size (Lefse) analysis
of the biomarkers ((c1–c5) represent day1, 5, 15, 29 and 43, respectively), showing biomarkers of
the significant and biological differences from the phylum level to the genus level (LDA score > 3,
p < 0.05).

In total, we detected 569 genera during composting, with Pseudogracilibacillus, Bacil-
lus, Kurthia, Aerococcus, Lactobacillus, Tepidimicrobium, Weissella, Pusillimonas, Sini-
bacillus and Acinetobacterwere as the top 10 dominant bacteria, which accounted for
27.57–91.19% of the total sequencing reads. These bacterial genera belong to the phyla of
Firmicutes, Proteobacteria, Actinobacteria, Gemmatimonadetes and Bacteroidetes, respec-
tively. Pseudogracilibacillus was the most dominant genus accounting for 1.01–83.53%
at whole composting stages. The highest relative abundance of Pseudogracilibacillus
was found at day 15 (47.27–83.53%), followed by the cooling and the maturation stages
(13.52–25.12%). The ecological function of Pseudogracilibacillus during aerobic compost-
ing has seldom been reported. Previous study suggested that Pseudogracilibacillus as
neutrophilic aerobes could exist in the high-temperature environments and be associated
with the nitrogen cycle [96]. The second dominant genus was Bacillus, accounting for
0.35–50.06% at different composting stages. The relative abundance of Bacillus at the
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pre-thermophilic stage was 20.01–50.06%, which was significantly higher than that at other
stages. This result was in agreement with previous studies, which have reported that the
genus Bacillus consists of a large quantity of thermophilic bacteria and can dissimilate and
reduce nitrogen compounds [97]. The relative abundance of Kurthia, Aerococcus, Lacto-
bacillus, Weissella, and Acinetobacter accounted for higher than 1% only at the mesophilic
phase (day 1). Pusillimonas has been previously identified as the main dominant bacterial
community correlated with the heterotrophic nitrification and denitrification of composting
and wastewater [98,99]. The abundance of Bacillus, Sinibacillus, Oceanobacillus and No-
cardiopsis was significantly higher in CMS1 and CMS3 treatments than other treatments at
cooling and mature stages (p < 0.05). On the contrary, the abundance of Pseudogracilibacil-
lus, Pusillimonas, S0134_terrestrial_group, Limnochordaceae, Alcanivorax and Membrani-
cola was significantly higher in CMS5 and CMS7 treatments at the maturation stage (p <
0.05). This suggested that these bacterial genera might be sensitive to aeration conditions
and could be manipulated by TF of composting materials. Sinibacillus, Limnochordaceae
and Oceanobacillus genera have been previously identified as the dominant communi-
ties responsible for the proteins transportation-related genus of composting [33,100] and
wastewater [101]. Interestingly, as a facultative anaerobe with urease activity, the relative
abundance of Pseudograciibacillus decreased with decreasing temperature, which may be
attributed to the reduction in ammonia emission [102,103].

The significant differences among TF treatments for bacterial communities were iden-
tified by LEfSe (Figure 3(c1–c5), Supplementary Figure S2(a1–a5), Table S1). Compared
to the mesophilic and thermophilic phases, more taxa were significantly affected by TF
during cooling phase and maturation phase. The LEfSe of all taxa showed 12, 14, 8, 29 and
55 bacterial taxa had significant differences (LDA > 3, p < 0.05) among the treatments at
mesophilic, pre-thermophilic, post-thermophilic, cooling and maturation phases, respec-
tively. The dominant taxa (LDA > 4, p < 0.05) were phyla as Firmicutes, Bacteroidetes
and genus as Lactobacillus, Ureibacillus during mesophilic phase, genus as Lactobacillus
during pre-thermophilic phase, phyla as Actinobacteria and genus as Corynebacterium_1
during post-thermophilic phase, genus as Oceanobacillus and Snibacillus during cooling
phase, phyla as Bacteroidetes and genus as Oceanobacillus, Georgenia, Sinibacillus, Bacillus,
Thermobifida, Nocardiopsis, Bradymonadales and Membranicola during maturation phase.
It must be noted that microbial diversity is related to the physicochemical properties of
compost, which change with the composting time [104]. LEfSe is an accurate and effective
method to identify specific microbes (biomarkers) that displayed significant differences
in microbial abundance between different treatments [105]. Among all the different taxas
above, phyla as Firmicutes, Bacteroidetes, Actinobacteria and only genus as Ureibacillus,
Lactobacillus, Oceanobacillus, Sinibacillus, Corynebacterium_1, Membranicola also belonged
to the top relative abundance10 phylum and top 20 genus, respectively. This indicated
that the dominant taxa were significantly affected by different TF. In addition, it should
be noticed that the genus Ureibacillus was significantly affected by different TF during
both mesophilic and cooling phase. The genus Lactobacillus was significantly affected
by different TF during both mesophilic and pre-thermophilic phase [106]. Interestingly,
Sinibacillus, Corynebacterium_1 and Oceanobacillus were all significantly affected by TF for
both post-thermophilic and cooling phase. Meanwhile, previous studies emphasized the
importance of low-abundance microorganisms to ecosystem function, such as biochemical
processes [107], community succession [108] and microbiome function [109]. Therefore,
more attention to these different species caused by different TF during different stages may
provide a certain amount of theoretical support for optimizing the composting process.

The keystone taxa for the microbial communities of the four groups during composting
were determined using a random forest model (Supplementary Figure S3(a1,a2)). At the
phylum level, nine taxa were the dominant species occupying the top 10 abundance among
the top 10 different important phylum for 16S rRNA while Cyanobacteria as less abundant
species was out of the top 10 phylum in abundance. At the genus level, nine taxa were
the dominant taxa occupying the top 20 different important genus for 16S rRNA, such
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as Pseudogracilibacillus, Caldicoprobacter, Aerococcus, S0134_terrestrial_group, Pusillimonas,
Bacillus, Membranicola, Weissella, Ureibacillus and Alcanivorax. It was also shown that these
classes were common for dominating the composting process [110]. Pusillimonas was
widely distributed in environments and can utilize a variety of fatty acids and urea [111].
Pseudogracilibacillus, Ureibacillus and Alcanivorax are affected by the oxygen concentration
and related to nitrogen transformation [103,112–114]. So, it was suggested different TF
could affect bacteria involved in N cycle, especially ammonium oxidation. Furthermore,
TF can also alter the structure of the bacterial community.

3.4. Effects of TF on Ammonia-Oxidizing Bacteria/Ammonia-Oxidizing Archaeal Diversity and
Composition during Composting

AOB and AOA are ubiquitous in various environments and play crucial roles in the ni-
trogen cycling process [115–117]. AOB and AOA also have been found to be common in the
composting of various livestock including chicken [118], cow/cattle [4,51,117], sheep [119],
pig [120,121]. Based on the Illumina sequencing data, we obtained an average of 56,022
and 113,491 sequence reads per sample ranging from 15,139–140,517 and 40,925–137,869
reads for AOB and AOA, respectively. The alpha diversity indices of AOB and AOA
communities in different TF treatments at day1, 15, 29 and 43 of composting were shown
in Figure 4(a1–b5), respectively. The Good’s_coverage in every sample was over 0.99,
suggesting that the sequencing depth was enough for both AOB and AOA community
analysis. The Chao and Observed species indices were significantly higher in the CMS1
treatment than in other treatments (p < 0.05) for AOB at mature stage (i.e., day 43), while
lower in the CMS1 treatment than in other treatments (p < 0.05) for AOA at cooling stage
(i.e., day 29). The Shannon and Simpson indices for AOA at the post-thermophilic stage
were significantly higher in the CMS5 treatment than the other three treatments, suggesting
the inhibition proliferation of AOA communities by high TF treatment through moisture
loss or excessive aeration [120]. As mentioned above, the increase of NO3

−-N concentration
in the post-thermophilic composting stage may because that AOA were able to oxidize
ammonium under thermophilic conditions and high pH [71], or caused by high substrate
concentration of NH4

+ to accelerate the nitrification microbial growth [51]. Although it
showed relatively higher abundance and diversity at the thermophilic stage of composting
in green waste composting [81], microbial activities could be inhibited during thermophilic
phase, and the decline in diversity might be attributed to the dominance of some microbial
taxa [82]. This could be attributed to the differences in temperature, aeration or moisture
caused by different TF during the composting stages.

The composition and relative abundance of AOB community at phylum and genus
levels are shown in Figure 4(c1,c2), respectively. In total, we detected 18 phyla during
compost, where Proteobacteria, Firmicutes, Actinobacteria and Bacteroidetes, were the top
4 dominant bacteria, which accounted for 56.16–99.59% of the total sequencing reads. In this
study, Proteobacteria played the most dominant role in the whole composting process, ac-
counting for 25.42–99.55%. Interestingly, the relative abundance of Actinomycetes (ranged
from 0.27–30.47%) and Bacteroidetes (ranged from 0–15.72%) at the post-thermophilic
period reached the highest of 30.47% and 15.72%, respectively. This may indicate that
certain Actinomyces and Bacteroidetestes of AOB may survive at high temperature. The
relative abundance of dominant phylum species at different composting stages can be
affected by different TF, for instance, the relative abundance of Actinomycetes in the high
TF treatment was significantly higher than that in the other groups at post-thermophilic
period. In total, we detected 141 genera with roles for AOB during the compost, where
Nitrosospira, Lactobacillus, Nitrosomonas, Weissella and so on were the top 10 dominant bacte-
ria, which accounted for 9.45–99.53% of the total sequencing reads. It was reported that
Nitrosomonas have frequently been investigated in cattle manure or pig slurry amended
soils [122,123], wastewater treating [124] and animal manures composting [4,125]. For AOB,
Nitrosospira and Nitrosomonas usually occupied the first or second dominant position in
relative abundance during composting [125]. As previously reported, Nitrosomonas was typ-
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ical ammonia-oxidizing bacteria [126] even dominated all the stages whereas Nitrosospira
dominated the initial of the composting stage and continually decreased in the maturation
stage during cow manure composting [4,125]. However, in present study, Nitrosospira
played a dominant role in the whole process, especially at the post-thermophilic phase,
which reached 8.00%~81.01%; however the proportion of Nitrosospira sequences increased
at higher temperatures [127]. These findings are in agreement with the previous results
that Nitrosospira can survive at temperatures of up to 75 ◦C during composting [128,129].
Interesting, Nitrosomonas was almost undetectable during the post-thermophilic phase.
These results were in inconsistent with the results that Nitrosomonas dominated during all
the stages of composting [4,125]. Moreover, the relative abundance of Nitrosospira in high
TF treatment (i.e., CMS1) was significantly lower than that in the other treatments during
post-thermophilic, cooling and maturation stage of the compost, while lower relatively
abundant Nitrosomonas sequences was detected in too high TF (i.e., CMS1) or too low TF (i.e.,
CMS7) treatment. These findings suggested that proper availability of oxygen, facilitated
by turn or aeration, may be an important regulatory factor for AOB in composts [128].

Figure 4. Changes of AOB and AOA community structure in different treatments during the compost-
ing. The α diversity of AOB community (a1–a5) and AOA community (b1–b5) in different treatments
during the composting. The relative abundance of different bacteria at the phylum levels of AOB
(c1) and AOA (d1) and genus levels of AOB (c2) and AOA (d2) in different treatments during the
composting. LDA Effect Size (Lefse) analysis of the biomarkers ((e1–e3) represent day 15, 29 and 43
for AOB, respectively,) with significant and biological differences from the phylum level to the genus
level (LDA score > 3, p < 0.05).

Microorganisms including bacteria, archaea and fungi played important roles on
chicken manure degradation during the composting process [87,130,131]. However, in
present study only a total of 3 genera were detected and identified including Nitrososphaera,
Nitrosopumilus and Candidatus Nitrosocosmicus, which accounted for 12.18–99.99% of the
total sequencing reads (Figure 4(d1,d2) for AOA at phyhum or genus level). These bac-
teria all belong to Thaumarchaeota phylum. Nitrosopumilus and Nitrososphaera were the
dominant AOA species in animal manure composting [118,120]. In the present study, Ni-
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trososphaera played the most dominant role in the whole composting process, accounting for
8.50–99.94%, which was 12.17–47.21% during post-thermophilic phase, and 15.73–99.74%
at the cooling and maturation stage. These findings were in accordance with previously
studies that Nitrososphaera belong to Thaumarchaeota phylum dominate in compost and can
resist high temperatures [118,120]. Nitrosopumilus can be detected in the mesophilic, cooling
and maturation phase but not in the post-thermophilic stage suggested Nitrosopumilus
may prefer to survive or maintain activity at mesophilic stage [132]. Interestingly, the
relative abundance of Nitrososphaera increased with the decrease of TF at post-thermophilic
stage furthermore the relative abundance of Nitrososphaera in the high TF treatment was
significantly lower than that in the other groups during the post-thermophilic, cooling and
maturity periods. These results suggested that the abundance or activity of AOA may be af-
fected by factors such as differing porosity, aeration, or even moisture content [120,133,134].

The significant differences among different TF treatments for the AOB community
were identified by LEfSe (Figure 4(e1–e3), Supplementary Figure S5(a1–a3), Table S2). The
LEfSe of all taxa showed two, eight and four bacterial taxa of AOB were significant different
(LDA > 3, p < 0.05) among the treatments at the post-thermophilic (i.e., day15), cooling
(i.e., day 29) and maturation (i.e., day 43) phases, respectively. Specifically, the dominant
taxa were genus as Acinetobacter, Nitrosospira and Luteimona during post-thermophilic,
cooling and maturation phase, respectively. However, LEfSe analysis showed no significant
difference among the treatments for AOA community composition. As mentioned above,
these results also indicated that the abundance or activity of AOB might be affected by
factors such as differing porosity, aeration, or even moisture content [120,133,134].

Furthermore, keystone taxa for the microbial communities of the four groups dur-
ing composting were determined using a random forest model (Supplementary Figure
S6(a1,a2,b1,b2)). At the phylum level, Seven taxa were the dominant species occupying the
top 10 abundance among the top 10 different important genus for AOB such as Lactobacillus,
Nitrosospira, Weissella, Nitrosomonas, Acinetobacter, Escherichia and Corynebacterium, while
Aerococcus, Muribaculum and Pseudomonas as less abundant species were out of the top 10
abundance genus. In addition, the four groups were consistent with the dominant flora in
abundance among species with different importance at the genus level for AOA.

3.5. Key Environmental Factors Shaping Microbial Communities

RDA (Redundancy analysis) analysis was applied to study the relationship between
microbial succession and physicochemical parameters. Using the 16S rRNA and AOB
sequencing data, RDA analysis results at the genus level showed that RDA1 and RDA2
jointly explained 61.87% (Figure 5a) 40.34% (Figure 5b) and 28.14% (Figure 5c) of the total
variance, respectively. Further analysis revealed that the temperature, NH4

+-N, NH4
+-

N, GI, NH3 emission and NH3 cumulative emission were the main factors affecting the
16sRNA taxa. Pusillimonas and Pseudogracilibacillus were positively correlated to NH3
emission [103,111]. The pH, moisture, NH3 emission and NH3 cumulative emission were
the main factors affecting the AOB taxa. Interestingly, the moisture content was the
only major factor affecting the AOA taxa. This was in agreement with previous study
that moisture may affect the amount of dissolved oxygen in the composting [51]. The
temperature, pH, NH4

+-N and NO3
−-N had positive effects on the release of NH3, while

moisture had negative feedback effects on the release of NH3. These findings suggested
that main environmental variables driving the diversity and structure of AOA and AOB
communities were different [135]. In this study the NH4

+-N and NO3
−-N concentration

had positive effects on Nitrososphaera and Candidatus Nitrosocosmicus. This agreed with
previous studies, which reported high substrate concentration of NH4

+-N may promote
the AOA growth [51,136]. In addition, AOA had a positive relationship with moisture,
which supported a previous observation that too high TF accelerated water evaporation
and decreased the abundance of ammonia-oxidizing archaea [120].
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Figure 5. Ordination plots of redundancy analysis for the relationships between environmental
factors and bacterial communities at the genus level (a), at and between environmental factors and
AOB community at the genus level (b) and the AOA community at the genus level (c) in different
treatments during the composting. Pseudogr refers to Pseudogracilibacillus, Aerococc refers to Aerococcus,
Lactobac refers to Lactobacillus, Tepidimi refers to Tepidimicrobium, Weissell refers to Weissella, Pusillim
refers to Pusillimonas, Sinibaci refers to Sinibacillus, Acinetob refers to Acinetobacter, Nitrosos refers
to Nitrosospira, Nitrosom refers to Nitrosomonas, Saccharo refers to Saccharomonospora, Pediococ refers
to Pediococcus, Escheric refers to Escherichia, Mycobact refers to Mycobacterium, Luteimon refers to
Luteimonas, Nitrosop refers to Nitrosopumilales, Nitrosos refers to Nitrososphaerales.

Further analysis combined with spearman correlation was used to test the correlation
between pH, moisture, ammonia release and out numbers of AOA and AOB (Supplemen-
tary Tables S3–S5). It was found that pH and NH3 release were significantly correlated
with the abundance of AOB and AOA (p < 0.05). In addition, NH3 release was signif-
icantly positively correlated with pH and negatively correlated with moisture content
(p < 0.001) [120]. Specifically, NH3 release was significantly negatively correlated with
Lactobacillus, Weissella, Acinetobacter and positively correlated with Nitrososphaera as shown
in Supplementary Table S3 during the whole composting (p < 0.05). While the NH3 release
was significantly negatively correlated with Lactobacillus, Nitrosomonas, Weissella, Acineto-
bacter and Nitrososphaera on day1 and day15 (shown as Supplementary Table S4), the NH3
release was significantly negatively correlated with Nitrosospira and positively correlated
with Acinetobacter on day 29 and day 43 as shown in Supplementary Table S5 (p < 0.05).
Therefore, in this study AOA and AOB have an important influence on change of NH3
emission during composting. Nitrososphaera and Nitrosospira were significantly negatively
correlated with cumulative NH3 emission (p < 0.05) during the early (on day 1 and day 15)
and late (on day29 and day 43) stage of composting, respectively. In addition, it was found
that pH, moisture, structure and abundance of microbial community (AOB/AOA) would
all affect NH3 emission during the composting.

In this study we found that both AOA and AOB have an important influence on the
change of NH3 emission during composting. Nitrosospira and Nitrososphaera with high
abundance significantly reduced the ammonia emission under turn with suitable frequency
during composting of chicken manure. It indicated that we can control the release of
NH3 through increasing the abundance of ammonia oxidizing bacteria and archaea. The
results can provide more novel theoretical support for efficient utilization of livestock and
poultry waste.

4. Conclusions

This study demonstrated that turning composting materials once every five days
(CMS5) had the best effect on the reduction of NH3 emission and the compost product
quality. Nitrosospira and Nitrososphaera can convert NH4

+ or NH3 to NO2
− and then NO3

−,
resulting in less ammonia emission. The higher relative abundance of ammonia-oxidizing
bacteria (Nitrosospira) and archaea (Nitrososphaera) in the CMS5 treatment could facilitate the
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aerobic ammonia oxidation and therefore reduce the NH3 emission. Too high TF promoted
NH3 emission and total N loss. Different TF significantly affected the richness and diversity
of the bacterial communities during the whole composting stages. Therefore, though
only chicken manure and soybean straw were used in the current study, we can choose
appropriate aeration to adapt different application options during the process of livestock
and poultry waste composting, according to different material composition. Finally, not
only the practical use of composting products be achieved but also the economic value of
composting products can be improved.

Supplementary Materials: The following supporting information can be downloaded online.
Figure S1: Non-metric multidimensional scaling (NMDS) analysis of bacterial community structure
in different turning frequency treatments at various composting stages (a1–a5: represent day1, 5, 15,
29 and 43, respectively). Figure S2: LDA Effect Size (Lefse) analysis of the biomarkers for bacterial
community in different treatments. Cladogram showing the biomarkers with significant biological
differences from the phylum to genus levels at different composting stages (a1–a5: represent day1, 5,
15, 29 and 43, respectively). Figure S3: Heat map showing the random forest analysis results at the
phylum (a1) and genus (a2) levels of bacterial community in different treatments during composting.
Figure S4: Non-metric multidimensional scaling (NMDS) analysis of AOB and AOA communities
in different turning frequency treatments during various composting stages (a1–a4: represent AOB
at day1, 15, 29 and 43, respectively, b1–b4: represent AOA at day1, 15, 29 and 43, respectively).
Figure S5: LDA Effect Size (Lefse) analysis of the biomarkers for AOB community in different treat-
ments. Cladogram showing the biomarkers with significant biological differences from the phylum
to genus levels at different composting stages (a1–a3: represent day 15, 29 and 43, respectively).
Figure S6: Heat map showing the random forest analysis results at the phylum (a1, AOB and b1,
AOA) and genus (a2, AOB and b2, AOA) levels of these communities in different treatments during
composting. Figure S7: Predicted metabolic pathways involved in composting based on 16S rRNA
gene sequencing. Table S1: Numbers of significantly changed phylum/class/order/family/genus
identified by the LEfSe analysis based on 16S rRNA gene sequencing. Table S2: Numbers of sig-
nificantly changed phylum/class/order/family/genus identified by the LEfSe analysis based on
AOB gene sequencing. Table S3: Relationships between pH, H2O, NH3 emission, NH3 cumulative
emissons and ammonia oxidizing bacteria/archaea of the whole composting (Day 1, 15, 29 and 43).
Table S4: Relationships between pH, H2O, NH3 emission, NH3 cumulative emissons and ammonia
oxidizing bacteria/archaea of the mesophilic and thermophilic stage during composting (Day1,15).
Table S5: Relationships between pH, H2O, NH3 emission, NH3 cumulative emissons and ammonia
oxidizing bacteria/archaea of the cooling and mature stage during composting (Day 29, 43). Table S6:
C/N ratio of all treatments during composting.
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Abstract: There is a need for rapidly screening thyroid hormone (TH) signaling disruptors in vivo
considering the essential role of TH signaling in vertebrates. We aimed to establish a rapid in vivo
screening assay using Xenopus laevis based on the T3-induced Xenopus metamorphosis assay we
established previously, as well as the Xenopus Eleutheroembryonic Thyroid Assay (XETA). Stage
48 tadpoles were treated with a series of concentrations of T3 in 6-well plates for 24 h and the
expression of six TH-response genes was analyzed for choosing a proper T3 concentration. Next,
bisphenol A (BPA) and tetrabromobisphenol A (TBBPA), two known TH signaling disruptors, were
tested for determining the most sensitive TH-response gene, followed by the detection of several
suspected TH signaling disruptors. We determined 1 nM as the induction concentration of T3 and
thibz expression as the sensitive endpoint for detecting TH signaling disruptors given its highest
response to T3, BPA, and TBBPA. And we identified betamipron as a TH signaling agonist, and
2,2′,4,4′-tetrabromodiphenyl ether (BDE-47) as a TH signaling antagonist. Overall, we developed
a multiwell-based assay for rapidly screening TH signaling disruptors using thibz expression as a
sensitive endpoint in X. laevis.

