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ABSTRACT: Determination of particulate black carbon (PBC) in
the environment is of great importance but faces a new challenge
due to the increasing occurrence of coexisting microplastics (MPs),
which are an emerging contaminant with properties very similar to
those of PBC and cannot be discriminated in the chemical
digestion procedure of the reported PBC analysis method. Herein,
a comprehensive method has been developed for accurately
determining PBC by digestive elimination of the coexisting MPs
and other non-black carbon organic matter. Water samples were
ﬁltered with a glass ﬁber membrane (0.3 μm pore size), and the
collected substances with the membrane were subjected to
sulfonation with chlorosulfonic acid and Fenton digestion in
sequence and then to the total organic carbon analyzer for
quantiﬁcation of PBC. Under the optimized conditions, MPs of
various sizes and polymer types were eﬃciently eliminated (>91.0%), whereas various PBC samples were undigested with recoveries
over 91.7% except for the relatively low recovery of 65.6% for the PBC prepared at a low pyrolysis temperature of 400 °C. The
feasibility of the proposed method was veriﬁed by analysis of real water samples with a spike recovery of 88.6−100.2%. We anticipate
that this work will pave an avenue for reliable determination of PBC in the presence of MPs.

■

INTRODUCTION
Black carbon (BC) is a complicated carbonaceous continuum
generated from the incomplete combustion of fossil fuels and
biomass, including charcoal, soot, and char with size ranging
from nanometer to micrometer.1,2 BC is ubiquitous with a global
annual emission of 116−385 Tg C yr−1, of which about 20%
comes from biofuels, 38% comes from fossil fuels, and 42%
comes from opening combustion of biomass.3,4 Through
atmospheric deposition and surface run-oﬀ, airborne and
terrestrial BC could ﬂux to aquatic ecosystems.5,6 This aquatic
BC could adsorb hydrophobic organic contaminants (HOCs)
due to its characteristics of high surface hydrophobicity and high
microporosity.2,7 Hence, BC is a non-negligible factor
inﬂuencing the fate and bioavailability of HOCs. In addition,
the Trojan horse phenomenon aggravates the risk of the
adsorbed toxic HOCs such as polycyclic aromatic hydrocarbons
to human health.8,9 Therefore, it is crucial to study their
pollution level, transport, and potential threats to the natural
environment and human health, which strongly relies on the
analytical methodology.
While considerable research eﬀorts have been devoted, the
determination of BC in environmental samples remains a great
challenge. The molecular marker method is commonly used for
BC quantiﬁcation. Benzene polycarboxylic acids (BPCAs) could
© 2021 American Chemical Society