Keywords: thyroid hormone; screening assay; Xenopus laevis; thibz gene; multiwell plate

1. Introduction

Thyroid hormones (THs, T3 and T4) produced by the thyroid gland are critical for
growth and development in vertebrates [1]. THs exert their genomic actions principally
through TH signaling, in which THs bind to their receptors (TR), resulting in the recruit-
ment of coregulatory proteins to form complexes, thereby regulating target gene expression
by binding to DNA sequences in the promoter of target genes [2,3]. Unfortunately, some
endocrine-disrupting chemicals (EDCs) could interfere with TH signaling as well as TH
production, metabolism, and transportation. TH signaling disruptors have been demon-
strated to disrupt TH signaling through interacting with TR or other components in TH
signaling [4], possibly leading to adverse effects on the growth and development in ver-
tebrates [5–7]. For instance, bisphenol A (BPA) and tetrabromobisphenol A (TBBPA) are
known TH signaling antagonists that disrupt the binding of THs to TR and affect TH-
dependent development in Xenopus [8–11], but they also exhibit TH signaling agonism in
certain situations [12,13].

Several in vitro binding assays [14] and in vitro transfection assays based on reporter
genes [15] have been developed to detect TH signaling disruptors. In vitro TR binding
assays can detect whether chemicals bind to TR, but cannot distinguish whether they are
agonists or antagonists of TH signaling. In contrast, in vitro transfection assays can screen
TH signaling agonists or antagonists but not completely reflect what actually happens
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in vivo due to the lack of the capacity to metabolize test chemicals in cells. Nevertheless, the
reporter-enzymes-based GH3-TRE-Luciferase assay established by Freitas et al. (2011) [12]
has been modified into a high throughput screening assay in the Tox21 project, aiming to
screen TH signaling agonists or antagonists. However, it is still necessary to develop rapid
in vivo screening assays for detecting TH signaling disruptors.

TH-dependent amphibian metamorphosis offers an opportunity to investigate thyroid
disruption including TH signaling disruption in vivo [16,17]. Specifically, the amphibian
metamorphosis assay (AMA) [18] has been designed to identify substances with thyroid
activity and the interpretation of the AMA may be complicated due to multiple mechanisms
of thyroid disruption and the possible involvement of other pathways besides the thyroid
system. Furthermore, Fini et al. (2007) [19] established the Xenopus Eleutheroembryonic
Thyroid Assay (XETA) [20], which has been validated and issued by the Organization
for Economic Co-operation and Development (OECD). In the XETA, stage 45 fluorescent
transgenic X. laevis bearing a TH/bZIP-GFP construct are exposed to chemicals in 6-well
plates for 72 h with or without 5 nM T3, and fluorescent intensity is detected to assess the
thyroid disrupting activity of the test chemicals. However, the TH/bZIP-GFP transgenic
line is unavailable for many laboratories, which restricts the application of the XETA.
Previously, we developed a T3-induced Xenopus metamorphosis assay (TIXMA) for the
detection of TH signaling disruptors [21,22]. In the TIXMA, stage 52 tadpoles are exposed
to chemicals in the absence or presence of 1 nM T3 in glass tanks containing 4 L, and TH-
response gene expression after 24-h exposure and gross morphology after 96-h exposure
are measured. Relative to the XETA employing 6-well plates, the TIXMA requires a
large amount of water, especially due to daily renewal, resulting in heavy labor and
discharge of lots of chemical-contaminated experimental water. To sum up, a simpler and
more rapid universally available in vivo screening assay is still needed for detecting TH
signaling disruptors.

The present study aimed to develop a simple and rapid screening assay for detecting
TH signaling disruptors using wild-type Xenopus tadpoles, referencing the XETA and the
TIXMA. Considering their high sensitivity to exogenous TH due to the high expression of
the thyroid hormone receptor (thr) gene [23,24] and little capability to respond to chemicals
that directly or indirectly disrupt TH synthesis due to undeveloped thyroid glands [25,26],
tadpoles at stage 48 were employed as test organisms. Tadpoles were exposed to T3 or
chemicals or their combination in 6-well plates for 24 h, thereby facilitating rapid and
easy screening of TH signaling disruption and reducing possible interferences resulting
from unknown mechanisms. Based on the effects of a series of concentrations of T3
on TH-response gene expression, we determined an appropriate concentration of T3 to
induce expression of TH-response genes, among which the most sensitive TH-response
gene was chosen as the endpoint. Subsequently, we assessed the TH signaling disrupting
activity of several suspected TH signaling disruptors, including betamipron, 2,2′,4,4′-
tetrabromodiphenyl ether (BDE-47), triclocarban (TCC), triclosan (TCS), benzophenone
(BP), and benzophenone-3 (BP-3). Betamipron, a drug to reduce nephrotoxicity [27], was
reported as a TR agonist in the Tox21 project [28] and requires testing in vivo to confirm
the TR agonist. TCC [29] and TCS [30] are two bacteriostatic agents in personal care
products, and BP [31] and BP-3 [32] are two UV filters widely used, with BDE-47 [33] as
a brominated retardant. These chemicals were reported to have the potential to interfere
with the thyroid system, but whether they affect TH signaling is not yet well-documented.
Overall, our study is expected to provide a simple and rapid in vivo assay for screening
TH signaling disruptors.

2. Results

2.1. Determination of T3 Induction Concentration

The effects of a series of concentrations of T3 (0.5, 1, 2, and 5 nM) on the expression
of six TH-response genes were investigated. As shown in Figure 1, all concentrations of
T3, including the lowest concentration, significantly up-regulated the expression of six
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TH-response genes, kruppel-like factor 9 (klf9), thyroid hormone induced bZip protein (thibz),
thyroid hormone receptor beta (thrb), stromelysin-3 (st3), type 3 deiodinase (dio3), and matrix
metallopeptidase 13 (mmp13), in a concentration-dependent manner. The changes of klf9,
thibz, thrb, st3, dio3, and mmp13 in the highest group of T3 (5 nM) were about 5-, 280-, 21-, 6-,
6-, and 4-fold of the control, respectively. Moreover, among the six TH-response genes, thibz
was the most sensitive, with a 200-fold change following 1 nM T3 treatment. Therefore,
1 nM was selected as the induction concentration of T3 in the following tests.

Figure 1. Relative expression of thyroid hormone (TH)-response genes in stage 48 Xenopus tadpoles
following 24-h exposure to T3. Data are shown as mean ± SEM (n = 3). * indicates significant
differences between T3 exposure and the control (p < 0.05). klf9: Kruppel-like factor 9; thibz: thyroid
hormone induced bZip protein; thrb: thyroid hormone receptor beta; st3: stromelysin-3; dio3: type 3 deiodinase;
mmp13: matrix metallopeptidase 13.

2.2. Antagonistic Actions of BPA and TBBPA on T3-Induced Gene Expression

The expression of six TH-response genes was measured in tadpoles with BPA or
TBBPA exposure in the absence or presence of 1 nM T3. As shown in Figure 2, in the
absence of T3, 100 and 1000 nM BPA and TBBPA exposure significantly promoted thibz
expression. Then, 1000 nM BPA and TBBPA significantly upregulated the expression of st3.
However, there were no obvious effects on other genes, klf9, thrb, dio3, and mmp13. thibz
expression was significantly induced by as low as 100 nM BPA and TBBPA, indicating that
thibz was the most sensitive gene among six TH-response genes. Furthermore, T3-induced
gene expression of thibz, thrb, and dio3 were significantly inhibited by 100 nM BPA, and
1000 nM BPA significantly downregulated all six T3-induced TH-response genes expression.
Similar to BPA, 100 nM TBBPA antagonized the T3-induced gene expression of klf9, thibz,
and thrb, and 1000 nM TBBPA significantly antagonized all T3-induced genes we tested.
In the co-exposure groups, only thibz and thrb were significantly antagonized by both
100 nM BPA and TBBPA, and T3-induced expression of the other four TH-response genes
was antagonized by the higher concentrations of BPA and TBBPA. Taken together, thibz
expression was chosen as a sensitive endpoint for screening TH signaling disruptors.

2.3. TH Signaling Disrupting Activity of Several Suspected TH Signaling Disruptors

We analyzed the TH signaling disruption activity of betamipron, BDE-47, TCC, TCS,
BP, and BP-3 using thibz expression as an endpoint. As shown in Figure 3, 1 nM T3
significantly increased the expression of thibz expression compared with the control. In the
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absence of T3, 10–1000 nM betamipron significantly promoted the expression of thibz in
a concentration-dependent manner, and in the presence of T3, 100–1000 nM betamipron
increased the expression of thibz compared with the T3 group. BDE-47 inhibited the T3-
induced thibz expression but did not affect thibz expression in the absence of T3. TCC,
TCS, BP, and BP-3 had a similar mode of action on thibz expression both in the absence
and presence of T3. These four chemicals at high concentrations significantly resulted in
down-regulation of T3-induced expression of thibz expression and high concentrations of
these four chemicals alone increased thibz expression.

Figure 2. Relative expression of thyroid hormone (TH)-response genes in stage 48 Xenopus tadpoles
following 24-h exposure to bisphenol A (BPA) and tetrabromobisphenol A (TBBPA) in the absence or
presence of 1 nM T3. Data are shown as mean ± SEM (n = 3). * and # indicate significant differences
between BPA or TBBPA exposure and the control and between BPA or TBBPA + T3 and T3 treatment,
respectively (p < 0.05). klf9: Kruppel-like factor 9; thibz: thyroid hormone induced bZip protein; thrb: thyroid
hormone receptor beta; st3: stromelysin-3; dio3: type 3 deiodinase; mmp13: matrix metallopeptidase 13.
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Figure 3. Relative expression of thibz (thyroid hormone induced bZip protein) in stage 48 Xenopus tadpoles
following 24-h exposure to betamipron, 2,2′,4,4′-tetrabromodiphenyl ether (BDE-47), triclocarban
(TCC), triclosan (TCS), benzophenone (BP), and benzophenone-3 (BP-3) in the absence or presence of
1 nM T3. Data are shown as mean ± SEM (n = 3). * and # indicate significant differences between
the chemical exposure and the control and between chemical + T3 and T3 treatment, respectively
(p < 0.05).

3. Discussion

We developed a multiwell-based screening assay to detect TH signaling disruptors
based on thibz expression analysis using Xenopus tadpoles at stage 48. The concentration-
dependent upregulation of all tested TH-response gene expressions by T3 treatment has
demonstrated the sensitivity of stage 48 tadpoles to T3 within 24 h. Given that 1 nM T3
dramatically induced upregulation of TH-response gene expression but did not reach the
expression climax, we determined 1 nM as the induction concentration of T3, avoiding the
possibility that the higher concentrations of T3 would cover up the antagonistic actions of
tested chemicals. When 1 nM T3 upregulated the expression of all the test TH-response
genes, 1000 and/or 100 nM both BPA and TBBPA antagonized T3 actions, showing that this
screening assay is effective in detecting TH signaling antagonists. As mentioned above, the
XETA employs transgenic TH/bZIP-GFP tadpoles to indicate TH signaling disruption by
measuring GFP fluorescence. Considering the finding that thibz expression was the most
sensitive to T3 and highly responsive to BPA and TBBPA, we chose thibz expression as a
sensitive endpoint to detect TH signaling disruptors. To our current understanding, thibz is
believed to be a gene that specifically responds to TH signaling [34]. Moreover, thyroid
glands of stage 48 tadpoles remain undeveloped and thereby tadpoles theoretically have
little capability to respond to chemicals that directly or indirectly disrupt TH synthesis,
especially within 24 h [25,26]. Therefore, we assure that the assay is relatively specific for
screening TH signaling disruptors. Certainly, the results of the screening assay need further
confirmation by other assays such as TIXMA. Importantly, the screening assay is more
rapid in terms of the 24-h exposure duration relative to the 72-h exposure duration in XETA.
In addition, the screening assay, like the XETA, is simpler and easier to implement relative
to the TIXMA due to chemical exposure in 6-well plates. Moreover, the exposure duration
of 24 h in our assay ensures more rapid detection for TH signaling disruption compared
with the 72-h exposure duration in XETA. Additionally, Fini et al. (2007) [19] reported that
1000 nM TBBPA inhibited T3-induced GFP signaling in transgenic TH/bZIP-GFP tadpoles
using the XETA assay, but 500 nM failed. Here, we found that both 1000 nM and 100 nM
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TBBPA significantly antagonized T3-induced thibz expression. Therefore, the screening
assay we developed is more sensitive or comparable with the XETA assay for detecting
antagonistic actions of chemicals on TH signaling.

Using this screening assay, we examined several chemicals for TH signaling disrupting
activity. In the Tox21 project, betamipron was for the first time reported as a TR agonist
in the in vitro reporter gene assay [28], with the lack of in vivo data. Here, we found that
betamipron significantly upregulated thibz expression even at 10 nM in our screening assay,
providing the first in vivo evidence that betamipron is a TH signaling agonist. In contrast to
betamipron, the screening assay revealed that BDE-47 inhibited T3-induced thibz expression
as BDE-47 exposure alone had no effect, indicating TH signaling antagonism. Previous
studies reported that BDE-47 inhibited TH-dependent development in X. laevis [35,36], and
decreased the expression of the TH-response genes thrb and klf9 in X. laevis [35]. Together
with these data, our findings support that BDE-47 could have the potential to antagonize
TH signaling, warranting further investigations.

In the screening assay, TCC, TCS, BP, and BP-3 exerted similar effects on thibz expres-
sion in either the absence or presence of T3, i.e., they stimulated thibz gene expression in
the absence of T3 but antagonized T3-induced expression in the presence of T3. The effects
of these chemicals are similar to those of BPA and TBBPA, implying that they, like BPA
and TBBPA, exerted TH signaling antagonistic action in the presence of T3, but could have
agonistic action in the absence of T3. Previously, several studies reported that TCS altered
TH-response gene expression and TH-dependent growth in amphibians, despite seemly
inconsistent effects [37–39]. Similarly, BP-3 was reported to inhibit T3-induced tail resorp-
tion in Rana rugose and suppressed the T3-induced EGFP activity in transgenic X. laevis
tadpoles [32], but behaved as TR agonists in HepG2 cells on the activation of TR-mediated
transcription [40]. Given these data combined with our results from the screening assay, it
is concluded that TCC, TCS, BP, and BP-3 could be TH signaling disruptors, which warrants
further studies, including the investigation of the mechanisms for TH signaling disruption.

4. Materials and Methods

4.1. Chemicals

3,3′,5-triiodo-L-thyronine (T3, CAS No. 6893-02-3) was obtained from Geel Belgium
(New Jersey, USA) and a stock solution of T3 was prepared by dissolving into ultrapure
water. Dimethyl sulfoxide (DMSO, CAS No. 67-68-5) and 3-aminobenzoic acid ethyl ester
(MS-222, CAS No. 886-86-2) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Bisphenol A (BPA, CAS No. 80-05-7, Acros Organics, Geel, Belgium), tetrabromobisphenol
A (TBBPA, CAS No. 79-94-7, Acros Organics, Geel, Belgium), betamipron (CAS No. 3440-
28-6, Aladdin, Shanghai, China), 2,2′,4,4′-tetrabromodiphenyl ether (BDE-47, CAS No.
5436-43-1, Bidepharm, Shanghai, China), triclocarban (TCC, CAS No. 101-20-2, Tokyo
Chemical Industry, Tokyo, Japan), triclosan (TCS, CAS No. 3380-34-5, Tokyo Chemical
Industry, Tokyo, Japan), benzophenone (BP, CAS No. 119-61-9, Macklin, Shanghai, China)
and benzophenone-3 (BP-3, CAS No. 131-57-7, Tokyo Chemical Industry, Tokyo, Japan)
were dissolved into DMSO to prepare 10 mM stock solutions. The stock solutions for
chemicals were stored at −20 ◦C for future exposure experiments. An RNA Extraction
kit (AU1201) was obtained from BioTeke Corporation (Wuxi, China). PCR primers were
synthesized by BGI Tech Solutions (Beijing, China). DNase/RNase-free water (RT121),
Quantscript RT Kit (KR116), and a Real Master Mix (SYBR Green) Kit (FP205) were obtained
from TIANGEN Biotech (Beijing, China). Human chorionic gonadotropin (HCG) was
purchased from the Ningbo Second Hormone Factory (Ningbo, China) and dissolved into
0.6% sodium chloride.

4.2. Animals and Housing Conditions

Housing and breeding conditions for X. laevis were described in our previous study
with some adjustments [41]. In brief, sexually mature wild-type adult X. laevis were raised
at 20 ◦C with a light/dark cycle of 12 h:12 h in charcoal-filtered tap water. Breeding was
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induced by injection HCG into a pair of adult frogs (800 IU for the female and 400 IU for
the male). After spawning, fertilized eggs were incubated in glass aquariums containing
charcoal-filtered tap water with a 12 h light/12 h dark cycle at 22 ± 1 ◦C. Developmental
stages of Xenopus tadpoles were identified according to the Nieuwkoop and Faber table [26].
This study was approved by Animal Ethics and Welfare Committee of Research Center for
Eco-Environmental Sciences, Chinese Academy of Sciences (AEWC-RCEES-2021040).

4.3. Chemical Exposure and Sampling

To reduce the test size, we employed stage 48 tadpoles in 6-well plates in place of
stage 52 tadpoles in glass tanks in the TIXMA. Our previous study has shown that stage
48 tadpoles are highly sensitive to T3 [42]. To determine an appropriate concentration of
T3 that can induce TH-response gene expression, a concentration-response experiment
(0, 0.5, 1, 2, and 5 nM) was performed. Three replicate wells were set for each treatment,
with two tadpoles per well containing 10 mL of the test solution. After 24 h, tadpoles were
anesthetized with 100 mg/L MS-222 and then rinsed with water. Tadpoles (tails removed)
in each well were pooled for RNA extraction and subsequent analysis for TH-response
gene expression. Following the TIXMA, six TH-response genes were chosen, including
klf9, thibz, thrb, st3, dio3, and mmp13 [21]. Then, stage 48 tadpoles were exposed to BPA
and TBBPA (1, 10, 100, and 1000 nM) in the presence or absence of T3 in order to verify the
response of this assay to TH signaling antagonists. The most sensitive gene to T3, BPA, and
TBBPA was chosen as the endpoint for screening TH signaling disruptors.

Finally, stage 48 tadpoles were exposed to betamipron, BDE-47, TCC, TCS, BP, and
BP-3 (1, 10, 100, and 1000 nM) in the absence or presence of T3 to screen their TH signaling
disrupting activity. Exposures and sampling were conducted as described above. Each
experiment was independently repeated three times using offspring from different pairs
of X. laevis.

4.4. RNA Extraction and Quantitative Real-Time PCR

For gene expression analysis, the total RNA of tadpoles was extracted by an Automatic
Nucleic Acid Extraction Apparatus (BioTeke, Wuxi, China) following the manufacturer’s
instructions. RNA concentration was measured using a NanoDrop 2000 (Thermo Scientific,
Waltham, MA, USA), and RNA quality was examined by A260/A280 ratios and agar-gel
electrophoresis. The first-strand cDNA was synthesized from 1000 ng total RNA using
the Fast RT Kit according to the manufacturer’s instructions (TIANGEN Biotech, Beijing,
China). Following this, the first-strand cDNA was stored at −20 ◦C for gene expression
analysis. Expression of TH-response genes was analyzed using SYBR Green I with the
Real-time Polymerase Chain Reaction system (Light Cycler 480, Roche, Basel, Switzerland),
with Ribosomal protein L8 (rpl8) as a reference gene [43–45] and the expression of rpl8 was
not affected by treatments (Supplementary Materials, Figures S1 and S2). In 10 μL of PCR
reaction system, 1 μL of cDNA template, 0.3 μL of forward primer, 0.3 μL of reverse primer,
3.4 μL of DNase/RNase-free water, and 5 μL of 2 × SuperReal PreMix Plus were mixed. All
primers and conditions for PCR are listed in Table 1. The relative fold changes of targeted
gene expression data using real-time PCR were calculated using the 2−ΔΔCt methods [46].

4.5. Statistical Analysis

The statistical analysis of the experimental data was performed using SPSS software
version 16.0 (IBM, Armonk, NY, USA). The data were checked for normal distribution
(Kolmogorov–Smirnov test) and homogeneity of variance (Levene test). Data for relative
expression of genes are presented as mean ± standard error of the mean (SEM). Statis-
tical differences in relative expression of genes were analyzed by two-way analysis of
variance (ANOVA) followed by Tukey’s HSD test. Statistical significance was defined as
p value < 0.05.
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Table 1. Primer sequences of all tested Xenopus laevis genes and conditions for quantitative polymerase
chain reaction (qPCR).

Gene Primer Sequences (5′–3′) Annealing Temperature (◦C) GeneBank ID

rpl8 F: CCGTGGTGTGGCTATGAATC
58 NM_001086996.1R: TACGACGAGCAGCAATAAGAC

klf9 F: GTGGCCACTTGATTTCCCCT
64 NM_001085597.1R: AAAGACACAAAACAGCGGCG

thibz
F: CCACCTCCACAGAATCAGCAG

62 NM_001085805.1R: AGAAGTGTTCCGACAGCCAAG

thrb
F: GAGATGGCAGTGACAAGG

58 NM_001087781.1R: CAAGGCGACTTCGGTATC

st3
F: CCTCTGTCATACACTTACCTT

62 NM_001086342.1R: TGAACCGTGAGCATTGAG

dio3
F: GATGCTGTGGCTGCTGGAT

62 NM_001087863.1R: ATTCGGTTGGAGTCGGACAC

mmp13 F: CCTTGTCAGTGCTTGTCCTATC
62 NM_001100931.1R: TCCTGGTGTCAGTTCAGAGTC

F: forward; R: reverse; rpl8: ribosomal protein L8; klf9: Kruppel-like factor 9; thibz: thyroid hormone induced bZip protein;
thrb: thyroid hormone receptor beta; st3: stromelysin-3; dio3: type 3 deiodinase; mmp13: matrix metallopeptidase 13.

5. Conclusions

We developed a multiwell-based assay for rapidly screening TH signaling disruptors
using thibz expression as a sensitive endpoint in X. laevis which effectively detected the
agonistic effect of T3 and the antagonistic effect of BPA and TBBPA on TH signaling within
24 h. Using this screening assay, we identified betamipron as a TH signaling agonist
and BDE-47 as a TH signaling antagonist, while TCC, TCS, BP, and BP-3 appeared to
exert complex TH signaling disrupting actions in a TH-dependent manner. Overall, all
results indicate that this assay is suitable for screening the TH signaling disrupting activity
of chemicals.

Supplementary Materials: The following are available online, Figure S1: Relative expression of
ribosomal protein L8 (rpl8) in stage 48 Xenopus tadpoles following 24-h exposure to T3. Figure S2:
Relative expression of rpl8 in stage 48 Xenopus tadpoles following 24-h exposure to betamipron,
2,2′,4,4′-tetrabromodiphenyl ether (BDE-47), triclocarban (TCC), triclosan (TCS), benzophenone (BP),
and benzophenone-3 (BP-3) in the absence or presence of 1 nM T3.
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Abstract: The combustion of biomass is a process that is increasingly used for the generation of heat
and energy through different types of wood and agricultural waste. The emissions generated by
the combustion of biomass include different kinds of macro- and micropollutants whose formation
and concentration varies according to the physical and chemical characteristics of the biomass,
the combustion conditions, the plants, and the operational parameters of the process. The aim of
this work is to evaluate the effect of biomass moisture content on the formation of volatile organic
compounds (VOCs) during the combustion process. Wet and dry poplar chips, with a moisture
content of 43.30% and 15.00%, respectively, were used in a cogeneration plant based on a mobile
grate furnace. Stack’s emissions were sampled through adsorbent tubes and subsequently analyzed
by thermal desorption coupled with the GC/MS. The data obtained showed that, depending on
the moisture content of the starting matrix, which inevitably influences the quality of combustion,
there is significant variation in the production of VOCs.

Keywords: biomass combustion; POPs; CHP plant; VOCs; renewable energies; emission; organic pollutants

1. Introduction

The use of renewable energy in the European Union has been estimated to increase to
a share between 55% and 75% of total gross energy consumption by 2050. In the current
energy situation, bioenergies represent the largest renewable and CO2-neutral energy
source for the production of heat, electricity, and transport fuels [1]. Different biochemical
or thermochemical conversion processes of biomass can be applied in order to produce
power and heat, reduce the consumption of conventional fossil fuel sources, and represent
a realistic threat to environmental sustainability [2].

The most appropriate biomass conversion process depends on biomass physical and
chemical characteristics, such as moisture content, fixed carbon, volatile solids, C/N ratio,
calorific value, ash and cellulose, hemicellulose, and lignin content, which are recognized
worldwide as the main factors that affect the conversion processes’ efficiency [3].

Several studies have shown the feasibility of using residual biomass, such as shredded
prunings or woodchips [4].

Biomass combustion represents the easiest way to generate energy from biomass [5],
and it is currently defined as CO2-neutral because the carbon dioxide generated and emitted
during the combustion phase is compensated by that which the biomass has absorbed
during the growth phase [6].

Molecules 2022, 27, 955. https://doi.org/10.3390/molecules27030955 https://www.mdpi.com/journal/molecules239
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In this context, biomass combustion in small combined heat and power plants (CHPs)
represents a useful system for distributed renewable energy production, but, at the same
time, close attention ought to be paid to the environmental aspects, with particular reference
to the atmospheric pollution emitted from the biomass combustion process. The combustion
conditions and the physical and chemical parameters influence the process and the related
emissions [7–12].

In any combustion phenomenon, incomplete combustion products are generated. In
particular, products of pyrolysis remain as unburnt generating particles and gases, such as
carbon monoxide (CO), volatile organic compounds (VOCs), particulate matter (PM), and
polycyclic aromatic hydrocarbons (PAHs), which contribute to environmental pollution
and become a potential issue for the environment and human health.

From this point of view, it is important to evaluate the relationship between the
biomass characteristics; the operating condition of the combustion plant and the flue
gases produced in terms of particulate matter (PM10 and PM2.5); oxidized species, such
as CO2, CO, SO2, and NOx; inorganic micropollutants, including heavy metals; persistent
organic pollutants (POPs), including polycyclic aromatic hydrocarbons (PAHs); dioxins
and furans (PCDD/Fs); and volatile organic compounds (VOCs) [13,14]. VOCs represent a
very large amount of different organic compounds, whose emission strongly depends on
the type of biomass used and the conditions of the combustion process [15]. These chemical
compounds (CFCs, alkanes, alkenes, aldehydes, ketones, aromatic compounds, etc.) are
defined by an “initial boiling point equal to or less than 250 ◦C measured at a standard
pressure of 101.3 kPa”, as expressed in the European Directive on Air Quality 2008/50/CE.

VOCs can have different effects on humans and the environment depending on their
chemical characteristics. They can be precursors of photochemical smog under sunlight
radiation in the presence of nitrogen oxides (NOx) [16] (such as alkenes and alkanes from
C3 to C8), they can have a high ozone depletion potential (such as CFCs and halons),
they can be greenhouse gases (such as CFCs), or they can be directly toxic to humans
(such as chlorinated compounds, benzene, etc.). In particular, it has been widely studied
how some VOCs emitted by biomass combustion play an important role in tropospheric
ozone and photo-oxidant production. For instance, during the smoke plume transport
process, VOCs combined with NOx can be oxidized to generate secondary organic aerosol
(SOA) [17,18]. In the function of the described effects, Ciccioli et al. [19] proposed to
classify the aforementioned classes as VOC-OX, VOC-STRAT, VOC-TOX, and VOC-CLIM,
respectively, which are precursors of photochemical smog, harmful to the stratospheric
ozone layer, toxic for humans, and climate-altering.

Several authors have previously investigated the emissions generated from domestic
woodstoves and fireplaces of the same hardwood as European beech, Pyrenean oak, and
black poplar, demonstrating that the production of such compounds depends on the type of
combustion process, the type of plants, and the biomass characterization [20–24]. However,
there are few works on the determination of VOCs emitted by Mediterranean vegetation
species [19], and they are generally limited to the determination of PM and the main
compounds in flue gases [23,25].

This work aims to investigate the emissions of VOCs by the combustion of woodchips
from wet and dry poplar, which is one of the most important plantation trees in the
European region [26,27]. Biomass moisture content is a parameter that is greatly affected
by the type of biomass and by climatic and storage conditions, which negatively affects
the combustion process, worsening the uniformity of the burning process. In this work,
the VOCs generated by the poplar combustion process in the boiler were evaluated by
modifying only the biomass moisture content. To understand the correlation between the
physical and chemical biomass characteristics (lignin content, cellulose and hemicellulose
content, ash content, carbon contents, hydrogen, nitrogen, sulfur, oxygen, heating value),
combustion parameters, and emission of VOCs, a statistical evaluation was carried out.
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2. Materials and Methods

2.1. Biomass Characterization

The biomass involved in combustion tests was poplar woody biomass harvested in
the research area of CREA-IT in Monterotondo, Italy. The two poplar woodchips used
were obtained from the same starting biomass but were differently treated: the first one
(dry poplar, DP) underwent an open-air drying process, while the second (wet poplar, WP)
was used directly after the harvesting. The biomass combustion test and related analysis
were carried out by the Laboratory for Experimental Activities on Renewable Energy
from Biomass (LASER-B) of CREA-IT of Monterotondo (Rome). The characterization
concerned the determination of moisture content; higher heating value; ash content; and
carbon, hydrogen, and nitrogen content. These determinations were made in triplicate. The
moisture content, on a wet basis, was measured according to UNI EN ISO 18134-1:2015 and
using a Memmert UFP800 drying oven. The higher heating value (HHV) was determined
according to UNI EN ISO 18125:2018 and using a Paar 6400 isoperibol calorimeter, and the
lower heating value (LHV) was calculated from the HHV and the hydrogen content. The
total content of carbon (C), hydrogen (H), and nitrogen (N) was measured according to
UNI EN ISO 16948:2015 and using a Costech ECS 4010 CHNS-O elemental analyzer. Ash
content was measured according to UNI EN ISO 18122:2016 and using a Lenton EF11/8B
muffle furnace.

The evaluation of heating value; ash content; and C, H, and N contents was carried out
on a dry basis. In particular, with regard to the three analyses mentioned above, the dried
sample obtained from the moisture determination procedure was ground first with the
Retsch SM 100 cutting mill for a preliminary size reduction and then with the Retsch ZM 200
rotor mill. The lignin (Lign), cellulose (Cell), hemicellulose (Hem), and chlorine (Cl) content
were obtained using the Phyllis database [28]. In order to obtain preliminary data about the
thermal behavior of dry and wet poplar, the biomass was studied by thermogravimetric
and differential scanning calorimetry analysis (TGA/DSC).

2.2. Experimental TGA Analysis

A thermoanalytical test is the most commonly used method to estimate the thermal
kinetics of biomass during a thermochemical conversion process. TGA analysis provides
data about the phase variation of the sample, mass loss, and emission production depending
on the nature of the sample [29,30]. In this study, thermogravimetric curve and its derivative
(DTG) allow us to investigate combustion process dynamics of dry and wet poplar by
means of a Mettler Toledo TGA/DSC1 STARe System in the following operating conditions:
temperature between 25 ◦C and 1000 ◦C; a heating rate of 80 ◦C/min; and an air flow rate
of 60 mL/min.

2.3. Experimental Combustion Tests

The combustion tests were carried out through a demonstrative cogeneration plant
based on a moving grate furnace (350 kWth) and equipped with a steam generator (500 kg/h
at 1.2 MPa). The facility (Figure 1) was characterized by a cross-current combustion chamber
and a secondary chamber for post-combustion. The biomass loading into the furnace
occurred through a combined double auger loading system (DUPLO®) that allowed the
use of even unconventional biomasses, and the mobile-grate system allowed the burning of
biomasses with different particle sizes and with a moisture content up to 55% on a wet basis.
The exhaust gases produced from biomass combustion were treated with a cyclone and a
baghouse filter as PM abatement systems before the passage through the chimney. Along
the chimney, several sampling points were established in order to evaluate the emissions in
relation to the operating conditions of the furnace and the type of biomass.
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Figure 1. Details of the CHP plant (double screw mechanism, furnace, baghouse filter, and chimney).

For the PM sampling, a probe (HP5 Dadolab, Cinisello Balsamo MI, Italy) and an
isokinetic sampler (ST5 Dadolab, Cinisello Balsamo MI, Italy) were used, respecting the
European method [31]. PM was sampled by means of glass microfiber filters and quantified
with gravimetric analysis using a Mettler Toledo AL104 Analytical Balance placed in a
conditioned room at 20 ◦C and 50% humidity. The management of the biomass combustion
process occurred by means of the control of parameters, such as biomass feeding, grate
movement, and air distribution through blowers both inside the furnace and downstream
of the filters.

2.4. Sampling and Analysis of VOCs

During the combustion test, the monitoring of VOCs was carried out according to
UNI EN 13649, which represents the procedure for the characterization of single VOCs. In
particular, such compounds were sampled by thermal desorption multilayer tubes through
a dynamic dilution procedure using a “DDS-Tecora” system. This method is recommended
when the concentration of water is high enough to cause the risk of condensation. According
to this method, the flue gases are diluted with purified air in a mixing chamber before being
sampled onto a thermal desorption tube. In this work, a 1:5 dilution factor and a flow of
50 mL/min were used for sampling. The sampling end of an identical, secondary back-up
tube was connected to the outlet of the primary sampling tube as a check on breakthrough.
Volatile organic compounds from poplar wood combustion were determined using a
thermal desorption system (Markes TD 100 xr) coupled with a gas chromatographic mass
spectrometer (Agilent 7000—7890A). The tubes were thermo-desorbed with a flow of
50 mL/min up to a temperature of 380 ◦C for 10 min with a 1:10 split. The analytes were
collected on a focusing trap at the temperature of −10 ◦C and then desorbed for 1 min with
a cold trap high temperature at 380 ◦C with a 40 ◦C/s rate. The capillary column used for
the analysis was DB-502 (Agilent—60 m, 0.32 mm, 1.8 μm). After the determination, VOCs
were classified into three groups: chlorofluorocarbons (CFC), chlorinated compounds (Chl),
and aromatic compounds (Aro).

2.5. Statistical Analysis

In order to describe the biomass and the relative emission during combustion, princi-
pal component analysis (PCA) was performed through the PAST software (PAleontological
STatistics) to investigate the correlation between physical and chemical parameters of
biomass and the VOCs emission during the combustion process. PCA is a classical multi-
variate method widely used to interpret variation in a high-dimensional interrelated dataset
with a large number of variables. It is a mathematical methodology that uses orthogonal
transformation to convert a set of cases of possibly correlated variables into a set of values
of uncorrelated variables which are known as principal components (PCs), thus reducing
the number of variables. The two samples tested DP and WP were evaluated and compared
through PCA, considering 12 variables: moisture; ash; carbon, hydrogen and nitrogen
content (C, H, N); cellulose (Cell); hemicellulose (Hem); lignine (Lign); chlorofluorocarbons
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(CFC); chlorinated compounds (Chl); aromatic compounds; and chlorine (Cl). Since there
were two materials studied, the only PC1 explained 100% of the total variability.

PCA loadings are the coefficients of the linear combination of the original variables
from which the principal components (PCs) are constructed. In order to identify which
variables have the greatest effect on sample variability, PC1 loadings were calculated. In
this way, from the correlation between PC1 and the 12 variables, it was possible to identify
correlations between the variables themselves.

3. Results and Discussion

3.1. Biomass Characterization

The chemical–physical characterization of biomass was carried out for the two different
types of samples (dry and wet poplar), providing results on parameters that can affect
the combustion quality and the related emissions. Biomass characterization results are
reported in the following table (Table 1).

Table 1. Chemical and physical biomass parameters.

Parameters Dry Poplar Wet Poplar

Moisture % 15.00 43.30

Ash % 1.30 3.12

C % 41.20 47.36

H % 4.05 5.58

N % 1.10 0.31

HHV [MJ/kg] 18.27 17.94

LHV [MJ/kg] 17.43 16.77

The results show comparable values in terms of elemental composition and calorific
values content that meet the requirements for poplar chips used in the combustion process.
On the contrary, moisture and ash content showed substantially different results and were
mostly responsible for incomplete combustion and potentially harmful emissions. In the
case of wet poplar, higher ash and moisture content results in a higher amount of unburnt
compounds and bad combustion conditions. The sulfur content was below the limit of
quantification (LOQ) and, hence, was considered negligible.

3.2. TGA Analysis

A preliminary analysis in TGA was conducted to evaluate the behavior of the matrices
subjected to the thermal stress of combustion in a lab-scale test.

In Figure 2, the black curve (TGA) has two main steps that represent, respectively,
up to about 100 ◦C due to the loss of water (the first step) and from about 200 ◦C up to
about 720 ◦C due to the loss of volatile substances (the second step). The red curve (DTG)
highlights these two stages with two peaks corresponding to the main thermal phenomena
of mass loss.

In the graph of Figure 3, the black curve (TGA) has three distinct steps that represent
the loss of moisture under 100 ◦C; the second step, which starts at 200 ◦C and finishes
at about 350 ◦C, corresponds to the active zone and represents the hemicellulose and
cellulose degradation. The last decomposition step, named the passive zone, from 350 ◦C
to 750 ◦C, represents the slow lignin degradation, corresponding to a potential amount
of VOC production as reported by the literature data [32]. The DTG curve reflects weight
variation shown with the TGA highlight the mass loss in the steps corresponding to the
composition of the sample. From the comparison of the curves in Figures 2 and 3, it is
observed that there are differences in the thermal behavior of the two samples due mainly
to the higher moisture content in the wet poplar; consequently, it is more likely that the
use of this matrix will lead to the formation of emission compounds from incomplete
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combustion. By comparing Figures 2 and 3, it is evident that there is a strong difference
in the thermal trend of the same biomass poplar sample with different moisture levels. In
fact, dry poplar has a thermogravimetric curve whose course is much more linear than the
curve of wet poplar. This indicates that wet poplar subjected to thermal stress will lead to a
less homogeneous combustion phenomenon than dry biomass.

 

Figure 2. TGA (black curve) and DTG (red curve) of Dry poplar.

 

Figure 3. TGA (black curve) and DTG (red curve) of wet poplar.

Figure 4 shows the comparison carried out by means of the DSC analysis related to
Figures 2 and 3. It can be observed that as the chamber temperature increases, there is a
large exothermic peak of the matrices in the temperature range between 250 and 800 ◦C. By
integrating these heat exchange curves, it can be seen that the dry poplar generates a heat
of 163.29 J against the 121.36 J generated by the wet poplar. This result also confirms that
the higher moisture negatively affects the combustion conditions.
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Figure 4. DSC curves, dry poplar, and wet poplar.

3.3. VOCs in Emission

The assessment of VOCs in flue gases was carried out for two different monitoring
campaigns related to two different poplar moisture conditions: dry and wet.

During these tests, the temperatures reached by the furnace bed (467 ◦C) and by the
post-combustion chamber (793 ◦C) were monitored. Several different types of VOCs were
found in terms of molecular weight (from freons to 1,2,4-trimethylbenzene) and chemical
class (Table 2).

Table 2. Concentration of VOCs in dry and wet poplar combustion emissions.

Compound Dry Poplar (μg/Nm3) Wet Poplar (μg/Nm3)

Dichlorodifluoromethane 0.10 0.38

Chloromethane 4.25 51.15

Bromomethane <LOQ 14.55

Chloroethane <LOQ 6.90

1,1-Dichloroethene 1.23 5.85

Dichloromethane 0.95 1.44

Benzene 30.97 60.51

Toluene 6.9 15.46

Chlorobenzene 1.33 5.32

p,m-Xylene 1.10 6.18

o-Xylene 0.45 2.83

Styrene 0.47 1.87

1,2,4-Trimethylbenzene <LOQ 1.66

From the comparison of dry and wet poplar, it is possible to observe that the high-
est concentrations are obtained from wet poplar. Backup tubes were analyzed for the
assessment of breakthrough volumes, and recovery values above 10% were not found for
any analyte.
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The analysis of the flue gases emitted by the combustion of two same-origin biomasses
with different moisture content shows that the wet biomass produced a higher quantity of
VOCs. This phenomenon is due to a higher moisture content that leads to a lower-quality
combustion process. In fact, a higher quantity of VOCs is originated from an incomplete
combustion phenomenon [33]. Once the VOC concentrations relative to two different
moisture levels of the biomass were obtained, the authors thought of constructing the
lines that can express an ideal linear trend in the increase in the concentrations of the VOC
classes as a function of the increasing moisture content (Figure 5). It is interesting to note
that the increase in CFCs and aromatic compounds follows the same type of trend, while
the line relating to chlorinated compounds has a less marked increase. This is probably
due to the fact that the formation of chlorinated compounds is essentially limited by the
presence of chlorine in the matrix, which is the limiting reagent in the formation of the
compounds. Moreover, as moisture increases, and, therefore, as combustion conditions
worsen, it is likely that organic micropollutants that are heavier than VOCs are formed,
such as PAH, PCB, and PCDD/F, whose individual molecules contain more chlorine atoms,
thus reducing the formation of chlorinated VOCs. Although the graph is the ideal trend
based on only two real points, it is interesting to note how the trend of VOCs formation is
positive in all cases as a function of the increase in moisture. This ideal chart forms a basis
for comparisons with other works that will be conducted under the same conditions. The
authors conducted an in-depth bibliographic search to find other works on VOC emissions
from biomass combustion on similar boilers in which the moisture degree of the incoming
biomass was specified, but it was found that there is still a lack of studies on this subject.

Figure 5. The ideal linear trend in the increase in the concentrations of the VOC classes as a function
of the increasing moisture content.

3.4. Principal Component Analysis

The statistical evaluation shows that, in agreement with the bibliographic sources,
a correlation can be established between biomass characteristics and VOCs production.
Specifically, this study shows how the main variable represented by moisture, under
constant burning conditions (type of plant, burning equipment, biomass, air supply, etc.),
influences the amount of some classes of VOCs in emissions.