be generated through the BC oxidation process using hot HNO3
and thus be used as an indicator for BC quantiﬁcation.10 The
BPCA method could not only quantify the BC concentration
especially for dissolved BC (<0.45 μm) but also be used for
tracking its source by analyzing the BPCAs ratios.11,12 However,
the oxidation process could also produce BPCAs from non-BC
organic matters (nBC-OMs),13,14 leading to an overestimated
result. In addition, there remains an ongoing debate about the
conversion relationship between BC and BPCA concentration
due to the dimness of BPCA formation mechanisms. On the
contrary, the total organic carbon (TOC) method could
overcome these shortcomings with appropriate pretreatment
for the removal of interference from OMs and thus is the
dominant one for BC quantiﬁcation. To facilitate the TOC
determination, various pretreatment methods including thermal, optical, and chemical methods have been developed for
removal of the interference of inorganic carbon and nBC-OMs.
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For example, the chemothermal oxidation method, a classic
method for BC determination, was developed using acid
treatment to remove inorganic carbon and using high-temperature treatment to remove nBC-OMs.15 This method can
determine the BC in complex matrixes such as sediment and soil.
Nevertheless, the charring of nBC-OMs in the high-temperature
treatment could increase the content of BC, leading to an
overestimated result.16,17 The thermal−optical reﬂectance
method shows some potential in quantifying airborne BC rather
than aquatic BC, as it is susceptible to nBC-OMs with dark color
in waters.18,19 The chemical oxidation method, another classic
method established according to the diﬀerence in chemical
stability between BC and nBC-OMs, is also a strong candidate
for BC quantiﬁcation. Using oxidizing agents H2O2, HNO3, or
K2CrO7, most of the coexisting inorganic carbon and nBC-OMs
in environmental waters could be eliminated.20 Other methods,
such as the pyrolysis gas chromatography mass spectrometry
method21 and dye adsorption method,22 are not applicable for
quantifying BC in complicated matrixes.
For a long time, an important factor, particulate plastics, has
been ignored when applying TOC methods to quantify BC
concentration. The discharged plastics could be transformed
into microplastics (MPs, <5 mm) under mechanical abrasion,
UV exposure, and (micro)biological degradation.23,24 The
concentration of polystyrene (PS) MPs in environmental waters
reached 7.6 μg/L, which is comparable to BC concentration
(2.8−6.6 μg C/L).22,25 Given that, the eﬀect of MPs on BC
quantiﬁcation should be taken into consideration. In addition,
MPs are very similar to particulate BC (PBC) in their
physicochemical properties such as density, size, hydrophobicity, inertness, and major element,26 and current methods
are unable to discriminate PBC from MPs. For example, the
pyrolysis temperatures of MPs (200−550 °C) and PBC (>200
°C) are overlapped,27,28 thus using the thermal method to
selectively decompose MPs seems impossible. Besides, both
charring MPs and oxidizing BC at high temperature will lead to
inaccurate results, as referred above. For the chemical oxidation
method, the current pretreatment methods are unable to
eliminate MPs due to their chemical durability.29 Thus,
developing a new method for removal of the MP interference
is a great challenge but urgently needed.
Selective digestion of coexisting MPs is an eﬀective approach
to eliminate their interference in the determination of PBC by
the TOC method. Although a few methods have been developed
to digest OMs for puriﬁcation of MPs,29 reports on the digestion
of MPs are very scarce. Carbon nanotubes engineered with
nitrogen dopants and encapsulated manganese carbide nanoparticles were applied for peroxymonosulfate activation to
decompose cosmetic MPs under hydrothermal conditions, and
the digestion eﬃciency reached up to 50%.30 While PS31 and
poly(vinyl chloride) (PVC)32 cannot be completely degraded
by the Fenton reaction, a photoassisted Fenton degradation
eﬃciency of >99% was reported for PS after a sulfonation
pretreatment.31 Chow et al. demonstrated that after sulfonation
and grafting of iron(III) catalysts to the polymer chains,
polyethylene (PE), polypropylene (PP), and PVC can be
completely degraded into soluble OM and CO2 using H2O2 in
aqueous solution under ambient conditions33,34 or combined
with a UV−vis lamp irradiation to accelerate degradation.35
Herein, we developed a novel method for quantiﬁcation of
PBC in environmental waters containing MPs. As shown in
Figure 1, the PBC quantiﬁcation goes through three steps, that
is, sulfonation, Fenton digestion, and TOC determination. The
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Figure 1. Scheme of the developed method for the determination of
PBC by digestive elimination of coexisting MPs and other nBC-OMs.

chlorosulfonic acid (ClSO3H) is capable of sulfonating MPs,
which is indispensable for the following digestion of MPs.
Fenton digestion is able to completely digest the particulate
nBC-OMs including MPs while keeping the PBC undigested.
The analytical performance and applicability of the proposed
method to various environmental samples were evaluated.