Some studies have evaluated the correlation between the emissions of some classes
of volatile organic compounds from Mediterranean species, focusing on the relationship
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between the content of cellulose, hemicellulose, and lignin and the emission composition,
showing a positive correlation between benzene and lignin [34–39]. Other studies show
that hemicelluloses decompose during the thermal process and produce large amounts of
volatiles at 200 ◦C [40]. It is well known that drying biomass fuel improves combustion
efficiency, increases steam production, reduces air emissions, and improves boiler operation.
Except for suspension-firing furnaces, wood-fired boilers and furnaces require a fuel
moisture content of below 55% to 65% in order to sustain combustion. For wood-fired
incineration, the optimal moisture content is generally much lower, between about 10% and
15% [41]. The water content influences the combustion and the volume of flue gas produced
per energy unit. The heating value of the fuel decreases with increasing moisture content.
For biofuels, which have a very high moisture content, some problems may occur during
firing. High moisture content can cause ignition problems and reduce the combustion
temperature, which in turn hinders the combustion of reaction products and consequently
affects the quality of combustion [42]. Thermal property values, such as specific heat,
thermal conductivity, and emissivity, vary with moisture content [43]. To better understand
the relations between biomass moisture and combustion VOCs emissions, an analysis of
flue gas and physical and chemical properties of biomass was conducted. The twelve
variables coming from these analyses were used to perform a PCA analysis capable of
describing the two samples WP and DP. The only principal component 1 (PC1) describes
100% of the sample’s variability.

In Figure 6, the PC1 loading for each variable can be observed. Large loadings (positive
or negative) indicate that a particular variable has a strong relationship to PC1. The sign of a
loading indicates whether a variable and a principal component are positively or negatively
correlated. The variables that mostly influence PC1 behavior are CFC, Chl, aromatics,
and moisture. These variables are all positively related to PC1 and, consequently, are
positively correlated with each other. Positive loadings indicate that variables are positively
correlated; an increase in one results in an increase in the other. So, higher moisture values
of biomass correspond to higher CFC, Chl, and Aro emissions.

 

Figure 6. Loadings of PC1 relative to all the variables used for PCA analysis.

Since moisture content was the only parameter that differentiated between WP and DP,
and since the combustion parameters were a set constant, it is evident that bad combustion
due to biomass moisture content is responsible for the significantly higher production
of VOCs.
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4. Conclusions

The work proposed aims to highlight how the biomass combustion process is nega-
tively affected by the moisture content of the biomass itself. Compared to other chemical-
physical characteristics (e.g., content in ashes, metals present, etc.), moisture content can
be reduced quite easily by intervening in the storage conditions or by drying the biomass
in the open field under the sun, if seasonality and latitude allow it. The study showed
that biomass moisture content leads to a general increase in all classes of VOCs emitted
during combustion processes and, thus, inevitably affects the quality of the surrounding
air where the phenomenon occurs. It should be noted that such concentrations are even
lower than those that would be obtained in the case of uncontrolled combustion or in the
phenomena of open burning (e.g., forest fires, domestic fireplaces, combustion of prun-
ing on the sidelines, etc.). Several articles in the literature show the characterization of
emissions in terms of emitted organic compounds, even if the majority [20,44] identify al-
most exclusively aromatic or semi-volatile compounds, neglecting freon and C short-chain
chlorinated compounds. However, there are no works in which the formation of volatile
organic pollutants is related to the moisture content of the biomass burned. PCA analysis
was able to clearly compare two samples with single measurements of many variables
and give a preliminary quantification of the relation between biomass moisture and VOCs
production from combustion. In general, the work demonstrates how, in a real plant, the
moisture of the starting biomass enormously influences the formation of all the classes
of VOCs considered (aromatic, CFC, and chlorinated). This is because an increase in the
moisture content of the matrix hinders the optimal combustion process and, therefore,
leads to the formation of a greater concentration of incomplete combustion compounds
(including VOCs).
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Abstract: To further understand the toxic effects of bisphenol Z (BPZ) and bisphenol C (BPC) on
aquatic organisms, zebrafish (Danio rerio) were exposed to 0.02 mg/L BPZ and BPC mixed solution
in the laboratory for 28 days. The impacts of BPZ and BPC on the activity of the antioxidant
enzymes, expression of antioxidant genes, and estrogen receptor genes in zebrafish under different
pH conditions were studied. The changes of glutathione peroxidase (GSH-Px), reduced glutathione
(GSH), total superoxide dismutase (T-SOD), catalase (POD), and malondialdehyde (MDA) in the
zebrafish were detected by spectrophotometry. The mRNA relative expression levels of CAT, GSH,
SOD, ERa, and ERb1 in the experimental group were determined by fluorescence quantitative PCR.
The results showed that SOD activity and MDA content were inhibited under different pH conditions,
and the activities of GSH, GSH-Px, and POD were induced. The activities of POD and GSH induced in
the neutral environment were stronger than those in an acidic and alkaline environment. The mRNA
relative expression levels of SOD and GSH were consistent with the activities of SOD and GSH. The
mRNA relative expression levels of CAT were induced more strongly in the neutral environment
than in acidic and alkaline conditions, the mRNA relative expression levels of ERa were induced most
weakly in a neutral environment, and the mRNA relative expression levels of ERb1 were inhibited
the most in a neutral environment.

Keywords: bisphenol analogs; zebrafish; oxidative stress

1. Introduction

Bisphenol analogs (BPs) are a class of environmental endocrine disrupts with a similar
structure to bisphenol A (BPA), which are widely found in various environmental media [1].
On 18 October 2008, Canada was the first country to declare BPA a toxic substance, banning
its use in baby bottles and restricting its use in all food packaging and containers in
2010. This was followed by policies to restrict the use of BPA around the world [2]. To
meet the needs of the industrial market, the production and use of BPA substitutes have
gradually increased, such as bisphenol C (BPC) used in flame retardant preparation and
bisphenol Z (BPZ) applied in chemical compounds manufacture [3]. The new double phenol
compounds in the process of production, use and waste treatment, etc., also inevitably
enter the environment especially through water (more than 90%, water solubility is related
to pH values), causing harm to the aquatic environment, ecological situations, and human
health [4–7].

Zebrafish (Danio rerio) is an important vertebrate model organism. It is named because
of the zebra-like stripes on its side and the length of adult fish is 3–5 cm [8]. Zebrafish have
organs and systems similar to those of mammals, such as nerves, digestion, reproduction,
immunity, endocrinology, and cardiovascular diseases. Therefore, zebrafish were mainly
used in studies related to neurodevelopment and genetics at first [9]. Similarly, zebrafish is
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widely used in environmental toxicology studies and can be used as an important tool to
detect the toxicological effects of bisphenol compounds [10].

Oxidative stress refers to the physiological and pathological reactions of cells and
tissues caused by the production of reactive oxygen species (ROS) and reactive nitrogen
species (RNS) in the body under the harmful stimulation of the internal and external envi-
ronment. At present, it has become one of the important topics in environmental toxicology
research [11]. Although the number of studies on BPA analogs is limited, according to exist-
ing research reports, BPA analogs can cause cytotoxicity, reproductive toxicity, neurotoxicity,
and endocrine disruption [12,13]. Ullah et al. conducted in vivo experiments on rats and
found that exposure to BPA, bisphenol B (BPB), bisphenol F (BPF), and bisphenol S (BPS)
for 28 days would cause ROS production and LPO activity in rat sperm and lead to DNA
damage in rat sperm [14]. Park et al. conducted experiments on the acute toxicity, vital
parameters, and defense bodies of marine rotifers and found that exposure to BPA, BPF,
and BPS significantly increased intracellular ROS levels and glutathione S-transferase (GST)
activity [15]. Wu et al. reported short-term exposure to BPA and nonylphenol inhibited
the contents of total glutathione (TG), reduced glutathione (GSH), oxidized glutathione
(GSSH), catalase (CAT), superoxide dismutase (SOD), glutathione peroxidase (GSH-Px),
glutathione reductase (GR), glutathione S-transferase, and other antioxidant enzymes in
serum of zebrafish embryos [16].

In this study, the toxic mechanism of BPC and BPZ on zebrafish was explored by
detecting the expression levels of oxidative stress-related genes and enzyme activities
under different pH conditions. The aim of this study was to provide toxicological data for
the toxicity of BPC and BPZ on zebrafish and possible impacts on aquatic organisms.

2. Results and Discussion

2.1. Effects of a Mixed Solution of Bisphenol C (BPC) and Bisphenol Z (BPZ) on the Expression of
Oxidative Stress-Related Genes and Estrogen Receptor Genes in Zebrafish
2.1.1. Effects of Phase I Mixed Solution on the Expression of Oxidative Stress Gene and
Estrogen Receptor Gene in Zebrafish

BPC and BPZ can change the expression levels of related genes in the body’s antiox-
idant defense system. Therefore, this study selected 3 antioxidant genes and 2 estrogen
receptor genes as references to reveal the mechanism of the oxidative stress effect of bisphe-
nol estrogen on zebrafish from the transcriptional level. It can be seen from Figure 1 that the
expression levels of antioxidant-related genes and estrogen receptor genes in zebrafish are
disturbed to varying degrees. Compared with the blank control group, the relative expres-
sion level of the CAT gene was significantly upregulated to 1.9 times on day 1 (p = 0.0004;
p < 0.01). In the following 12 days, although the relative expression level decreased, it was
still upregulated compared with the blank control group. The relative expression level of
the GPX gene was upregulated to 1.3 times at day 4, and compared with the blank control
group at other periods except day 4, the relative expression level of the GPX gene was
downregulated, showing great overall fluctuation. The relative expression level of the SOD
gene was reduced to 0.7 times on the 10th day, which showed an overall downregulation
state compared with the blank control group. The relative expression level of the ERb1 gene
decreased to 0.2 times on day 13, showing a time-effect relationship. The relative expression
level of the ERa gene was upregulated to 1.5 times at day 7 and down to 0.4 times at day 1,
indicating a wide fluctuation.
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Figure 1. Cont.
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Figure 1. Effects of BPC and BPZ on mRNA expression levels of oxidative stress-related genes in
zebrafish (n = 3) (Note: 0.01 < * p < 0.05; ** p < 0.01, compared with the control group).

2.1.2. Effects of a Mixed Solution of the Second Stage on the Expression of Oxidative Stress
Gene and Estrogen Receptor Gene in Zebrafish

In the second stage of exposure, the nine parallel groups in the first stage were divided
into three groups with different pH values, and the related gene detection method was
the same as in the first stage. It can be seen from Figure 1 that the expression levels of
antioxidant genes and the expression of estrogen receptor genes in zebrafish of the three
groups with different pH were different. Compared with the blank control group, the
relative expression levels of CAT genes in the three groups were upregulated in the first
14 days, which was consistent with the development trend of the first 13 days. The relative
expression of the CAT gene was upregulated to the maximum value on day 22 in the low
pH group, to 3.8 times on day 22 in the low pH group, and to 3.7 times on day 22 in the
middle pH group. The relative expression of the CAT gene in the high pH group reached
the maximum value on day 19, which was 2.8 times higher than that in the blank control
group. Compared with the blank control group, the relative expression of the GPX gene in
the low pH group was upregulated to the maximum value on day 1 and then decreased,
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but it was still upregulated compared with the control group. The relative expression of
the GPX gene in the middle pH group increased to the highest value on day 25, which was
1.7 times that in the control group, and decreased to the lowest value on day 19, which was
0.2 times that in the control group. The relative expression of the CAT gene in the high pH
group reached the highest value on day 22, which was 1.6 times that in the control group.
Although the relative expression levels of the GPX gene in the three groups fluctuated
differently, the final results tended to be consistent. The relative expression of the SOD gene
in the second stage was decreased compared with that in the blank control group, which
was consistent with that in the first stage, and the fluctuation of the three groups was similar.
Wu et al. exposed zebrafish embryos to different concentrations of BPA and nonylphenol,
finding that GSH, SOD, and other genes’ activities were significantly suppressed. The
oxidative stress was onset, which is in accordance with the results of this study [16].

The relative expression of estrogen receptor gene ERb1 was downregulated in all three
groups compared with the blank control group, which was consistent with the results of the
first stage. The relative expression level of the ERb1 gene in the low pH group decreased to
the lowest value on day 19, and the relative expression level of the ERb1 gene in the middle
and high pH group decreased to the lowest value on day 22. Compared with the blank
control group, the relative expression level of ERa in all three groups was upregulated,
which was contrary to the results of the first stage. The relative expression of the ERa gene
in the low and high pH groups was upregulated to the highest value on day 28, which was
1.9 and 2.3 times that in the control group, respectively. The relative expression of the ERa
gene in the middle pH group was upregulated to the maximum value at day 22, which was
1.4 times that of the control group.

2.2. Effects of a Mixed Solution of BPC and BPZ on the Expression of Oxidative Stress-Related
Genes and Estrogen Receptor Genes in Zebrafish
2.2.1. Effects of Mixed Solution at the First Stage on Antioxidant Enzyme Activity and
MDA Content in Zebrafish

BPC and BPZ can disbalance the oxidation system and antioxidant system of the body,
resulting in excessive production of reactive oxygen species (ROS) and other free radicals
in the body. The oxidation degree exceeds the ability of cells to remove oxides themselves,
and a large number of oxidation intermediates are produced, leading to oxidative damage
of the body.

Figure 2 shows the effects of BPC and BPZ on antioxidant enzyme activity and MDA
content in zebrafish at the first stage. Compared with the blank group, SOD activity was
inhibited within 13 days, which may be because ROS produced in zebrafish gradually
increased with the increase of exposure time, and SOD decreased greatly to eliminate ROS,
showing an inhibitory effect. Compared with the blank group, POD, GSH, and GSH-Px
activities were induced within 13 days. POD activity was significantly induced at day 9
(p = 0.034) and day 12 (p = 0.046) (0.01 < p < 0.05), GSH activity was also significantly
induced at day 9 (p = 0.006) and day 12 (p = 0.001) (p < 0.01), indicating that zebrafish can
eliminate excessive free radicals by producing POD, GSH, GSH-Px, and other antioxidant
enzymes so that the system can avoid oxidative damage. With the increase of exposure time,
MDA content in zebrafish changed. The MDA content in the first phase reached the highest
at day 7 (4.6 nmol/mL), which was higher than the control group. Higher MDA content
was a stress response mechanism of oxidation that fish tissue showed due to an exogenous
pollutants electrophilic group. Exogenous pollutants induced zebrafish to produce large
amounts of oxygen free radicals, which in time will combine with the unsaturated fatty
acid in biofilm, causing lipid peroxidation reaction and indirectly reflecting the degree of
tissue cell damage.
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Figure 2. Cont.
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Figure 2. Effects of BPC and BPZ on antioxidant enzyme activities and MDA content in zebrafish
(n = 3) within 14 days (Note: 0.01 < * p < 0.05; ** p < 0.01, compared with the control group).

2.2.2. Effects of Mixed Solution at the Second Stage on Antioxidant Enzyme Activity and
MDA Content in Zebrafish

Figure 3 shows the effects of treatment solution with different pH at different exposure
times on antioxidant enzyme activity and MDA content in zebrafish in the second stage.
Compared with the control group, SOD was mainly inhibited in the middle and high pH
groups and reached the lowest value on day 28. On day 28, SOD activity of the three groups,
with p values of 0.004, 0.0002, and 0.006, was significantly inhibited (p < 0.01) and SOD
activity was similar, indicating that exposure solution caused certain oxidative damage to
zebrafish, and there was no correlation with the pH value of exposure solution. Compared
with the control group, the POD activity of the three groups was induced in the second
stage and reached the highest value at day 28. POD activity of the low pH group was
11.6 U/mg Prot, the middle pH group was 13.2 U/ mg Prot, and the high pH group was
12.7 U/mg Prot. Compared with the control group, the activity of GSH-Px in the three
groups was induced in the second stage. The maximum value of GSH-Px in the middle and
low pH groups was 79.7 U/ mg Prot and 86.6 U/ mg Prot on day 25, and the maximum
value of GSH-Px in the high pH group was 69.8 U/ mg Prot on day 16. It can be seen that
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the POD activity in zebrafish was induced similarly in the middle and low pH groups, and
the induced level was higher than that in the high pH group. Compared with the control
group, GSH activity in the second stage in three groups received induction, in which the
pH group of zebrafish in vivo activity of GSH entrainment dropped to close to the control
level after rising first, presenting normal distribution, as zebrafish oxidative stress in the
body system can clear excess harmful free radicals, protecting zebrafish from oxidative
damage. GSH activity was significantly induced in high (p = 0.043) and low pH (p = 0.024)
groups after 22 days (0.01 < p < 0.05), the maximum value was reached at day 22 in the low
pH group and day 28 in the high pH group. Compared with the first stage, MDA content in
the three groups in the second stage changed to varying degrees, and MDA content in the
middle and low pH groups increased first and then decreased, indicating that exogenous
pollutants induced zebrafish to produce a large number of oxygen free radicals and timely
removal. MDA content in the high pH group decreased first and then increased, but it was
still lower than that in the control group, indicating that the body cells in zebrafish can still
resist the attack of free radicals.

Figure 3. Cont.
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Figure 3. Effects of BPC and BPZ on antioxidant enzyme activity and MDA content in zebrafish (n = 3)
under different pH conditions (Note: 0.01 < * p < 0.05; ** p < 0.01, compared with the control group).
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3. Materials and Methods

3.1. Chemicals and Materials

Zebrafish (type AB) (protocol number: SCXK 2016-0010) used in this experiment were
males and three months old, purchased from Shanghai Jiayu Aquarium in China, with an
average body length of 2.5 ± 0.5 cm and an average weight of 0.17 g. After body surface
disinfection with 5% sodium chloride solution, the zebrafish were domesticated in tap
water which had been dechlorinated after 72 h of aeration. The pH of the test water was
7.74–7.83. The hardness of water was 91–108 mg/L (based on CaCO3); the concentration
of dissolved oxygen was 7.45–7.60 mg/L; the temperature was controlled at 25 ± 0.5 ◦C;
and the time distribution was a 14:10 h day-night cycle. Zebrafish were domesticated in
the laboratory for more than 7 days, during which they were fed with commercial feed
twice a day, and they could not be used in the following experiments until the mortality
rate within 7 days was less than 5%.

Bisphenol C (BPC) (>98.0%) and bisphenol Z (BPZ) (≥98.0%) were purchased from
Shanghai Aldin Reagent Co., Ltd., Shanghai, China. Dimethyl sulfoxide (DMSO) was
purchased from Shanghai Lingfeng Chemical Reagent Co., Ltd., Shanghai, China. Isotope
internal standard BPA-13C12 (13C12H16O2) (99.0%) was purchased from A ChemTek, Inc.,
MA, USA. Trizol reagent, dATP, dTTP, dCTP, and dGTP were purchased from Thermo
Scientific, Waltham, MA, USA. DNase I was purchased from New England Biotechnology
(Suzhou) Co., Ltd., Suzhou, China. Ethyl m-aminobenzoate was purchased from Macklin
Co., Ltd., Shanghai, China.

Glutathione peroxidase (GSH-PX) test box, glutathione (GSH) test kit, catalase (POD)
test kit, malondialdehyde (MDA) test kit, total superoxide dismutase (T-SOD) test box,
and total protein (TP) test kit were purchased from Nanjing Jianceng Institute of Biology,
Nanjing, China. SYBR® Premix Ex Taq™ II (Perfect Real Time) Kit and TaKaRa AMV Kit
were purchased from TaKaRa Bio Inc., Tokyo, Japan. Ready-to-eat no-hatching harvest
shrimp egg feed was purchased from Ching Yee Company, Hong Kong, China.

3.2. Experimental Instruments

Hardness tester (model 16900, Hach Company, Loveland, CO, USA), dissolved oxygen
tester (HQ30d, Hach Company, Loveland, CO, USA), electronic analysis balance (ATY124,
Shimazu Company of Japan), ultrasonic cleaning machine (UC-4600, Shenzhen Lanjie
Ultrasonic Electric Co., Ltd., Shenzhen, China), ultra-pure water machine (UPR table type,
Sichuan Youpu Ultra-pure Technology Co., Ltd., Chengdu, China), hand-held homogenizer
(S10, Shanghai Jingxin Industrial Development Co., Ltd., Shanghai, China), UV spectropho-
tometer (UV-3000PC, Shanghai Meipuda Instrument Co., Ltd., Shanghai, China), six-link
magnetic heating stirrer (HJ-6A, Jintan District Shuibei Science Experimental Instrument
Factory, Changzhou, China), digital display constant temperature water bath (HH4, Shang-
hai Lichen Bangxi Instrument Technology Co., Ltd., Shanghai, China), low temperature
centrifuge (model 5417R, Eppendorf, Hamburg, Germany), real-time PCR System (ABI
7500, Thermo Scientific, Waltham, MA, USA), thermal cycle (MODEL ETC-811, Beijing
Dongsheng Innovation Co., Ltd., Beijing, China), gel electrophoresis and imaging system
(Bio-Rad Laboratories, Inc., Hercules, CA, USA), and micro UV nucleic acid quantification
system (NanoDrop ND-1000, Thermo Scientific, Waltham, MA, USA) were used.

3.3. Experiment Design

The experimental design explaining the experiments throughout the time is shown in
Figure 4.

3.3.1. Zebrafish Farming Method

Wild AB strain zebrafish were cultured in an independent breeding system with tap
water filtered by activated carbon, UV sterilized, and automatically circulated in the system
with a temperature controlled at 25 ± 0.5 ◦C, while maintaining a photoperiod of 14 (light):
10 (dark). They were fed twice a day with commercially available food.
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Figure 4. Flow chart of the experimental design in this study.