■

EXPERIMENTAL SECTION
Chemicals and Materials. Diﬀerent-sized PS (0.48, 1.2,
2.1, and 8.8 μm) and poly-(methyl methacrylate) (PMMA, 0.42
μm) dispersions with a mass concentration of 10 and 5 wt %,
respectively, were purchased from Janus New-Materials Co.
(Nanjing, China). PVC (0.2−2.1 μm), PP (1.0−19.0 μm), and
polyethylene terephthalate (PET, 8.8−51.2 μm) powders were
purchased from Shanghai Youngling Electromechanical Technology Co. (Shanghai, China). PVC powders (46−163 μm)
were purchased from Sigma-Aldrich Co. (St. Louis, MO). PE
(0.60−4.30 μm) powder was obtained from Cospheric LLC
(Santa Barbara, CA). Five PBC samples were prepared from
incomplete combustion. Speciﬁcally, PBC-1 and PBC-2 were
prepared from maize straw at the respective pyrolysis temperature of 400 and 500 °C, PBC-3 was prepared from corncob at a
pyrolysis temperature of 500 °C, and PBC-4 was prepared from
sesame straw at a pyrolysis temperature of 700 °C; PBC-5 was
collected from the kitchen with wood combustion under normal
conditions. Acetonitrile and dichloromethane were purchased
from Fisher Scientiﬁc (Waltham, MA). Other chemicals
including ferrous sulfate (FeCl2·6H2O), 30% (m/v) hydrogen
peroxide, and ClSO3H are analytically pure chemicals purchased
from Sinopharm Chemical Reagent Co. Ltd (Shanghai, China).
The 0.3 μm-pore glass ﬁber membranes (25 mm diameter) were
purchased from Toyo Roshi Kaisha, Ltd. (Tokyo, Japan). The
cellulose acetate membrane (0.22 μm pore size, 25 mm
diameter) was purchased from Beijing Shenghe & Sincerity
Membrane Technical Development Centre (Beijing, China).
Ultrapure water (18.2 MΩ) produced using Milli-Q (Millipore,
Billerica, MA) was used throughout.
SEM Characterization. The size and morphology of PBC,
MPs, and glass ﬁber membranes were characterized using the
SEM 300 instrument (Zeiss, Germany). Scanning electron
microscopy (SEM) samples of BC and MPs were prepared by
dripping 5−20 μL of BC and MP suspensions onto a silicon
wafer and dried at room temperature. SEM samples of glass ﬁber
membranes were prepared by cutting 1 cm × 1 cm desiccated
membranes.
Preparation of MP and PBC Dispersions. The PBC
samples except the soot collected from the kitchen were ground
11185
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Figure 2. Eﬀects of ClSO3H concentration (a) and temperature (b) on the sulfonation of PBC and MPs. (a) The 100 mL of PVC, PS, and PBC
suspension (5 mg C/L) and pure water as a control group were ﬁltered using a 0.22 μm-pore cellulose acetate membrane, followed by sulfonation with
various ClSO3H concentrations at 65 °C and Fenton digestion with 375 mmol/L FeCl3 and 1.0 mol/L H2O2. (b) The blank cellulose acetate
membrane and the membranes retained with PVC, PS, and PBC were subjected to sulfonation with 1.1 mol/L ClSO3H at diﬀerent temperatures and to
Fenton digestion with 375 mmol/L FeCl3 and 1.0 mol/L H2O2.