3.3.2. Method of Exposure

According to the authors’ previous experimental results, the semi-lethal concentrations
of BPC and BPZ were 2.76 mg/L and 2.57 mg/L, respectively, and the experimental
exposure concentration was 1/100 of the semi-lethal concentration [17]. In this paper,
DMSO was selected as the cosolvent, and the exposure concentrations of BPC and BPZ
were 0.02 mg/L. The exposure stage was divided into two stages, the first stage was
13 days, the second stage was 14–28 days. In the first stage, only 0.02 mg/L of BPC and BPZ
mixed solution was added to the natural aerated water. Nine parallel experiments were
repeated nine times in each group. In the second stage, by adjusting the pH value of the
treatment solution, nine groups of parallel exposed solution were divided into three groups
of medium and high pH, with three parallel groups in each group, and the experiment
was repeated three times. Three representative pH values were selected in the experiment,
namely 5.0, 7.5, and 9.0. During the experiment, 1.2 mol/L HCL solution and 2.0 mol/L
NaOH solution were used to adjust the pH of the treatment solution to 5.0 and 9.0, and
pH 7.5 was the same natural aeration water as the first 13 days. The exposure method was
semi-static, and the treatment solution was replaced every 24 h. The pH, dissolved oxygen,
and hardness values of the treatment solution were tested 2 h before and 2 h after the water
change. During the experiment, they were fed once a day and fasted for 24 h before analysis
and determination. During the experiment, 10 L of the corresponding concentration of
experimental liquid was added to the glass aquarium, and the domesticated zebrafish were
put into each exposed group with 40 fish in each group (n = 40). The physiological indexes
in zebrafish were measured 1 d, 4 d, 7 d, 10 d, 13 d, 16 d, 19 d, 22 d, 25 d, and 28 d after
exposure. As blank control, 0 d was used for comparison.

3.3.3. Determination of Physiological Indicators in Zebrafish

Three tail zebrafish (n = 3) were randomly selected from each group at the sampling
time. Zebrafish were situated in 50 mg/L of ethyl m-aminobenzoate solution for 15 min.
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Euthanasia of zebrafish was carried out following the Guidelines for the Euthanasia of
Animals (2013) published by the America Veterinary Medical Association (AVMA), which
was in accordance with the relevant requirements and principles in the animal protection
and animal welfare. Zebrafish were frozen in the ice pack immediately; their surface was
cleaned with cold saline, filter paper blot moisture was accurately weighed; adding the
precooling 0.90% saline (group wet weight: physiological saline = 1:9), using handheld
homogenate in the ice water bath machine tissue homogenate in full, made from 10% of
the tissue and serum. Centrifuged at 2000 r/min at 4 ◦C for 10 min, the supernatant was
measured for GSH level, MDA content, GSH-Px, SOD, and POD activities. The specific
operation was carried out according to the instructions of Nanjing Jian-cheng Kit, and the
protein content was determined by Coomassie bright blue method.

3.3.4. Expression of Oxidative Stress Gene and Estrogen Receptor Gene in Zebrafish

The frozen tissue of zebrafish (n = 3) randomly selected from each group was quickly
ground in liquid nitrogen and the powder after grinding was added with an appropriate
amount of Trizol reagent. The total RNA of the sample was reversely transcribed into cDNA.
Primers for each target gene were obtained from Jiangsu Hongzhong Biotech Co., Ltd.
(Table 1). The PCR reaction mixture (25 μL) consisted of SYBR®Premix Ex TaqTM II
12.5 μL, nuclease-free water 8.5 μL, forward primer 1 μL, reverse primer 1 μL. and cDNA
template 2 μL. Amplification conditions were 95 ◦C for 2 min, 96 ◦C denaturation for
10 s, 60 ◦C denaturation for 30 s, a total of 40 cycles, each RNA repeated 3 times, to form
biological replication.

Table 1. Primer sequences of candidate reference genes.

Gene Symbol Accession NO. Primer Sequence (5′-3′) Product Length (bp)

β-actin AF025305.1 F: CGAGCTGTCTTCCCATCCA
R: TCACCAACGTAGCTGTCTTTCTG 86

rp17 NM_213213644.2 F: CAGAGGTATCAATGGTGTCAGCCC
R: TTCGGAGCATGTTGATGGAGGC 119

CAT AF170069.1 F: CTCCTGATGTGGCCCGATAC
R: TCAGATGCCCGGCCATATTC 126

SOD BX055516 F: GTCCGCACTTCAACCCTCA
R: TCCTCATTGCCACCCTTCC 217

GPX AW232474 F: AGATGTCATTCCTGCACACG
R: AAGGAGAAGCTTCCTCAGCC 94

ERα AF268283 F: CCC ACA GGA CAA GAG GAA GA
R: CCT GGT CAT GCA GAG ACA GA 250

ERβ1 AJ414566 F: GGG GAG AGT TCA ACC ACG GAG
R: GCT TTC GGA CAC AGG AGG ACG 89

3.4. Statistical Analysis

Microsoft Excel 2019 software was used to analyze the obtained data, and Origin 8.5 was
used for experimental mapping. The experimental results were expressed as mean ± stan-
dard deviation (mean ± SD), and the t-test was used to test the statistical difference between
the two groups. A * p value < 0.05 means significant difference, ** p < 0.01 means extremely
significant difference. Using RP17 as the reference gene, the relative expression of the target
gene was calculated by 2−ΔΔCt [18].

4. Conclusions

In the present study, it was found that the bisphenol C (BPC) and bisphenol Z (BPZ)
mixture could induce an oxidative stress response and affect the expression of oxidative
stress-related genes in zebrafish. Antioxidant enzymes SOD, POD, GSH, and GSH-Px
as well as antioxidation-related genes CAT, SOD, and GPX could be potential biological
indicators for oxidative stress detection of zebrafish. Under different pH conditions, both
SOD in enzymes and genes were inhibited. GSH-Px and GPX were induced in all groups.
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POD and GSH were induced in a neutral environment and more strongly than in the acidic
and the alkaline environments. The MDA content in the exposed group was lower than
that in the blank control group, indicating that free radicals in zebrafish were effectively
eliminated. Thus, BPC and BPZ could not only affect the antioxidation system but also
cause an estrogen effect on zebrafish. Further studies need to be performed to assess the
toxicities of bisphenol analogs, helping to provide evidence for toxicity mechanisms of
bisphenol analogs to aquatic organisms.
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Abstract: To develop an appropriate sampling strategy to assess the intrauterine exposure to dechlo-
rane plus (DP), we investigated DP levels in sequential maternal blood samples collected in three
trimesters of pregnancy, respectively, from women living in Taizhou. The median concentration of
DPs (sum of syn-DP and anti-DP) in all samples was 30.5 pg g−1 wet-weight and 5.01 ng g−1 lipid-
adjusted weight, respectively. The trimester-related DP concentrations were consistently strongly
correlated (p < 0.01), indicating that a single measurement of DP levels could represent intrauterine
exposure without sampling from the same female repeatedly; however, the wet-weight levels sig-
nificantly increased across trimesters (p < 0.05), while the lipid-adjusted levels did not significantly
vary. Notably, whether lipid-adjusted weight or wet-weight levels, the variation extent of DP across
trimesters was found to be less than 41%, and those for other persistent organic pollutants (POPs)
reported in the literature were also limited to 100%. The limitation in variation extents indicated that,
regardless of the time of blood collection during pregnancy and how the levels were expressed, a
single measurement could be extended to screen for exposure risk if necessary. Our study provides
different strategies for sampling the maternal blood to serve the requirement for assessment of in
utero exposure to DP.

Keywords: dechlorane plus; maternal blood; sequential samples; variation; correlation

1. Introduction

Dechlorane plus (DP) is a high-chlorinated organic flame retardant. For decades,
various products containing DP have been widely used in the electric/electrical industry,
such as commercial wire and cable, and connectors for computers and televisions. [1]. Since
DP is considered an alternative to decabromodiphenyl ether (BDE-209), which has been
phased out [2,3], its application may be expanded in the future. DP exhibits some POP-like
properties, one of which is its ability to accumulate in animals and humans [2,4,5]. Studies
on animals [6,7] (e.g., fish and poultry) have given evidence on DP transfer from parents
to offspring, and Ben’s study [8] further confirmed the transplacental transfer of DP in
humans. Although its health risk to humans has not yet been better understood until now,
animal experiments have shown that exposure to DP in early life could impact axonal
growth, musculature, and motor behavior in embryo–larval zebrafish [9], and regulate
mRNA expression in chicken embryos [10]. Due to the significant linkage between prenatal
exposure and adverse health outcomes at birth and/or in later life, exposure of pregnant
women to persistent organic contaminants is an ongoing public health concern [11]. The
transplacental transfer and potential toxicity to animals [6,7], together with POP-like
properties [2,4,5], implies that we ought to pay specific concern to in utero exposure to DP
in humans.
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Epidemiological studies generally used a single measurement of maternal blood sam-
ples to assess in utero exposure to persistent chemicals [12]. This strategy was cost-efficient,
easy to collect and store samples, and also reduced the burden on participants in large
epidemiological studies [12,13]; however, by measuring the levels of persistent pollutants
in sequential maternal blood samples, some studies had shown that levels of certain POPs
might change during pregnancy [14–18]. This was not surprising since important phys-
iological changes would occur over the course of pregnancy [19,20]. Accompanied by
these physiological changes, some internal POPs may be redistributed among human
compartments, further leading to a change in maternal blood concentrations across ges-
tation [13,18,21,22]. In addition, it was found that changing patterns of levels (based on
wet-weight and/or lipid-adjusted weight) in sera of pregnant women for these POPs might
differ from compound to compound. For example, the wet-weight levels of per- and
polyfluorinated compounds (PFCs) [16–18] showed a general decrease over the course of
pregnancy, while those of polychlorinated biphenyls (PCBs)/organic chlorinated pesticides
(OCPs) showed a general increase [15,23,24]. In any case, doubts have been raised about
the feasibility of using a single measurement to represent in utero exposure to POPs.

The maternal serum that could be a proxy of cord serum for assessing in utero exposure
to DP has been documented [8]; however, DP showed different tissue distribution patterns
in humans from lipid-related POPs (e.g., PCBs and PBDEs) [8,25–27] and protein-binding
PFCs [28,29]. Pan et al. [26] believed that the specific distribution patterns of DP in humans
might be regulated together by both lipids and non-lipid factors in the circulatory system.
As a result, the prior experiences from POPs reported (e.g., PCBs and PFCs) on targeting
one collection of maternal blood during pregnancy to assess in utero exposure [30,31] might
not apply to DP. In order to develop an appropriate sampling strategy to obtain knowledge
of in utero exposure to DP, we recognized the need to investigate DP levels in different
time windows during gestation.

In this study, we determined DP levels in sequential maternal blood samples taken
during three trimesters of pregnancy. The main purpose was to examine the inter-period
correlations and to investigate the variation patterns/extent of DP concentrations during
pregnancy. To the best of our knowledge, this is the first thorough examination of variation
in maternal DP levels during different stages of pregnancy.

2. Materials and Methods

2.1. Sample Collection

Since the 1970s, many disposal e-waste products have been transported to Taizhou
for recycling purposes. These old devices were generally recycled in informal family-run
workshops with primitive methods, such as burning piles of wires and melting circuit
boards over coal grills, which allowed the complex chemicals to be easily transferred to the
surrounding environment. Consequently, the Taizhou region had serious environmental
problems and local residents were at high health risk of exposure to various e-waste-
related contaminants, including DP [8,32]. This study was undertaken from 2016 to 2017
in Taizhou, China. Pregnant women living in the Taizhou area with higher exposure
levels of DP [25–27] were an ideal group to study fetal health risks associated with DP;
therefore, we recruited forty pregnant women in this region as our study participants,
who agreed to provide us with serum samples leftover from gestational routine blood
monitoring. All pregnant women were residents living near e-waste recycling sites, but
they were not engaged in e-waste recycling work. All the donors signed informed consent
forms and provided basic personal information in the form of a questionnaire at the first
pregnancy medical examination. Demographic characteristics of the participants included
age (mean: 27 years; range 19–35 years), pre-pregnancy body mass index (BMI, mean:
21.2 kg m−2; range: 17.6–28.2 kg m−2), and parities (20 primiparas and 6 multiparas). The
sampling time of maternal blood was arranged at three trimesters, which were classified
as follows: the first trimester, <14 weeks; the second trimester, 14 to 28 weeks; the third
trimester, >28 weeks. Blood samples from the 40 women who completed the study might
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not have all been obtained across three trimesters of pregnancy. As long as two trimesters
samples could be taken from the same pregnant woman, the sample data of this woman
was included in the study statistics. Finally, a total of 75 samples were obtained, including
26 in the first trimester, 25 in the second trimester, and 24 in the third trimester. A valid
sample pair consisted of at least two sequential samples taken in different trimesters.
Finally, we obtained 21 pairs between 1st and 2nd trimesters, 20 pairs between 1st and
3rd trimesters, and 19 pairs between 2nd and 3rd trimesters; the valid paired samples
were from 30 participants. The average time interval (range) of samples from the same
participant taken was 88 days (range: 48–126 days) between the 1st and 2nd trimester,
63 days (range: 35–118 days) between the 2nd and 3rd trimester, and 147 days (range:
91–196 days) between 1st and 3rd trimester, respectively (Table S1). We commissioned
hospital staff responsible for collecting these trimester-dependent matched samples during
pregnancy. The institutional review board of the Research Center for Eco-Environmental
Sciences and the First People’s Hospital of Wenling approved the study protocol prior to
the collection of samples.

2.2. Sample Pretreatment and Chemical Analysis

The extraction and purification of samples were mainly carried out according to the
procedures reported by Ben et al. [25]. In brief, the serum sample was spiked with 13C10-
labelled syn-DP and 13C10-labelled anti-DP (4 ng) as surrogate standards, then denatured
with hydrochloric acid and isopropanol, and ultrasonically extracted with a mixture of
methyl tert-butyl ether and hexane with three times repeats. The extracts were purified
by a multi-layer chromatography column, and were washed by a mixture of hexane and
dichloromethane. The eluent was concentrated to 20 μL for further analysis, and 13C12-
labelled CB-208 as the injection standard was added before injection.

The target compounds were determined by Agilent 6890 gas chromatography coupled
(Agilent Technologies Inc, Santa Clara, CA, USA) with 5973 low-resolution mass spectrome-
try (Agilent Technologies Inc, Santa Clara, CA, USA) in negative chemical ionization mode.
The detailed information on chromatographic separation and the monitored ion fragments
of target chemicals could be found in the reports of Ben et al. [25,28]. The method detection
limits (MDLs) were defined as three times the standard deviation (SD) of the concentration
(4 pg g−1) of the target compounds spiked into matrix blank samples (bovine serum). MDLs
were 0.8 pg g−1 ww and 0.14 ng g−1 lw for syn-DP, respectively. MDLs were 0.7 pg g−1 ww
and 0.12 ng g−1 lw for anti-DP, respectively. The recoveries of surrogate standards were
73–111% for 13C10-syn-DP and 65–108% for 13C10-anti-DP. The solvent blank, matrix blank,
and procedural blank were performed with each batch of samples, and no interferences
were found in these quality control samples.

2.3. Serum Lipid Contents and Blood Biochemical Parameters

Serum lipid contents could be obtained generally by two assays. One was calculated
according to blood lipid biochemical parameters (e.g., total cholesterol and total triglyc-
eride) [21], and the other was directly determined by the gravimetric method [33]. In the
present study, as TC and TG values in some blood samples were not available, a gravimetric
method was used to obtain the information for all participants. Levels of blood biochemical
parameters were obtained from the local hospital.

2.4. Data Analysis

All analyses were conducted using SPSS 23.0 (SPSS Inc., Chicago, IL, USA). The
Kolmogorov–Smirnov test was used to test the normality of the distribution of continuous
variables. The paired-sample t-test was used to compare the difference between log-
transformed inter-trimester levels of target compounds, as well as inter-trimester levels
of serum lipid contents and blood biochemical parameters. One-sample t-test was used
to compare the difference in blood lipid contents between data from our study and Barr’s
study [12]. Pearson correlation analysis was employed to examine the relationships among
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log-transformed inter-period concentrations. Partial correlation analysis was further used to
examine the influence of age and sampling day intervals on the correlation. p-values < 0.05
were considered statistically significant.

The change in serum concentrations and serum lipid contents were evaluated from
paired observations by trimesters. The change (ΔCi) were defined as the difference in
concentration between the later sample and the matched earlier sample, according to
Equation (1). In Equation (1), Cit represents value measured in a sample taken in trimester
t (where t = 2 or 3) for the ith participant. Cit′ represents value measured in a sample taken
in trimester t, (where when t = 2, t′ = 1; and when t = 3, t′ = 2 or 1) for the ith participant.

ΔCi = Cit − Cit′ (1)

The variation extent (P, %) was defined as Ci divided by Cit′, then multiplied by 100,
as expressed in Equation (2).

P = 100 × Ci/Cit′ (2)

3. Results

3.1. DP Concentrations in All Samples

Table 1 listed DP levels in all samples throughout pregnancy, based on wet-weight
(ww) and lipid-adjusted weight (lw). It was found that DP could be detected in all samples,
and the whole data set showed abnormal distribution. DPs in Table 1 referred to the sum
of syn-DP and anti-DP, and the median level was 5.01 ng g−1 lw and 30.5 pg g−1 ww,
respectively.

Table 1. Descriptive statistics for dechlorane plus (DP) and serum lipid contents measured in all
serum samples of pregnant women.

Compound
All Serum Samples

N Median Mean SD Range

Wet-weight (pg g−1)
syn-DP 75 7.56 17.7 33.1 1.26–199
anti-DP 75 21.4 54.6 109 6.76–602
∑DPs 75 30.5 72.3 142 8.12–801

Lipid-adjusted weight (ng g−1)
syn-DP 75 1.10 2.70 5.20 0.190–33.9
anti-DP 75 3.45 8.15 16.5 0.740–102
∑DPs 75 5.01 10.9 21.6 1.04–136

f anti 75 0.751 0.746 0.0653 0.440–0.845
Lipid contents(%) 75 0.670 0.691 0.192 0.330–1.17

N: The number of all serum samples in our study. SD: Standard deviation; Range: minimum to maximum.

Pan et al. [26] summairzed the DP body burden (median or mean value) in humans
from different countries or regions. It was found that the DP levels (Table 1) in this study
were within the range of those of the general population living near the contamination
sources, such as e-waste recycling areas [25,27,34], municipal solid waste incinerators [35],
and previous DP production areas [36]. The levels were higher than those of the general
population [35,37–41]. This was consistent with the fact that e-waste recycling activities
were an important source of DP for human exposure [35,37–41]. Moreover, the comparison
also suggested that pregnant Chinese women living in this area had a relatively high body
burden of DP. In addition, the highest levels of DP were found to be 136 ng g−1 lw in this
study, but Ben et al. reported that DP levels could be up to 900 ng g−1 lw in sera of pregnant
women and 89.7 ng g−1 lw in cord serum [25], and 590 ng g−1 lw in breast milk [25]. In
addition, placental transfer of DP in humans had been confirmed and DP concentration in
the cord serum was estimated to be 38% of that in the maternal serum [8]. These results
demonstrated that the bioaccumulation of DP could reach very high levels in pregnant
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women and their fetuses, urging the need to assess the health risk of pregnant women and
their fetuses/infants exposed to DP. Pregnant women and fetuses are sensitive to chemical
exposure, so these elevated levels indicated the need to assess the health risk of pregnant
women and their fetuses/infants exposed to DP.

3.2. Trimester-Related Characteristics of DP Concentrations
3.2.1. Trimester-Related Concentrations

The Kolmogorov–Smirnov test showed that the data set for trimester-related DP levels
(both ww and lw) did not conform to a normal distribution (p < 0.000). The median level of
DP in serum was 25.9 pg·g−1 ww in the 1st trimester, 31.1 pg·g−1 ww in the 2nd trimester,
and 33.0 pg·g−1 ww in the 3rd trimester of pregnancy, respectively (Figure 1B). After lipid
adjustment, the median level was 5.59 ng·g−1 in the 1st trimester, 5.01 ng·g−1 in the 2nd
trimester, and 4.30 ng·g−1 in the 3rd trimester, respectively (Figure 1A).

Figure 1. Box plot (minimum, 25% quartile, median, 75% quartile, and maximum; outliers were not
shown) of lipid-adjusted levels of DP (A), wet-weight levels of DP (B), blood lipid contents (C), and
f anti (D) of samples during three trimesters. (* trimester-related levels showed significant differences
at p < 0.05. The sample sizes for the first, second, and third trimesters were 26, 25, and 24, respectively).

3.2.2. Inter-Trimester Associations

A strong association was found between inter-trimester DP levels, whether wet-weight
basis or lipid-adjusted weight basis (p < 0.01, r > 0.675), as shown in Table 2. For the two
isomers, similar results could be found (p < 0.01). Age was believed to be an important
determinant of the body burden of persistent organic pollutants [22,42,43]. Moreover, day
intervals between two sequential samples were also perceived as an important factor affect-
ing the inter-period correlation coefficient [13,16]; however, our results of Partial correlation
analysis indicated that the correlations among trimesters still remained significant (p < 0.01)
(Table 2). Similar, significant inter-trimester correlations were also reported for other POPs
in most of the published literature (e.g., PCBs, OCPs, and PFCs), as summarized in Table S3.
It seemed to be a general rule that POP levels in sequential maternal blood samples had a
significant inter-trimester correlation.
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Table 2. Unadjusted/adjusted inter-period correlation of log-transformed trimester-related DP levels.

Unadjusted Adjusted Covariate a

1st–2nd 1st–3rd 2nd–3rd 1st–2nd 1st–3rd 2nd–3rd

Wet-weight (pg g−1) b

syn-DP 0.892 0.785 0.935 0.786 0.675 0.762
anti-DP 0.928 0.862 0.902 0.861 0.791 0.763
∑DPs 0.930 0.859 0.908 0.864 0.831 0.774

Lipid-adjusted weight (ng g−1) b

syn-DP 0.900 0.791 0.907 0.821 0.736 0.772
anti-DP 0.943 0.889 0.889 0.896 0.809 0.698
∑DPs 0.940 0.874 0.895 0.897 0.842 0.723

a Correlation coefficients after controlling age and sampling day intervals among samples. b All correlations are
significant at the 0.01 level (2-tailed).

3.2.3. Variation Patterns

Box plots in Figure 1A,B displayed the variation patterns of DP levels (logarithm
transformation) based on lipid-adjusted weight and wet weight, respectively. Based on
wet-weight form (Figure 1B), levels of DPs showed a small but significant increase as
the pregnancy continued (p < 0.05). Specifically, the levels in the 2nd and 3rd trimesters
were significantly higher than those in the 1st trimester (p = 0.009 and 0.002, respectively,
paired-samples t-test), and the levels in the 3rd trimester were also significantly higher than
those in the 2nd trimester (p = 0.040, paired-samples t-test); however, for lipid-adjusted
levels (Figure 1A), the median value was on a downward trend from the 1st to 3rd trimester,
but significant differences were not found for log-transformed levels (p > 0.05, paired-
samples t-test). The results indicated that lipid-adjusted levels of DPs showed a different
variation pattern from that of the wet-weight levels in sequential blood samples from
pregnant women.

3.2.4. Implications Based on Associations and Variation Patterns

Both inter-trimester associations and variation patterns of DP levels gave two implica-
tions about sampling strategies for in utero exposure to DP. The first one was related to the
frequency of blood samples taken from the same individual participant, and the other was
related to the time window for collecting a sample for different participants.

First, the strong inter-trimester associations of DP levels (both wet weight and lipid-
adjusted weight) observed in our study suggested that blood samples taken at one trimester
of pregnancy could act as a proxy for the other two trimesters when assessing in utero
exposure to DP. It was sufficient to make one single measurement of levels in sera taken
within a given time window. Then, the insignificant variation of lipid-adjusted DP levels
across trimesters suggested that regardless of the sampling time windows, a single sample
measurement based on lipid-adjusted levels could reflect DP exposure throughout gestation;
however, for assessment based on wet-weight levels, the sampling time window was
required to be within a narrow range because of the significant difference of wet-weight
levels by trimesters.

In any case, it should be kept in mind that when a single measurement was expected to
reflect DP exposure throughout gestation, the sampling time window based on wet-weight
levels should be different from that based on lipid-adjusted weight levels. It was more
flexible and practical to use lipid-adjusted DP levels to assess in utero exposure to DP due
to the unlimited collection time of blood samples.

3.3. Blood Biochemical Parameters and Effect on Variation of DP Levels
3.3.1. Blood Parameters and Trimester-Related Characteristics

Biochemical parameters of maternal blood provided by the local hospital, including
total cholesterol (TC), total triglyceride (TG), high-density lipoprotein (HDL), low-density
lipoprotein (LDL), apolipoprotein A (Apo-A), apolipoprotein B (Apo-B), lipoprotein a
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[Lp(a)], hemoglobin (Hb), albumin (ALB), and creatinine (Cre) are listed in Table S2. These
listed parameters reflected the lipid/protein profiles and blood volume of the pregnant
women. The average values of the lipid-related parameters, including TC, TG, Apo-A, Apo-
B, and Lp(a), were above or at the top of the reference intervals, while those for Hb, ALB,
and Cre, were on the bottom of the reference intervals. The relatively higher lipid-related
parameters in pregnant women are believed to be related to the need for more energy
supply for mothers and fetuses during pregnancy [14,19,21]. The observed decreases in
maternal serum Hb, ALB, and Cre might be associated with pregnancy-related increases
in body and blood volume [18,44,45]. Table S2 shows the trimester-related data of these
biochemical parameters. TC, TG, and Apo-B significantly increased (paired-sample t-test,
p < 0.05). In contrast, the non-lipid parameters (e.g., Hb and ALB) showed a significantly
decreasing trend (paired-sample t-test, p < 0.05). The results supported the occurrence
of maternal physiological changes by trimesters, and distinct variation patterns for lipid-
related and non-lipid biochemical parameters. Because of the small paired-sample size,
data from the 2nd trimester were not included for comparison.

The data of lipid contents conformed to normal distribution. As a whole, the value
varied from 0.330% to 1.17%, with 0.691 as the mean value across trimesters (Table 1).
The average value (0.691%) was significantly higher (p < 0.000, one-sample t-test) than
that in the general population (0.5–0.6%) [12]. Then, the average value in the 1st, 2nd,
and 3rd trimesters was 0.567%, 0.696%, and 0.820%, respectively. As shown in Figure 1C,
trimester-related lipid contents increased gradually and showed significant differences
between each other by paired-sample t-test (p = 0.001 between the 1st and 2nd trimester,
p < 0.001 between the 1st and 3rd trimester, and p = 0.018 between the 2nd and 3rd trimester,
respectively). The increasing tendency of lipid contents during pregnancy was consistent
with practical experiences and the reports from other published literature [12].

In short, since the distribution and redistribution of DP in humans might be driven by
both blood lipids and proteins [26,27], the trimester-related variation of blood parameters
in the circulatory system implied the possible change of DP levels as pregnancy proceeded.

3.3.2. Effect of Blood Biochemistry Parameters on Variation of DP Levels

DP showed certain specific distribution behaviors among human tissues with the
preferential accumulation in the blood compared to adipose tissue, placental, and breast
milk [8,27], implying the potential strong interaction with blood lipids and non-lipids
compositions. Importantly, it had been suspected that both lipid and non-lipid factors in
the bloodstream might exert an important impact on the variation of POP levels during
pregnancy [18,24]. Our study found that lipid-adjusted DP levels by trimesters were very
close to each other (Figure 1A) (p > 0.05), while the wet-weight levels increased in parallel
with the increase in lipid contents during pregnancy (Figure 1B,C). The stable lipid-adjusted
DP levels across pregnancy indicated that lipid content could almost completely correct
the differences in inter-trimester DP wet-weight levels; therefore, change in blood lipid
contents during pregnancy was the major factor resulting in a change in wet-weight DP
levels. Adipose tissue was considered the main sink of DP in humans [26]. The mobilization
of store lipids during pregnancy with concomitant redistribution of DP from adipose tissue
to the circulatory system might increase serum wet-weight DP concentrations as pregnancy
gestation. Hansen et al. [14] found a similar phenomenon in organochlorines (OCs), with
wet-weight levels and lipid contents peaking at birth, then this peak disappeared when
OC concentrations were adjusted by lipid contents. Hansen et al. [14] believed that the
wet-weight OC levels during gestation might be driven by physiological lipids.

In addition, we found a distinct difference in the various patterns of the wet-weight
levels between PFCs and PCBs/OCPs, as summarized in Figure 2. The wet-weight serum
levels of PFCs usually showed a trimester-related decrease [16–18], while the wet-weight
levels of PCBs/OCPs usually showed a trimester-related increase [15,23,24]. It was well
known that PFCs were apt to bind to serum albumin [28,29], whereas PCBs/OCPs showed
a strong dependence on blood lipids [14]. With the progress of pregnancy, the decreased
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albumin levels and increase in blood volume might reduce the redistribution of PFCs in
the bloodstream, resulting in decreasing wet-weight levels [16]. In contrast, the increasing
lipid contents during pregnancy might cause the elevated redistribution of PCBs/OCPs
in maternal blood, leading to an increase in serum wet-weight levels [14]. DP showed a
similar variation pattern with PCBs/OCPs rather than PFCs, likely ascribing to its more
similarity in lipophilicity with PCBs/OCPs. Although the interaction of DP with certain
proteins in the bloodstream (e.g., serum lipoproteins and albumin) might play an important
role in its distribution in humans [26,27], the lipid-adjusted DP levels by trimesters did not
significantly differ from each other, implying that non-lipid factors in blood circulatory
system might not dominantly affect the variation patterns of DP levels.

Figure 2. Variation extent (%) of DP in this study and other POPs in published literature. (The grey
“�” represents the variation extent of DP in this study, and the blank “�” represents the variation
extent of POPs in published literature, detailed information is available in Table S3. The left part of the
dotted line represents the levels of DP and POPs based on wet weight, and the right part of the dotted
line represents the levels of DP and POPs based on lipid-adjusted weight. The horizontal dotted lines
represent the range of POP variation extents based on wet-weight and lipid-adjusted levels.).

In short, the results demonstrated that changes in DP levels observed during pregnancy
were associated with variation in blood lipids to a great extent.

3.4. Stereo-Selective Profile of DP during Pregnancy

The stereo-selective profile of two DP isomers was examined by the fraction of anti-DP
(anti-DP/∑DP, f anti). In the present study, f anti values were not normally distributed, so that
paired samples t-test was used to examine the difference in f anti values between trimesters.
As shown in Table 2, the median value of f anti in all sera was 0.751, which was within the
data range for the general population [25]. Furthermore, the median value in the 1st, 2nd,
and 3rd trimester was 0.758, 0.744, and 0.760, respectively. No significant difference among
the three gestational stages was found (p > 0.05) (Figure 1D), suggesting that stereo-selective
DP bioaccumulation in maternal blood did not occur as a result of pregnancy. Note that
the stereoselective bioaccumulation of DP isomers during transport from mother to fetus
has been documented [25]. These suggested that both maternal physiological changes
during pregnancy and the occurrence of transplacental transport of DP were not enough to
influence the status of its stereoselective bioaccumulation in maternal blood.
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3.5. Variation Extents in Levels of DP and Other POPs across Gestation
3.5.1. Variation Extent of DP

The variation extent of levels in sequential blood specimens for specific POPs was
helpful to outline the fluctuation power of levels across pregnancy. The variation extent of
trimester-related DP levels was calculated based on Equations (1) and (2) and the results
are displayed in Figure 2. As a result, the median variation extent of wet-weight levels was
30% between the 1st and 2nd trimester, 41% between the 1st and 3rd trimester, and 15%
between the 2nd and 3rd trimester, respectively. Based on lipid-adjusted levels, the median
value of variation extent was −13%, 20%, and 6%, respectively. Obviously, variation extents
based on lipid-adjusted DP levels were less than those based on wet-weight levels, further
confirming the effect of blood lipids on DP levels across gestation. In short, it was found
that DP levels across trimesters of pregnancy varied by no more than 41% (Figure 2),
whether based on wet-weight or lipid-adjusted weight.

3.5.2. Variation Extent of Other POPs

There have been a dozen studies to investigate the variation of POP levels in sequential
maternal blood samples across pregnancy [13–18,21–24,37,46–49]. Unfortunately, most
published literature focused on the level differences (significant or insignificant) and/or
variation patterns (increasing, decreasing, or stable), discussion on the variation extent
in POP levels throughout pregnancy was restricted [16,21,23]. To better understand the
variation details across pregnancy, we calculated the variation extent of POP levels reported
in the published literature according to Equations (1) and (2); however, since only statistical
descriptions of POP levels (e.g., mean value, median value, or geometric mean value) were
available in the published literature, the statistical values (detailed information available
in Table S3), were used to estimate the variation extents. In order to reflect the maximum
variation extents of POP levels across pregnancy, the variation extents listed in Figure 2
were calculated by levels from the sequential serum samples with the longest sampling
time intervals in the literature. For example, Adetona et al. [23] collected three batches of
matched blood samples in the first, second, and third trimesters of pregnancy. The values
presented in Figure 2 were data only related to the 1st and 3rd trimesters.

Figure 2 shows that the variation extents based on the lipid-adjusted levels of POPs
were negatively limited to 37% and positively limited to 35%, respectively. Variation extents
based on wet-weight levels were limited to 75% negatively and 102% positively in all but
two studies [48,50]. The largest variation extent of the DDT levels, about 300% as reported
by Tasker et al. [48], might be due to the concentrations close to its limitation of detection.
In the report of Curley et al. [50], sequential maternal blood samples were taken from
only five females, and the levels of both o,p’-DDT and o,p’-DDE, varied widely among
individual donors. Nevertheless, Curley et al. only reported the mean value of levels in the
same period; the data listed in Figure 2 were calculated by the mean value and possibly
contributed to the large variation extents.

Clearly, regardless of wet-weight basis or lipid-weight basis, the variation extent of
the POP levels did not exceed 100% for almost all individual compounds reported in
the literature.

3.5.3. Implication from Variation Extents

The limited variation extent found in Figure 2 (Table S3) indicated a limited misclas-
sification risk for POP exposure when a single measurement without information on the
sampling time window of samples was used. As a result, this observation could inform
the appropriate application of sampling strategy to assess in utero exposure to POPs in
certain cases. For example, the sampling strategy might be a single measurement without
specific sampling time windows for screening purposes. Notably, the reported compounds
were limited to PCBs, OCPs, and PFCs in the literature and DP in this study. In addition,
the variation extent from the published literature was calculated by statistical values, not
by the inter-trimester levels of each participant. Additional studies are needed to insight-
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fully investigate the variation patterns and variation extent of more POPs to generalize
this principle.

3.6. Limitations

Although the sampling period covered three trimesters of pregnancy in our study, the
days of sampling time intervals between the 1st and 3rd trimester was only 147 (35–196)
days (about half of the gestational period). As a result, the relatively short time intervals
in this study might restrict our understanding of the full information on the variation in
DP levels across the whole pregnancy period (10-month intervals or more). In addition, in
terms of the results in Figure 2, it was found that the homologous group of compounds or
even the same individual compounds did not subject to uniform variation patterns of levels
in different literature [14–18,22–24,37]. These differences might be ascribed to maternal
weight gain [20,21], the time since peak exposure (past, recent, and current) [14], as well
as baseline concentrations [13,22]. Unfortunately, no information on these factors was
available in this study, limiting further discussion of their effect on levels during pregnancy.

4. Conclusions

In summary, a single measurement could be used to assess in utero exposure to DP,
whether based on wet-weight levels or lipid-adjusted levels. The accurate evaluation
results based on the lipid-adjusted levels could be obtained regardless of the sampling
time window of serum samples; however, the assessment results based on wet-weight
levels were reliable only when the serum sampling time was limited to a narrow window.
Furthermore, the limited variation of period-related levels was found for DP and other
POPs, suggesting that it is feasible to use a sample of pregnant women to roughly evaluate
in utero exposure risk, regardless of the sampling time window and how the levels were
expressed (lw or ww). Stereoselective behaviors of DP isomers in maternal sera did not
occur during pregnancy. In conclusion, these results will serve to design an appropriate
sampling strategy for assessing in utero exposure to DP. Additional factors need to be
considered in future studies, including the time span throughout gestation for sequential
blood samples and full information on physiological changes during pregnancy.
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Abstract: Because of its toxicity and impacts on the environment and human health, bisphenol A
(BPA) has been controlled in numerous industrialized nations, increasing demand for bisphenol
analogues (BP) for its replacement. However, the consequences of these chemicals on the environment
and the health of persons exposed to their emissions are still being researched. The emissions from
polypropylene manufacturing facilities in Colombia and Brazil were evaluated in this study, and the
presence of bisphenol A and four BPs was detected among the gaseous compounds released, with
total concentrations of BPs (∑BP) between 92 and 1565 ng g−1. As the melt flow index (MFI) of the
polymer rises, so does the quantity of volatiles in its matrix that are eliminated during deodorization,
indicating that the MFI and the amount of bisphenol released have a directly proportional connection.

Keywords: bisphenol A; bisphenol analogues; emissions; polypropylene

1. Introduction

Bisphenol A (2,2-bis-(4-hydroxyphenyl)-propane; BPA), its derivatives, and analogues
are chemical products that are part of the compounds with two hydroxyphenyl functional
groups in their chemical structure [1]. With a production of more than 5 million tons per
year, BPA is one of the most produced products among bisphenols (BPs) [2] and is widely
used as a raw material in various plastics (powder paints, polycarbonate plastics, epoxy
resins, and paper coatings). However, BPA can be considered as one of the most important
industrial additives in the production of resins; it is a highly polluting substance mainly
generated by effluents from the plastic industry, leachate from plastic waste deposited
in landfills, electronic waste, industrial painting, and BPA production [3]. This chemical,
together with toxic dyes and nonylphenol, is filtered into the environment due to the natural
degradation and decomposition of synthetic plastics, reaching concentrations of BPA of up
to 100 mg L−1 in water at lethal concentration 50 (LC50) or effective concentration 50 (EC50)
of 10 mg L−1 in water effluents from plastic production activities [4,5].

The effects of BPA on human health and the environment have been extensively
studied, leading to the determination that this substance is responsible for disrupting the
normal functions of hormones [6]. These compounds are known as endocrine-disrupting
chemicals (EDC), since they are responsible for altering the functioning of estrogenic and
androgenic hormones and are commonly found among the contaminants identified in
soils and in bodies of water [7]. The negative effects of bisphenol A on the development
of the human neuronal, cardiovascular, immune, and metabolic systems have also been
reported [8,9], which is why the use of this substance has been limited or prohibited
in many countries, and bisphenol analogues have been implemented as a solution to
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this problem [1,10]. However, these compounds have been considered toxic; several
studies have evaluated their effects on human health, and it is considered a possible
genotoxin. It has even been evidenced in human blood, urine, and breast milk, evidencing
the long exposure they have inadvertently had to this compound [11–13]. Therefore, the
identification and quantification of new sources of generation and new derivatives of BPA
not reported in the literature are important in order to have a greater inventory of their
sources of origin and propose greater regulations for their application. Several studies have
investigated the occurrence and profiles of BPs in sediments, indoor dust, paper products
(e.g., currency), and human urine [14,15]. Reports of ambient levels of BPs in gaseous
emissions from PP-producing plants are scarce, focusing on countries such as the United
States, China, Japan, and Korea [1,16].

Colombia and Brazil are countries that have polypropylene production plants which
have been previously studied for the detection, identification, and quantification of the con-
centration of contaminants that are of interest and can affect the health of the surrounding
inhabitants [17–24]. This allows us to observe that the development of analytical methods
to identify and quantify other types of contaminants, such as bisphenols, for example,
is becoming increasingly relevant in order to publicize the levels of these contaminants,
which can subsequently be regulated and controlled to guarantee greater sustainability
of the regions. It is imperative to assess the contribution of BP emission pathways to
the environment in order to delineate the environmental fates, risks, and management of
these chemicals.

In this study, gaseous emissions from polypropylene production plants in Colombia
and Brazil are evaluated to identify the presence of BP. The samples were taken during
the production of polypropylene with different melt flow indexes to determine if this
influences the amount of BPs emissions during the removal of volatile compounds in the
deodorization column, using analysis techniques such as solid phase extraction (SPE) and
high-performance liquid chromatography (HPLC) for the detection of bisphenols.

2. Materials and Methods

2.1. Sampling Sites

The selected polypropylene plants are situated in the industrial zones of Colombia and
Brazil. The four key steps of the manufacturing process of PP are: 1. reception, purification,
and storage of raw materials; 2. polymerization; 3. addition, extrusion, and pelletizing;
and 4. desorber, as shown in Figure 1. The study focuses on the fundamental processes of
deodorization. The gaseous samples are collected at the top of the desorber. The desorber
works with water vapor ranging from 600 to 1200 kg h−1 and steam ranging from 120
to 140 ◦C.
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Figure 1. Polypropylene production stages and sampling points.

2.2. Sample Collection

The study was conducted during the manufacturing of three classes of PP with MFIs
of 5, 50, and 80. Polypropylene samples with this MFI were used because it was shown in
previous studies that the value of this characteristic of PP influences the amount of volatile
compounds present in the polymeric matrix, following the methodology explained by
J. Hernández (2020) [17].

The desorber produced effluent from the desorption of six grades of PP. Because of the
construction of the column, each grade of PP took 4 h to desorb in the desorber. To have
a better understanding of the stability of the process, samples were obtained in triplicate
every hour. This allowed the variability of the desorber to be evaluated, as well as the
influence of time spent in different phases of the process and the migration of the phenols
to the condensates.

One meter away from the highest point of the column is where the sample point for
the desorber is situated. This point features a nipple and a steel tube in the shape of a flute
with a longitude equal to the diameter of the column. This flute features 20 evenly spaced
orifices, allowing sampling of more than 95% of the diameter of the column. The end of the
flute has two outlets, one of which is attached to a vacuum pump that operates at a constant
pressure and the other to a metal cylinder that is coated in sulfurite. With the help of this
system, it is possible to collect an isokinetic sample such that each of the 20 orifices receives
the same quantity of sample due to equal pressure. A representative isokinetic sample is
ensured by the 20 orifices, which allow more than 95% of the laminar flow of gases from
the column to enter. The gases are mingled within the flute of each orifice before being later
collected into the sulfurite-lined interior of the steel cylinder. For this investigation, a total

281



Molecules 2022, 27, 4832

of 72 gaseous samples—each obtained in triplicate—were used. The desorber allowed each
grade of PP to desorb for 4 h.

2.3. Instrumental Analysis

BP structures of interest are shown in Figure 2. For the development of the analysis,
the procedure of Sunggyu L. et al. (2015) [25] was followed. An Applied Biosystems API
2000 electrospray triple quadrupole mass spectrometer (ESI-MS/MS; Applied Biosystems,
Foster City, CA, USA) and an Agilent 1100 Series HPLC (Agilent Technologies Inc., Santa
Clara, CA, USA) outfitted with a binary pump and an autosampler were used to measure
the concentrations of BPs in sample extracts. For LC separation, a Javelin guard column
(Betasil C18, 20 × 2.1 mm) was attached to an analytical column (Betasil C18, 100 × 2.1 mm;
Thermo Electron Corporation, Waltham, MA, USA). The injection has a 10 L volume. With
a gradient as follows, the mobile phase consisted of methanol and water flowing at a rate
of 0.3 mL min−1: 15 percent methanol for the first two minutes; 15–50 percent methanol
for the next five minutes; 50 percent methanol for the next eight minutes; 90–99 percent
methanol for the next twenty minutes; and 15 percent methanol for the final thirty minutes.
It was performed using the negative ion multiple reaction monitoring (MRM) mode. By
injecting several substances into the mass spectrometer using a flow injection technique, the
MS/MS settings were tuned. Both the impact gas and the curtain gas were nitrogen. The
quantification was performed using an external calibration technique, and it was adjusted
for C12-BPA recoveries [25].