Japan). At 900 °C and under an oxygen stream, all the PBC or
MPs were completely converted into CO2, which was quantiﬁed
accurately using a non-dispersive infrared detector.

with a ball grinder at 250 rpm for 15 min. These PBC samples
were dispersed in pure water and shaken overnight and then left
to stand for 4 h. The ﬂoating large PBC pieces were discarded,
and the PBC suspension was collected. After quantiﬁcation of its
carbon centration using a TOC analyzer (TOC-L/SSM-5000A,
Shimadzu, Japan), the PBC suspensions were diluted to 10 mg
C/mL, employing as PBC stock suspensions. The commercial
PS and PMMA MPs were stabilized with a surfactant and
therefore removed by centrifugation. PE and PET powders were
dispersed in ethanol owing to their hydrophobicity. Other MP
powders were directly dispersed in pure water with a ﬁnal
concentration of 10 mg C/mL.
Sulfonation Procedure. After violently shaking, PBC or
MP (10 mg C/mL) stock suspension of 50 μL was drawn out
and spiked into 100 mL of pure water with a ﬁnal concentration
of 4.2 mmol/L. Water samples were ﬁltered through the 0.3 μmpore glass ﬁber membranes with a glass ﬁltering apparatus
equipped with a vacuum pump. The membranes with retained
PBC and nBC-OMs were placed in a brown glass bottle and
dried at 60−80 °C for 6 h. Because ClSO3H could react violently
with H2O to form HCl and H2SO4, the sulfonation process was
conducted in the CH2Cl2 solvent. Next, 2.5 mL of CH2Cl2 was
added into the abovementioned bottle, followed by adding 1 mL
of the mixture of ClSO3H and CH2Cl2 with a ratio of 1/3 (v/v)
dropwise. Then, the solution was left to sulfonate under violent
stirring at 50 °C in a water bath for 3 h. It should be pointed out
that the volatile CH2Cl2 was evaporated after 3 h of sulfonation.
In the condition optimization, a 0.22 μm-pore cellulose acetate
membrane was used to retain PBC or MPs, and thus, there are
few diﬀerences in the sulfonation procedure. Speciﬁcally, the
cellulose acetate membrane retained with MPs or PBC was
placed in a glass bottle, and then, 1 mL of acetonitrile was added
to dissolve the membrane with the assistance of ultrasound for
20 min, followed by natural volatilization.
Fenton Procedure and TOC Analysis. Into the same
bottle mentioned above, 4 mL of H2O was slowly dropped.
CAUTION: The reaction between ClSO3H and H2O is very
dangerous, easy to cause explosion and generate acid fog. Then, 5
mL of FeCl3 (7.5 mmol/L) was added, followed by the dropwise
addition of 1 mL of H2O2 (30 wt %) with the ﬁnal concentration
of 1.0 mol/L. The solution was left to digest under stirring at 150
rpm for 12 h. Next, another 0.3 μm-pore glass ﬁber membrane
was used to ﬁlter the digestion solution and the rinsing water.
After drying, the two membranes were transferred to the TOC
analyzer’s ceramic boat (TOC-L/SSM-5000A, Shimadzu,