 
Figure 2. Structures and identifications of the BPs of interest.
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2.4. Treatment of Samples Based on SPE
2.4.1. Pretreatment

The work sample was blended and cooled at 25 ◦C before being filtered through
a 0.22 m PTFE Teflon filter to aid in further sample preparation and limit microbial activity.

2.4.2. Preconcentration and Cleaning

Conditioning of Strata X-33 cartridges (6 mL, 500 mg) was conducted at this step using
5 mL of MeOH followed by 5 mL of distilled water. After that, 15 mL of the material was
uploaded at a rate of 1 mL per minute. After percolating the entire sample, the cartridges
were rinsed with 3 mL of MeOH:H2O 80:20. The chemicals retained in the solid phase were
eluted with 10 mL of ACN. The eluate was evaporated until dry using a nitrogen stream at
5 psi. The finished extract was reconstituted with ACN to a final volume of 1 mL, yielding
a 10:1 pre-concentration [17].

2.5. Quality Assurance and Quality Control (QA/QC)

Spiked blanks and matrix-spiked samples were frequently tested to confirm the ana-
lytical approach utilized in our investigation. BP recoveries in spiked blanks (n = 4) varied
from 75.4 to 1.44 percent (mean SD) for D-BPA-1, and 256 to 1.32 percent for D-BPA-2 (30 ng
for each compound and 20 ng for C12-BPA). BP recoveries in matrix-spiked samples (n = 4)
varied from 45.3 to 1.7 percent for D-BPA-3 and 325 to 5.14 percent for D-BPA-4 (30 ng
for each individual component and 20 ng for C12-BPA). The lowest admissible calibration
standard and a notional sample weight of 0.1 g were used to compute the limit of quan-
titation (LOQs). The computed LOQs for BPA, D-BPA-1, and D-BPA-2 were 0.40 ng g−1;
0.9 ng g−1 for D-BPA-3; and 1.5 ng g−1 for D-BPA-4. After every 20 samples, a midway
calibration standard was injected to assess for drift in instrumental sensitivity. A pure
solvent (methanol) was injected at regular intervals to check for BP carryover between
the samples examined. The daily injection of 10 calibration standards at concentrations
ranging from 0.01 to 250 ng mL−1 confirmed the instrumental calibration, and the linearity
of the calibration curve (r) was more than 0.99 for each of the target compounds. BP
concentrations are reported as a dry weight (dw).

To perform statistical analysis, concentrations below the LOQ were assigned a value
of one-half of the corresponding LOQ rather than a zero value for the computation of
the mean and median. To investigate variations in BP concentrations across three distinct
PP types, a one-way ANOVA with Tukey’s test was used. To analyze differences in BP
concentrations throughout the manufacturing of three classes of PP with fluidity indices
(MFI) of 5, 50, and 80, a one-way ANOVA with Tukey’s test was used [25].

3. Results

Occurrence and Concentrations of BPs in Atmospheric Emissions

BPs concentrations in atmospheric emissions collected from PP production plants in
Colombia and Brazil are summarized in Table 1. The sampling points were established with
alphanumeric codes that contained the letter of each country and the MFI of interest. For
Colombia, the sampling points for BP analogue emissions were EC-MFI5, EC-MFI50, and
EC-MFI80, thus guaranteeing the taking of gaseous samples when this plant was producing
PP with an MFI of 5, 50, and 80, respectively. For the sampling of emissions at the plant in
Brazil, points EB-MFI5, EB-MFI50, and EB-MFI80 were selected. The concentrations of total
BPs (BPs; the sum of 5 bisphenol analogues) ranged from 92 to 1565 (average: 628) ng g−1 dw.
BPA and all its analogues presented detection rates (RD) of 100% in all the samples studied,
and this was independent of the type of MFI of PP that was synthesized. The average concen-
trations of the BPs detected in simple emission gas were in the order of BPA (338.56 ng g−1

dw), D-BPA-1 (131.32 ng g−1 dw), D-BPA-2 (51.97 ng g−1 dw), D-BPA-3 (62.07 ng g−1 dw),
and D-BPA-4 (42.67 ng g−1 dw), indicating that BPA is a by-product of the degradation of PP
in this type of industrial process. Between the two sampling points in Colombia and Brazil
and under the three different sampling conditions at each plant, the highest concentrations
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of BPA were found in the industrial emissions from the Brazil plant during the production
of PP with an MFI of 80 (mean: 980.59 ng g−1 dw), followed by the emissions of this same
plant with a production of MFI of 50 (708.11 ng g−1 dw) and the emissions of the Colombia
plant when it produced PP with an MFI of 80 (670.83 ng g−1 dw). Our results suggest that
environmental contamination by BPs in South America has a very significant contribution
from industrial activities rather than domestic activities and, therefore, corrective measures
must be taken in a very short time. The concentrations of BPA, D-BPA-1, and D-BPA-3 in
all gas emissions samples from PP production plants in South America ranged from 45 to
947 (average: 338.556) ng g−1 dw, from 15 to 542 (average: 131.32) ng g−1 dw, and from 16
to 124 (average: 62.07) ng g−1 dw, respectively.

Table 1. Concentrations of bisphenol analogues (ng g−1 dry weight) in atmospheric emissions from
PP production plants in Colombia and Brazil.

Country
Sampling

Point
Parameters BPA D-BPA-1 D-BPA-2 D-BPA-3 D-BPA-4 ∑BPs

Colombia

EC-MFI5

Production MFI 5
(n = 16)
Mean 239.71 83.29 21.81 27.29 16.97 389.07

Median 214 64 16.7 25.9 13.2 393.7
Range 45–546 15–341 0.57–81.6 15.6–43.5 4.26–51.6 92.45–976.75

DR 100 100 100 100 100 100

EC-MFI50

Production MFI 50
(n = 16)
Mean 264.88 104.06 49.14 52.68 16.97 487.72

Median 246 88 46.6 49.4 13.2 510.9
Range 73–576 26–421 1.85–134.5 29.3–75.3 4.26–51.6 160.16–1129.15

DR 100 100 100 100 100 100

EC-MFI80

Production MFI 80
(n = 16)
Mean 324.76 136.35 78.72 86.51 44.49 670.83

Median 345 99 76.9 91.6 34.6 698.6
Range 95–624 42–542 6.5–172.5 46.7–121.1 19.4–99.7 337.6–1383.4

DR 100 100 100 100 100 100

Brazil

EB-MFI5

Production MFI 5
(n = 16)
Mean 301.01 105.53 35.09 45.66 35.99 523.28

Median 316 87 34.6 42.1 33.9 530
Range 79–615 34–369 2.43–99.3 31.2–74.3 9.75–81.3 186.75–1123.2

DR 100 100 100 100 100 100

EB-MFI50

Production MFI 50
(n = 16)
Mean 377.12 151.71 51.13 70.41 57.75 708.11

Median 419 141 46.5 66.5 55.6 699.8
Range 99–721 49–455 4.65–112.1 47.6–99.2 25.4–98.4 308.05–1339.7

DR 100 100 100 100 100 100

EB-MFI80

Production MFI 80
(n = 16)
Mean 523.88 207.00 75.95 89.90 83.86 980.59

Median 536 196 75.3 88.5 77.2 1002.6
Range 184–947 75–523 10.8–201.5 66.2–124.3 46.5–142.5 430.5–1565.1

DR 100 100 100 100 100 100

Total (n = 40)

Mean 338.56 131.32 51.97 62.07 42.67 626.60
Median 294 99 44.35 64.8 35.5 542.95
Range 45–947 15–542 0.6–201 16–124 4–142 92–1565

DR 100 100 100 100 100 100

In both the Colombian and Brazilian plants, the concentrations of BPA and its ana-
logues varied significantly in the PP production samples, with MFIs of 5, 50, and 80. The
fluidity and crystallinity of the material increases as the MFI value increases. The PP of
MFI of 80 has shorter chains in its structures, and this makes the content of volatiles in its
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polymeric matrix higher. Therefore, it would be expected that during the PP deodorization
process, additive residues or PP degradation by-products can be more easily removed from
the polymer matrix. The results allow us to observe that the means of the total emissions
of BP in Colombia were 389.07, 487.72, and 670.83 ng g−1 dw, respectively, being directly
proportional to the MFI values. In the Brazilian plant, the same relationship of BP with MFI
was also observed, except that the concentrations of BPs were higher at 523.28, 708.11, and
980.59 ng g−1 dw, respectively.

Concentrations of BPA, D-BPA-1, D-BPA-2, D-BPA3, and D-BPA-4 were 9.5, 19.95,
55.62, 48.19, and 0% higher, respectively, in emissions from the Colombia plant during
production of a PP MFI50 compared to the production of a PP MFI5, as seen in Figure 3.
Regarding the production of MFI80, the increases were 26.19, 38.91, 72.30, 68.45, and 61.87%
higher than the emissions in MFI5. These significant differences could be appreciated when
comparing only the variation in the fluidity of the PP. However, when comparing the plant
in Colombia with the one in Brazil, we also noticed important differences, and this can
be seen for each BPA analogue. In this way, the results in the plant in Brazil were always
20% higher than in the plant in Colombia. For MFI5, the values of BPA, D-BPA-1, D-BPA-2,
D-BPA3, and D-BPA-4 were 20.37, 21.07, 37.85, 40.23, and 52.85% higher, respectively, in
the Brazilian plant. During the production of MFI50, differences greater than 25% were
observed for BPA, D-BPA-1, D-BPA3, and D-BPA-4, while for D-BPA2, the difference was
only 3.89%. During the production of MFI80, emissions in Brazil exceeded 34% for BPA,
D-BPA-1, and D-BPA-4, while the difference for D-BPA2 and D-BPA3 was only 3.65 and
3.78%, respectively.

Figure 3. Comparisons of the % of BPA, D-BPA-1, D-BPA-2, D-BPA-3, and D-BPA-4 in Colombia
and Brazil.

The values obtained in bisphenol emissions have not been reported before for petro-
chemical plants. However, when compared with the data obtained in other studies of
bisphenol emissions in homes, offices, and urban and residential areas, it is evident that the
results obtained are superior to those obtained in Greece, Spain, and Romania [26–28]. In
a study carried out by Wang et al. (2015) [26], dust samples were taken inside houses in
different countries, including Colombia, which obtained values similar to those reported
(500 ng g−1).

The values obtained in this study are worrying. These emissions are made every day
of production and are dispersed in the environment, affecting the surrounding population
without their knowledge. There are no regulations in these countries on the limit of
exposure and emission of BPs allowed to control these compounds. These studies are
important because there are no controls on these components. In addition, these companies
do not record the BPs concentrations found in this study, which indicates that they may be
a product of the decomposition of additives during the production of polypropylene.
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4. Conclusions

This is the first industrial-scale investigation on the detection of bisphenols in the
polypropylene process. This enables the evaluation of the phases and equipment where
bisphenol emissions occur. Furthermore, the detection of compounds similar to bisphenol
A makes it possible to evaluate the effects of these bisphenol A substitutes on humans
in industrial areas, since the concentrations found and constant exposure to it can cause
harmful effects in workers, and protocols to ensure their health are recommended.
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Abstract: Organotin compounds (OTCs) are among the most hazardous substances found in the
marine environment and can be determined by either the ISO 23161 method based on extraction
with non-polar organic solvents and gas chromatography analysis or by the recently developed
QuEChERS method coupled to liquid chromatography-mass spectrometry (LC-MS/MS). To date, the
QuEChERS LC/MS and ISO 23161 methods have not been compared in terms of their fit-for-purpose
and reliability in the determination of OTCs in bottom sediments. In the case of ISO 23161, due to
a large number of interferences gas chromatography-mass spectrometry was not suitable for the
determination of OTCs contrary to more selective determination by gas chromatography with an
atomic emission detector. Moreover, it has been found that the derivatization of OTCs to volatile
compounds, which required prior gas chromatography determination, was strongly affected by the
sediments’ matrices. As a result, a large amount of reagent was needed for the complete derivatization
of the compounds. Contrary to ISO 23161, the QuEChERS LC-MS/MS method did not require the
derivatization of OTC and is less prone to interferences. Highly volatile and toxic solvents were not
used in the QuEChERS LC-MS/MS method. This makes the method more environmentally friendly
according to the principles of green analytical chemistry. QuEChERS LC-MS/MS is suitable for fast
and reliable environmental monitoring of OTCs in bottom sediments from the Odra River estuary.
However, determination of di- and monobutyltin by the QuEChERS LC-MS/MS method was not
possible due to the constraints of the chromatographic system. Hence, further development of this
method is needed for monitoring di- and monobutyltin in bottom sediments.

Keywords: bottom sediments; environmental monitoring; Odra River estuary; organotin compounds;
trueness; verification

1. Introduction

Organotin compounds (OTCs) belong to the most hazardous substances found in
marine environments. The most common OTCs include tributyltin (TBT), triphenyltin
(TPhT), monobutyltin (MBT), and dibutyltin (DBT). MBT and DBT are degradation products
of TBT [1]. The main sources of TBT and TPhT contamination are antifouling paints that are
widely used in the marine industry for the protection of ship hulls and marine structures
as well as pesticides used for the preservation of wood, paper, textiles, leather, and plastics.
Although the application of OTCs in antifouling coatings has been banned since 2008, the
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compounds are still present in the environment due to their wide industrial applications
(especially in the production of polyurethane foam and silicons) [2,3]. OTCs are introduced
into the environment by effluents from wastewater treatment plants. Moreover, the results
of many studies indicated the historical contamination of sediments in coastal areas of
Poland, especially in the vicinity of harbors and shipyards [4–6].

Due to the lipophilic properties of OTCs (logP ≈ 4), routine extraction of organotin
compounds from soils, sediments, and sludges is conducted by the use of non-polar
organic solvents such as hexane or dichloromethane, frequently with a complexing agent
such as tropolone or polycarboxylic acids [7,8]. Recently, to improve extraction efficiency,
several sample preparation methods have been developed such as accelerated solvent
extraction, microwave extraction, liquid-phase microextraction, solid-phase extraction, and
solid-phase microextraction [9]. Those methods allow one to reduce solvent consumption,
shorten preparation time, improve recovery, and decrease the limits of detection. The
ultrasound-assisted solvent extraction of OTCs from bottom sediments is a well-known
ISO standard method [10].

The isolated OTCs are mainly analyzed by gas chromatography (GC) coupled with
mass spectrometry (MS), flame photometric detectors, atomic emission detectors (AED), or
inductively coupled plasma mass spectrometry [9]. However, OTCs require the derivatiza-
tion of volatile compounds before their determination by GC-based methods. The most
common derivatization procedures include conversion with alkyloborates (e.g., NaBEt4),
Grignard reagents, or borohydride species (e.g., sodium borohydride—NaBH4). Regardless
of the particular derivatization method, this step is prone to error, tedious, and laborious.
Additionally, very toxic and expensive chemical agents are used during the derivatization
procedure. As a result, the methods based on derivatization do not follow the rules of green
analytical chemistry (GAC). According to GAC rules, the amount of chemicals and samples
consumed during an analytical procedure is strongly restricted. Thus, analytical methods
without the derivatization step are preferred [11,12]. The recently developed QuEChERS
extraction method combined with liquid chromatography coupled with tandem mass
spectrometry for the determination of OTCs in bottom sediments meets GAC rules [6,13].
In comparison to the standard method ISO 23161:2018, QuEChERS extraction requires a
smaller amount of solvent and chemical agents as well as a lower mass portion of a sample.
Extraction of OTCs by QuEChERS also takes less time than other methods.

Although concentrations of OTCs in sediments are generally higher than in the water
column [14], the determination of OTCs is very difficult. Bottom sediments contain a
large number of compounds, in many cases with high molecular mass that are extracted
together with OTCs. As a result, a lower recovery, reliability, and accuracy of the method
are frequently observed. Moreover, the derivatization of OTCs to volatile compounds is
very ineffective due to the decomposition of the derivatization reagent or its side reac-
tions with co-extracted matrix constituents [15]. Thus, a comprehensive comparison and
fit-for-purpose assessment of two analytical methods for the determination of OTCs in
bottom sediments is the subject of this study. The QuEChERS extraction method com-
bined with LC-MS/MS is compared with the solvent extraction method combined with
GC-MS and GC with atomic emission detector (AED) [10]. Additionally, BCR 646, a ref-
erence material, as well as 10 sediments collected from the Odra River estuary area, SW
Baltic Sea, were used for testing the comparability and fit-for-purpose assessment of the
aforementioned methods.

2. Results and Discussion

The subject of the study was the comparison of the standard method ISO 23161 for
the determination of OTCs in bottom sediments with the newly developed QuEChERS
LC-MS/MS method. This is a continuation of our earlier studies on the application of
the QuEChERS method for OTCs determination [6]. Detailed comparisons of extraction
procedures and separation parameters are presented in Tables S1 and S2. In the case of
ISO 23161, acid extraction and subsequent derivatization with tetraethylborate are applied
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in the determination of tin compounds. This method required a larger amount of sediment
(at least 1 g d.w.), whereas, in the case of QuEChERS extraction, 125 mg d.w. of the sample
amount was enough for the analysis. Analyzing organic tin compounds according to the
ISO method requires also a higher amount of reagents. Thus, the cost of the single analysis
seems to be higher in comparison to the QuEChERS LC-MS/MS method. Additionally,
hexane as the analyte extractant is used in the ISO method. The application of hexane in
analytical chemistry is strongly limited by occupational and health safety regulations due to
its high neurotoxicity and detrimental effect on lab workers as well as the environment [16].
Contrary to ISO 23161, acetonitrile with 5% formic acid as the organic phase is used in the
QuEChERS method. Although acetonitrile is a hazardous reagent, it is generally less toxic
than hexane due to its low volatility. According to the Pfizer company’s solvent selection
guidelines, the application of acetonitrile in analytical procedures is preferable due to lower
toxicity and environmental risk in comparison to other solvents [17]. However, the main
disadvantage of the ISO method is the derivatization of OTCs to volatile compounds before
their determination by GC. Derivatization of OTCs with sodium tetraethylborate (NaBEt4)
in the presence of other compounds extracted from complex matrices, such as sediments,
requires a large volume of very expensive and toxic reagents. Due to the decomposition
of derivatization reagent or the side reactions with other matrix constituents, only part of
OTCs may undergo derivatization to volatile compounds [18].

2.1. Fit-for-Purpose of the Methods

The standard method ISO 23161 and QuEChERS LC-MS/MS method were tested
based on reference material BCR 646 and sediments collected from the Odra River estuary.
In the case of standard method ISO 23161, co-extracted matrix constituents strongly inter-
fered in the determination of OTCs by GC-MS. Application of GC-MS required additional
clean-up of the solvent extract before derivatization of OTCs to the volatile compounds.
The clean-up step is a source of additional bias in the method. It is also very tedious and
time-consuming. The application of a very selective GC-AED method allowed for the
precise and accurate determination of OTCs in bottom sediments without the clean-up step
(Figure 1B). Application QuEChERS LC-MS/MS method resulted in a sufficient separation.
The peaks of TBT and TPhT were identified and integrated easily (Figure 1A). Although
MBT and DBT are quantitatively extracted by the QuEChERS method, the compounds were
not detected by LC-MS/MS due to the constraints of the chromatographic system. The
application of ion trap-mass spectrometry or ICP –MS as a detector, addition of tropolone
to the eluent, or application of another stationary phase in the LC separation column may
solve the problem [19–21].

Due to the necessity of solvent exchange, the QuEChERS extraction method is not
recommended for sample preparation before determination by gas chromatography. There-
fore, QuEChERS LC-MS/MS and standard method ISO 23161 combined with GC-AED
were taken for further comparison.

2.2. Verification of the Methods

Analytical methods ISO 23161 GC-AED and QuEChERS LC-MS/MS were verified
according to Eurachem Guide [22] in terms of limit of detection (LOD), the limit of quan-
tification (LOQ), linearity, accuracy, precision, and recovery (Table 1). The LOQ and LOD
values were similar for both methods. In the case of QuEChERS LC-MS/MS, higher LOD
values were observed for TPhT (5.0 ng·g−1 d.w.) due to the high signal-to-noise ratio. The
coefficients of determination (R2) of the calibration curves were ≥0.99. The accuracy did
not meet the acceptance criteria (85–115%) for MBT in ISO 23161GC-AED and was in the
range of 80–85%. The precision for MBT in ISO 23161-GC-AED did not meet the acceptance
criteria (≤15%) and was 27%. For the other OTCs, the precision was lower than 15%. The
recovery in most cases was higher than 85%. For the ISO 23161 GC-AED method, MBT
recovery was lower than 80%.
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Figure 1. Chromatograms of organotin compounds determined in BCR sediments by (A) QuEChERS
coupled to LC-MS/MS (B) ISO 23161 GC-AED method. Determination of DBT and MBT was only
possible using the method ISO 23161 GC-AED. Abbreviations: MBT, monobutyltin; DBT, dibutyltin;
TBT, tributyltin; TPhT, triphenyltin.
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Table 1. Validation parameters of QuEChERS LC-MS/MS and ISO 23161 GC-AED methods for
monobutyltin (MBT), dibutyltin (DBT), tributyltin (TBT), and triphenyltin (TPhT).

Parameters QuEChERS (LC-MS/MS) ISO 23161 (GC-AED)

Limit of quantification (LOQ) 2.0 ng·g−1 d.w. TBT
5.0 ng·g−1 d.w. TPhT

1.7 ng·g−1 d.w. MBT
2.4 ng·g−1 d.w. DBT
2.5 ng·g−1 d.w. TBT

3.0 ng·g−1 d.w. TPhT

Limit of detection (LOD) 0.6 ng·g−1 d.w. TBT
1.5 ng·g−1 d.w. TPhT

0.5 ng·g−1 d.w. MBT
0.7 ng·g−1 d.w. DBT
0.7 ng·g−1 d.w. TBT

0.9 ng·g−1 d.w. TPhT

Analytical ranges (linearity)

2.0–4000.0 ng·g−1 d.w.;
R2

TBT = 0.99
5.0–4000.0 ng·g−1 d.w.;

R2
TPhT = 0.99

1.7–4000.0 ng·g−1 d.w;
R2

MBT = 0.99
2.4–4000.0 ng·g−1 d.w.;

R2
DBT = 0.99

2.5–4000.0 ng·g−1 d.w.;
R2

TBT = 0.99
3.0–4000.0 ng·g−1 d.w.;

R2
TPhT = 0.99

Accuracy (n = 6) a 98.0–105.0%-TBT
91.0–101.0%-TPhT

80.0–85.0%-MBT
88.0–93.0%-DBT
88.0–92.0%-TBT

87.0–105.0%-TPhT

Precision (n = 6) b 3.0%-TBT
4.9%-TPhT

27.0%-MBT
15.0%-DBT
6.0%-TBT

2.0%-TPhT

Recovery (n = 6) 93%-TBT
91%-TPhT

79%-MBT
86%-DBT
90%-TBT

91%-TPhT
a acceptance criteria: 85–115%; b acceptance criteria: ≤15%

The trueness of both methods was also tested. The differences between OTCs con-
centration in the dry weight of the sample assigned to the certified reference and the
mean of concertation determined by the QuEChERS LC-MS/MS method were as follow:
BTBT = 30.0 ng·g−1 d.w. and BTPhT = 1.1 ng·g−1 d.w. The concentration determined by
ISO 23161-GC-AED were as follow BTBT = 47.8 ng·g−1 d.w., BTPhT = 1.2 ng·g−1 d.w.,
BDBT = 68.8 ng·g−1 d.w., and BMBT = 103.9 ng·g−1 d.w. The differences between deter-
mined and reference concentrations of OTC in the material were within UΔ (calculating
according to Equation (1)). Thus, the determined concentrations were compatible with
reference concentrations.

2.3. Analytical Method Comparison Based on the Real Samples of Bottom Sediments

The results of the determination of TBT, TPhT in BCR-646 freshwater sediments, and
10 samples of sediment from the Odra river estuary by the use of QuEChERS-LC-MS/MS
and ISO 23161 GC-AED methods are presented in Table 2. Incurred Sample Reanalysis
(ISR) tool was used to the assessment of the reproducibility of analytical methods [23]. The
results for TBT determination in reference and real samples of sediments are presented
in Figure 2. The graph presents individual ISR data points and concentration-dependent
trends. If the difference between the concentrations determined by the use of the two
methods is within 20% of the mean from at least 67% of the measurements, then the two
methods are considered comparable. A difference higher than 20% was observed for
three samples in low and medium concentrations. The cumulative %ISR calculated for
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11 samples was 72.7% and met acceptance criteria (≥67%) for the comparability of the
tested analytical methods.

Table 2. The results of (TBT), triphenyltin (TPhT), dibutyltin (DBT), and monobutyltin (MBT) deter-
mination in real sediments samples and reference material of freshwater sediment (BCR 646) by the
use QuEChERS LC-MS/MS and ISO GC-AED methods. Certified values of BCR-646: TBT-480 ng·g−1

(±80 ng·g−1), TPhT-29 ng·g−1 (±11 ng·g−1), DBT-770 ng·g−1 (±90 ng·g−1), MBT-610 ng·g−1

(±120 ng·g−1).

QuEChERS LC-MS/MS a ISO GC-AED

Sample
TBT n = 3

ng·g−1 d.w
TPhT, n = 3
ng·g−1 d.w

TBT, n = 3
ng·g−1 d.w

TPhT, n = 3
ng·g−1 d.w

DBT, n = 3
ng·g−1 d.w

MBT, n = 3
ng·g−1 d.w

S1 29.4 ± 1.1 <5.0 19.0 ± 1.1 <3.0 <2.4 <1.7
S2 177.2 ± 11.2 <5.0 137.8 ± 8.3 <3.0 23.4 ± 3.5 <1.7
S3 453.2 ± 7.4 <5.0 589.1 ± 35.4 <3.0 62.3 ± 9.4 23.9 ± 6.5
S4 261.3 ± 12.6 <5.0 291.3 ± 17.5 <3.0 522.4 ± 78.4 177.5 ± 47.9
S5 165.9 ± 19.3 <5.0 185.4 ± 11.1 <3.0 17.3 ± 2.6 52.3 ± 14.1
S6 483.4 ± 11.5 <5.0 573.9 ± 34.4 <3.0 137.4 ± 20.6 19.6 ± 5.3
S7 464.5 ± 22.7 15.1 ± 0.3 391.2 ± 23.5 11.0 ± 0.2 73.8 ± 11.1 46.2 ± 12.5
S8 1667.5 ± 57.8 21.9 ± 0.6 1862.5 ± 111.8 29.9 ± 0.6 231.6 ± 34.8 156.7 ± 42.3
S9 118.1 ± 4.0 <5.0 97.8 ± 5.9 <3.0 58.6 ± 8.8 99.6 ± 26.9

S10 631.1 ± 24.6 <5.0 743.4 ± 44.6 <3.0 <2.4 <1.7
BCR a 484.2 ± 14.4 29.6 ± 1.4 432 ± 6.1 27.8 ± 1.8 698.0 ± 14.2 483.8 ± 24.7

a the analyses of BCR were replicated six times.

Figure 2. Difference vs. mean value for tributyltin determination in real sediments samples and BCR
464 freshwater sediment. The cumulative %ISR for 11 samples was 72.7% and met acceptance criteria
(≥67%) for comparability of the analytical methods tested.
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Based on the Wilcoxon test of six replicates of freshwater sediment BCR-464 analyses,
it was confirmed that the results of determination of TBT and TPhT by the use of these
methods were not statistically different. In the case of TBT determination, the result of
the test was p = 0.0809 whereas, in the case of TPhT, it was p = 0.6625. In real samples
of bottom sediments from the Odra River estuary, TBT concentrations in dry weight of
sample determined by QuEChERS LC-MS/MS varied from 29.4 to 1667.5 ng·g−1, whereas,
in the case of ISO 23161 GC-AED, the determined concentrations varied from 19.0 to
1862.5 ng·g−1. Based on the Wilcoxon signed-rank test, it has been found that the results of
TBT determination by the use of these methods were not statistically different (p = 0.91).
TPhT was found only in the two samples of bottom sediments (samples #7 and #8). The
concentration was determined both by the use of QuEChERS LC-MS/MS and ISO 23161
GC-AED (Table 2).

MBT and DBT at dry weight concentration levels above the LOQ were found in
samples #7 (19.6 and 177.5 ng·g−1.) and #8 (17.3 and 522.4 ng·g−1), respectively (Table 2).
The concentrations of these compounds in the Szczecin Lagoon (sample #3) were close to
those reported in 2008 [5]. The highest DBT and MBT concentrations in the dry weight
of the sample were 76.0 ng·g−1 and 67.0 ng·g−1. In this study, determined DBT and MBT
concentrations in the dry weight of the sample were 62.3 and 23.9 ng·g−1, respectively. In
2008, it was reported that TPhT has not been found in sediment samples from the Szczecin
Lagoon [5].

In the Szczecin Lagoon, the dry weight concentration of TBT reported in 2008 was
453.2 ng·g−1 [5], whereas, in this study, the concentration was 283.1 ng·g−1. The occurrence
of OTCs in the Szczecin Lagoon was also reported in 2018 [24]. The highest concentra-
tions were 152.9 ng·g−1 for TBT, 66.1 ng·g−1 for DBT, and 67.1 ng·g−1 for MBT. OTCs
concentrations in the sediment collected in the vicinity of the Szczecin harbor (sample #8)
were 1667.5 ng·g−1 for TBT, 231.6 ng·g−1 for DBT, and 156.7 6 ng·g−1 MBT. Comparatively,
in the sediment collected in Gdynia harbor, the mean dry weight concentrations were
2148.2 ng·g−1 for TBT, 751.9 ng·g−1 for DBT, and 261.4 ng·g−1 for MBT [25]. This indicates
that the cleaning of ship surfaces by sandblasting is a source of OTCs pollution. Moreover,
OTCs are persistent in bottom sediments. Thus, bottom sediments may be a potential
source of environmental pollution by OTCs.

3. Materials and Methods

3.1. Experimental

Pure standards of tributyltin chloride (TBT, 96%), triphenyltin chloride (TPhT, 95%),
dibutyltin chloride (DBT, 96%), monobutyltin (MBT, 95%) and internal standard, deuterated
tributyltin chloride-d27 (TBT-d27, 96%) were purchased from Sigma Aldrich (St. Louis, MO,
USA). HPLC gradient-grade methanol, acetonitrile, and formic acid 98% were purchased
from Merck (Darmstadt, Germany). QuEChERS salts: magnesium sulfate, sodium chloride,
sodium acetate, and ammonium acetate were purchased from Chempur (Piekary Śląskie,
Poland), whereas trisodium citrate from Avantor (Gliwice, Poland). Acetic acid, methanol,
hexane, and tetrahydrofurane of GC purity were purchased from Sigma Aldrich (St. Louis,
MO, USA). Sodium tetraethylborate purity was 97% from Sigma Aldrich (St. Louis, MO,
USA) and disodium citrate was bought from Acros Organics (Morris Plains, NJ, USA).
Certificated Reference Material BCR® 646 was purchased from Merck (Darmstadt Germany).
Ultrapure water was obtained from a Millipore water purification system (MiliQ, Billerica,
MA, USA) equipped with a UV-lamp (resistivity of 18.2 MΩ.cm (at 25 ◦C) and a TOC value
below 5 ppb).

The stock solutions of 1 mg·mL−1 of TBT, TPhT, DBT, MBT, and TBT-d27 were prepared
in methanol. The working standard solutions were prepared by dilution of the stock
solution with an appropriate amount of methanol just before use. All stock solutions were
stored at −25 ◦C.
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3.2. Organotin Compounds Extraction
3.2.1. Extraction of Organotin Compounds for LC-MS/MS Analysis (QuEChERS
Extraction Procedure)

A dry sample of sediment was weighed (0.125 g) and placed in 2 mL Eppendorf® tubes.
As an internal standard, 25 μL of deuterated tributyltin (TBT-d27) was added, followed by
200 μL of MiliQ water. Then, the samples were vigorously shaken by the use of a vortex
shaker for 1 min and 250 μL of 5% formic acid in acetonitrile was added. The samples
were put in a vessel with ice and 100 mg of ammonium acetate was added. Then they were
extracted by ultrasonication for 5 min and shaken for 15 min (1500 rpm). The samples
were centrifuged for 5 min (relative centrifuge force was 4472× g) and the supernatant was
collected for further analysis.

3.2.2. Extraction of Organotin Compounds for GC Analysis (ISO 23161 Extraction Procedure)

Extraction of OTCs from dry solid samples was carried out according to ISO 23161.
Firstly, 3.2 g of lyophilized sediment was ultrasound extracted for 30 min. with 3 mL of
the mixture of acetic acid:methanol: water (1:1:1; v/v/v). The extraction procedure was
repeated with 1.5 mL of the mixture, and liquid phases were combined. Next, the pH was
adjusted to 4.5 with acetic acid, and 5 mL of hexane and 10% sodium tetraethylborate in
tetrahydrofurane (0.5 mL per gram of solid sample) was added. After that, the organic
phase was concentrated to 1 mL.

3.3. Instrumental Methods
3.3.1. LC-MS/MS

Liquid chromatography with tandem mass spectrometry (LC-MS/MS) analysis was
performed using Agilent 1260 Infinity (Agilent Technologies, Santa Clara, CA, USA)
equipped with a degasser, autosampler, and binary pump, coupled to a Hybrid Triple
Quadrupole/Linear Ion trap mass spectrometer (QTRAP® 4000, AB SCIEX, Framingham,
MA, USA). The curtain gas, ion source gas 1, ion source gas 2, and collision gas (all high
purity nitrogen) were set at 280 kPa, 380 kPa, 410 kPa, and “high” instrument units, respec-
tively. The ion spray voltage and source temperatures were 5500 V and 600 ◦C, respectively.
Kinetex RP-18 column (100 mm, 4.6 mm, particle size 2.6 μm) supplied by Phenomenex
(Torrance, CA, USA) was used. The column temperature was 40 ◦C; the eluent flow rate
was 0.5 mL/min. The eluent was prepared from two solutions: A-0.2% formic acid in water
and B-0.2% formic acid in acetonitrile. The concentration of solution B in the eluent was
5% for 2 min, after that, the concentration increased to 95% in 7.5 min and for the next
5 min was 95%. The injection volume was 10 μL. The organotin compounds were analyzed
in multiple reaction monitoring (MRM) mode. Two ion transitions (precursor ion and
fragment ion) were m/z 291 → 179 for TBT, 351 → 196 for TPhT, and 318 → 190 for d-TBT.

3.3.2. GC-MS

The separation of organotin compounds was performed using an Agilent 7890A Series
Gas Chromatograph interfaced to an Agilent 5973c Network Mass Selective Detector and
an Agilent 7683 Series Injector (Agilent Technologies, Santa Clara, CA, USA). A 5 μL sample
was injected in splitless mode (volume relative standard deviation was 0.3%) to an HP-5MS
column (30 m × 0.25 mm I.D., 0.25 μm film thickness, Agilent Technologies, Santa Clara,
CA, USA) using helium as the carrier gas at 1 mL/min flow. The ion source was maintained
at 230 ◦C; the GC oven was programmed with a temperature gradient starting at 40 ◦C for
3 min, then increased with a 10 ◦C/min rate to 220 ◦C, held for 5 min, after that increased
to 20 ◦C/min rate to 300 ◦C, and held for 10 min. MS was carried out in the electron-
impact mode at an ionizing potential of 70 eV. Mass spectra were recorded in the range of
40–800 mass-to-charge ratio (m/z). Identification of the selected organic compounds was
performed with an Agilent Technologies Enhanced ChemStation (G1701EA ver. E.02.00.493)
and The Wiley Registry of Mass Spectral Data (version 3.2, Copyright 1988–2000 by Palisade
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Corporation with, 8th 213 Edition with Structures, Copyright 2000 by John Wiley and Sons,
Inc., Hoboken, NJ, USA) using a 3% cut-off threshold.

3.3.3. GC-AED

Organotin compounds were determined by GC (GC 7890A, Agilent Technologies, USA)
coupled with atomic emission detector (AED) model JAS G2350A from Joint Analytical
System (Moers, Germany). The samples (5 μL) were manually injected by the use of a
10 μL syringe. The injector was in splitless mode and kept at 280 ◦C. The organic compounds
were separated using an HP-5 column (30 m, 0.32 mm I.D., 0.25 μm particle size, Agilent
Technologies, Santa Clara, CA, USA) using helium as the carrier gas (1 mL/min). The
temperature gradient was as follows: 40 ◦C for 3 min, then increased with 10 ◦C/min rate
to 220 ◦C, held for 5 min, then increased with 20 ◦C/min rate to 300 ◦C, and after that, held
for 10 min. Helium plasma was used as an excitation source in the AED detector. Detection
lines for Sn were 301 and 303 nm. The temperature of the transfer line was 280 ◦C. The flows
of the remaining reaction gases (oxygen, nitrogen, hydrogen) used in the determination
of tin were set according to the manufacturer’s recommendations. Software from Joint
Analytical System, Moers, Germany (version D.02.01 was used for the calculation of OTCs
concentrations based on the peak area of the analyte. All determinations were made in
triplicate and averaged.

3.4. Verification Procedure

Verification of the analytical methods was performed in terms of limits of quantifi-
cation (LOQ), limits of detection (LOD), analytical ranges (linearity), accuracy, precision,
and recovery. The limit of detection (LOD) was estimated by determining the S/N of the
minimum measured concentrations and extrapolating to the S/N value equals 3. Limit of
quantification (LOQ) was established as the concentration of OTCs, for which MS signal-to-
noise ratio is equal to or greater than 10, with precision below 20% and accuracy ± 20%.
Linearity was evaluated based on a relation between peak area ratio (or peak area) and
analyte concentration that can be represented as a straight line. A linear regression method
was used to test linearity. Calibration curves were prepared in triplicate. The precision and
accuracy of the analytical methods were determined based on six repetitions. Recoveries
were determined based on six repetitions, comparing peak areas of target analytes extracted
from blank samples to the peak areas of standard solution. The certified reference material
BCR 646 (European Commission Joint Research Centre Institute for Reference Materials and
Measurements, Geel, Belgium) was used to evaluate the accuracy, precision, and trueness
of the results. The material consists of a dried and ground freshwater bottom sediment with
a particle size (<90 μm), reference concentrations of OTCs with their uncertainty (UΔ) were
as follows: 480 ng·g−1 (UΔ = 80 ng·g−1) for TBT, 770 ng·g−1 (UΔ = 90 ng·g−1) for DBT,
610 ng·g−1 for MBT (UΔ = 120 ng·g−1) and 29 ng·g−1 (UΔ = 11 ng·g−1) for TPhT. Trueness
is typically determined in terms of bias (B) by comparison of the obtained results with
the reference value. Significance testing of the bias that took into account uncertainty of
certificated value was performed. According to ISO Guide 33 [26] (ISO, 2015), the expend
uncertainty of the difference between certificated and measured value UΔ with coverage
factor k = 2, corresponding to a level of confidence of 95%, is obtained by Equation (1):

UΔ = k ·
√

u2
re f +

S2
m
n

(1)

where: uref is the uncertainty of the reference value taken from the certificate (40 ng·g−1 for
TBT and 5.5 ng·g−1 for TPhT).

sm is a standard deviation calculated from the measured values.
n is several repeated measurements, (n = 6).

297



Molecules 2022, 27, 4847

3.5. Statistical Methods

A comparison of the analytical methods was performed by the use of Incurred Sample
Reanalysis (ISR) tool developed by Rudzki et al. [23] and the Wilcoxon signed-rank test.
For ISR the %difference with fixed acceptance limits was set at −20 and 20% and the %ISR
should be at least 67% to confirm the equivalence of the methods. For the Wilcoxon signed-
rank test, a p-value of 0.05 or less was considered significant. The statistical analysis of the
results was performed with the STATISTICA version 13.1 for Windows (TIBCO Software
Inc., Palo Alto, CA, USA)

3.6. Characteristics of Bottom Sediment Samples

Sediment samples were collected from the Odra River estuary by the use of the Van
Veen grab sampler, collecting surface sediments up to 20 cm deep. Samples were kept at
4 ◦C till their delivery to the laboratory. Then, they were frozen at −80 ◦C, freeze-dried,
and stored at −80 ◦C till analysis. Before analysis, the sediments were grounded in an
agate mortar and sieved through a 0.063 mm sieve. Geographical localization of sampling
sites and depths of sampling are presented in Table 3.

Table 3. Geographic coordinates, depth of sampling from the water surface, and localization name of
sediments collected from the Odra River estuary.

Sample
Geographic Coordinates Depth of Sampling

from the Surface (m) Localization
Latitude N Longitude E

S1 53◦51.209′ 014◦18.107′ 1.5 Karsibór next to
Rybaczówka

S2 53◦59.570′ 014◦42.332′ 2.1 West Dziwna River
S3 53◦41.456′ 014◦25.297′ 4.4 Szczecin Lagoon-Brzózki

S4 53◦38.538′ 014◦35.958′ 3.5 Roztoka Odrzańska-near
to Stępnicka Bay

S5 53◦33.572′ 014◦34.774′ 1.8 Police-Larpia
S6 53◦27.621′ 014◦36.102′ 2.2 Sailing Canal, near Święta

S7 53◦27.336′ 014◦35.434′ 2.5 West Odra River-Gryfia
Shipyard Dock No. 5

S8 53◦27.328′ 014◦35.968′ 2.2 Szczecin: opposite Gryfia
Island

S9 53◦26.300′ 014◦35.280′ 10.3 Elevator “Ewa”
S10 53◦23.827′ 014◦38.205′ 3.6 Dąbie Marina

The relevant physicochemical parameters (total organic carbon content (TOC), total
nitrogen content (N), acid volatile sulfur content (AVS), total phosphorus content (P), and
granulometric composition (% of silt fraction and % of clay fraction)) are presented in
Table S3 in Supplementary materials. Elemental analysis (N, P), TOC, and AVS analyzes
were performed at the Polish Geological Institute-National Research Institute by the use of
analytical methods accredited according to ISO-17025 standard. Granulometric analysis
was performed at the University of Szczecin (according to the ISO 13320 standard method).

4. Conclusions

The newly developed QuEChERS LC-MS/MS method for the determination of OTCs
in bottom sediments was compared with both GC-MS and GC-AED based standard method
ISO-23161. Due to the high number of interferences, the determination of OTCs by GC-
MS was very difficult and not recommended for environmental monitoring of bottom
sediments. The GC-AED method is more selective and free from interferences. However,
the determination of OTCs by QuEChERS LC-MS/MS required less time and it is more
convenient for laboratory staff. The method does not require clean-up, derivatization
step, and application of very toxic, volatile reagents. Therefore, QuEChERS-LC-MC/MS
is more suitable for routine environmental monitoring of OTCs in a large number of bot-
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tom sediment samples. The results of OTCs determination in real bottom sediments by
QuEChERS-LC-MC/MS and ISO 23161 were compatible. However, the degradation prod-
uct of TBT, MBT, and DBT could not be detected by LC-MS/MS. The application of other
chromatographic settings may likely alleviate the problem of MBT and DBT determination
by LC-MS/MS. MBT and DBT were extracted quantitatively by the QuEChERS extraction
method. However, the method cannot be applied in the determination of OTC by GC
methods due to the necessity of solvent exchange.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/molecules27154847/s1. Table S1: Parameters of QuEChERS
and ISO 23161 extraction procedures; Table S2: Separation and detection parameters of LC-MS/MS,
GC-AED, and GC-MS techniques; Table S3: Granulometric composition (% of silt fraction and % of
clay fraction) and content in mg·kg-1 of total organic carbon (TOC), total nitrogen content (N), acid
volatile sulfur (AVS) and, total phosphorus (P) of sediments collected from the Odra River estuary.
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