■

RESULTS AND DISCUSSION

Characterization of the PBC and MPs. The SEM images
in Figure S1a−d show that PBC-1, PBC-2, PBC-3, and PBC-4
prepared from maize straw, corncob, and sesame straw
combustion exhibited sheet and irregular granular morphology
with sizes of 0.3−60.2 μm, while PBC-5 collected from the
kitchen had a porous structure with sizes ranging from 0.2 to
33.0 μm (Figure S1e). Most of the PBC showed particle sizes
over 0.3 μm, which is the pore size of the glass ﬁber membrane
used in this study, indicating a good entrapment eﬃciency
during the pretreatment of PBC samples. Environmentally
abundant MPs including PS, PE, PVC, PP, PET, and PMMA,
with various sizes (0.2−163 μm), were employed in this study.
As shown in Figure S1, PS, PE, PMMA, and PVC (0.2−2.1 μm)
are approximately spherical in morphology, while PP dominated
with a rod structure, and PET and PVC (46−163 μm) particles
are in irregular shapes. The diversity in the morphology of MPs
makes them appropriate representatives of real environmental
samples. Thereof, PS (1.2 ± 0.1 μm), PVC (0.2−2.1 μm), and
PBC-2 (0.5−13.2 μm) produced from maize straw at the
pyrolysis temperature of 500 °C were employed for condition
optimization throughout the experiment.
Sample Digestion for the Removal of Matrixes. After
sample ﬁltration, PBC and nBC-OMs such as MPs and natural
particulate organic carbon (POC) were collected on the
membrane. Thus, we tested the capability of Fenton reaction
to eliminate MPs and POC such as particulate natural organic
matter and Chlorella vulgaris algae, while keeping PBC
undigested. Figure S2 shows the recoveries after Fenton
treatment; despite almost all of the POC was eliminated with
recoveries below 10%, MPs of diﬀerent polymer types were
maintained at high recovery levels (93.3−102.4%). These results
lead us to draw the conclusion that direct Fenton treatment
could eliminate POC but not MPs. This is mainly because the
chemical stability of the polymer structure endows MPs with
high resistance to •OH oxidation in the Fenton reaction,
agreeing with previous reports.31,32 Fortunately, sulfonation
treatment could activate MPs and thus enhanced MP digestion
in the Fenton reaction based on previous studies.33,34
Optimization of Sulfonation Conditions. A carboncontaining cellulose acetate membrane with a pore size of 0.22
11186
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μm was used to ﬁlter the samples, and the membrane together
with the collected PBC and MPs was subjected to sulfonation
and Fenton digestion procedures, as shown in Figure 1. At the
same time, a control experiment was conducted using the
cellulose acetate membrane only. The cellulose acetate
membrane also functions as the substituent of some nBCOMs in environmental waters. If the membrane is eﬀectively
digested, the developed method could be able to eliminate the
interference of some nBC-OMs, which may have much higher
content than PBC has in environmental waters.
The ClSO3H concentration was optimized using samples
prepared by spiking PS, PVC, and PBC-2 into pure water at a
concentration of 5 mg C/L. PS and PVC MPs were employed as
models, as preliminary experiments showed that they are more
diﬃcult to be digested than the others. As shown in Figure 2a,
the recoveries of both PS and PVC could drop below 100% with
the increase in ClSO3H concentration, demonstrating the
feasibility of the proposed method for elimination of MPs.
Speciﬁcally, the recoveries of PS, PVC, PBC, and the membrane
were decreased with the increase in ClSO3H concentration until
0.66 mol/L. In 0.04 mol/L ClSO3H, the recoveries exceeded
100%, even to 193.2%. This is because the ClSO3H amount was
not enough to sulfonate both the cellulose acetate membrane
and MPs or PBC, resulting in the incomplete degradation of the
cellulose acetate membrane. More importantly, the recovery of
PBC consistently kept at the certain level near 100% even when
ClSO3H concentration reached 2.2 mol/L, demonstrating that
this method would not lead to the loss of PBC. To ensure
complete sulfonation, a ClSO3H concentration of 1.1 mol/L is
adopted.
The sulfonation temperature was optimized in the range of
25−80 °C. As plotted in Figure 2b, the recoveries of both PS and
PVC markedly decreased with the increase in temperature up to
50 °C and then began to increase slightly. When the temperature
is below 50 °C, the reaction is diﬃcult to cross over its energy
barrier, and increasing reaction temperature enhanced the
reaction. The PBC recovery hovered around 100% until 50 °C
and then slightly increased in line with PS and PVC. The reason
for this recovery increase was not very clear but might stem from
the incomplete degradation of the cellulose acetate membrane.
Based on our experimental observation, the high temperature
makes the pieces of the membrane adhere ﬁrmly on the bottle
wall, leading to a reduced degradation eﬃciency in the latter
Fenton reaction. On the contrary, beneﬁtting from the excellent
degradability of the cellulose acetate membrane, the recoveries
of the control group remain at a very low level (0.3−0.4%) when
the temperature is below 50 °C. Furthermore, to separately
investigate the impact of temperature on MPs, PS and PVC
particles in pure water were incubated in a water bath for 3 h at
diﬀerent temperatures, and then, their morphologies and
contents were characterized by SEM and using the TOC
analyzer after ﬁltration. As shown in Figure S3, both of the PS
and PVC particles maintained their original morphology at
various temperatures. In addition, the recoveries of PVC and PS
remained at high levels, as indicated in Figure S4. In the
following studies, sulfonation was conducted at 50 °C as the
optimum.
To investigate the underlying mechanisms, SEM characterization was conducted to depict the morphology of MPs and
PBC after sulfonation. Despite great eﬀorts have been devoted,
the suspectable particles in both PVC and PS groups were not
found by SEM. However, the recoveries of PVC and PS,
evaluated by directly determining the carbon content after
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sulfonation, reached up to 97.9 and 96.2%, respectively. This
result suggested that PVC and PS still existed on the membrane
in a certain form. As expected, the amorphous substance
adhered on the membrane was observed in both PVC and PS
groups, while the morphology of PBC was preserved well with
distinctly sharp edges and corners (Figure 3). The dissolution of

Figure 3. SEM characterization of PVC, PS, and PBC morphology after
sulfonation. (a) SEM image of the blank glass ﬁber membrane. (b,c)
SEM image of PVC, PS, and PBC in membranes after sulfonation. The
glass ﬁber membranes retained with PVC, PS, and PBC were subjected
to sulfonation under the optimized conditions, and then, 4 mL of H2O
was added to decompose to residual ClSO3H. Another glass ﬁber
membrane was used to collect the ﬁnal sulfonation product and then
characterized by SEM after drying.

MPs by nonpolar CH2Cl2 and the sulfonation process reduced
the stability of MPs, leading to the transformation of solid PVC
and PS into the amorphous state. The transformation resulted in
an enlarged polymer surface to ClSO3H molecules and
remarkably enhanced sulfonation eﬃciency, especially for large
MPs.
Optimization of Fenton Reaction Conditions. The
digestion eﬃciency of the Fenton reaction was determined by
the concentration of the reactant (H2O2) and catalyst (Fe3+) and
the reaction time. Therefore, excess of H2O2 with about 237
times to the MPs/PBC spiking content was selected to ensure
the complete degradation of MPs or PBC. Figure 4a shows the
eﬀect of the FeCl3 concentration on the digestion of MPs and
PBC. The increase in the FeCl3 concentration could result in an
adverse eﬀect for MP degradation and PBC quantiﬁcation.
Speciﬁcally, PBC recoveries waved at 100% constantly until the
FeCl3 concentration reached 750 mmol/L, and the recoveries of
the control group remained near zero throughout this
optimization process, indicating a negligible impact of FeCl3
concentration on PBC and cellulose acetate membrane
degradation. However, the increase in FeCl3 concentration
generates a substantially negative inﬂuence on MP degradation,
especially for PVC. This is because the increase in the catalyst
concentration could remarkably promote the reaction kinetics
and form large amounts of bubbles, and the MPs or PBC tend to
ﬂoat on the surface of the rapidly generated bubbles and then
adhere on the bottle wall. This makes the MPs and PBC
separated from the Fenton reaction solution, resulting in
reduced degradation eﬃciency. Based on the abovementioned
results, a FeCl3 concentration of 3.75 mmol/L was adopted as
11187
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Figure 4. Eﬀects of FeCl3 concentration (a) and reaction time (b) of Fenton digestion on PBC and MPs recovery. (a) 100 mL of PVC, PS, and PBC
suspension (5 mg C/L) and pure water as a control group were ﬁltered using the 0.22 μm-pore cellulose acetate membrane, followed by sulfonation
under optimal conditions and Fenton digestion at various FeCl3 concentrations and large excess of H2O2 (1.0 mol/L) for 12 h. (b) The sulfonated
blank cellulose acetate membrane and PVC, PS, and PBC in membranes were subjected to Fenton digestion at a FeCl3 concentration of 3.75 mmol/L
and diﬀerent digestion times.

Table 1. Spike Recoveries of MPs and PBC of Diﬀerent Types and Particle Sizes in Pure Water Determined by the Proposed
Method (Mean ± s, n = 3)
spiked
particle type
PVC
PS

PMMA
PP
PE
PET
PBC-1
PBC-2
PBC-3
PBC-4
PBC-5

size (μm)

concentration (mg C/L)

detected (mg C/L)

recovery (%)

46−163
0.2−2.1
0.476 ± 0.016
1.2 ± 0.1
2.1 ± 0.1
8.8 ± 0.4
0.836 ± 0.03
0.416 ± 0.024
1.0−19.0
0.6−4.3
8.8−51.2
0.4−60.2
0.5−13.2
0.3−19.6
0.4−44.8
0.2−33.0

5.4
4.7
7.2
4.4
4.8
5.3
4.9
5.0
3.7
6.5
2.4
4.0
4.1
12.8
4.0
3.4

0.12 ± 0.14
0.01 ± 0.04
0.34 ± 0.26
0.02 ± 0.10
0.15 ± 0.03
0.15 ± 0.18
0.11 ± 0.07
0.45 ± 0.24
0.01 ± 0.11
0.55 ± 0.40
0.03 ± 0.07
2.62 ± 0.29
4.35 ± 0.05
11.73 ± 1.68
3.78 ± 0.12
3.34 ± 0.78

2.3 ± 2.5
0.1 ± 0.9
4.7 ± 3.6
0.4 ± 2.2
3.1 ± 0.7
2.9 ± 3.3
2.3 ± 1.4
9.0 ± 4.8
0.3 ± 2.9
8.5 ± 6.2
1.3 ± 2.7
65.6 ± 7.3
105.7 ± 1.1
91.7 ± 13.1
93.4 ± 3.0
99.1 ± 23.2

is favorable for crossing the energy barrier between •OH and
PBCs and thus greatly facilitates the PBC digestion.
Applicability to MPs and PBC of Diﬀerent Types and
Particle Sizes. Diﬀerent-sized MPs with diﬀerent polymer
types and various kinds of PBC were tested to validate the
applicability of this proposed digestion method for environmental samples. Given the diversity of MPs in an aquatic
environment, six typical polymers, PS, PVC, PE, PET, PP, and
PMMA, were evaluated. It should be mentioned that because
the cellulose acetate membrane, used as the substituent of some
nBC-OMs in environmental waters in the abovementioned
optimization experiments, was completely digested (Figure 4), it
was replaced with a glass ﬁber membrane in the following
experiments to achieve a better operation performance. Not
surprisingly, all the recoveries of MPs were below 10%, as
displayed in Table 1, demonstrating the applicability of our
method for removing various MP interferences. PBC is a kind of
complicated combustion continuum, and its properties are easily
inﬂuenced by many factors such as the plant type and pyrolysis
temperature. Thus, ﬁve kinds of conventional PBC prepared
from maize straw, corncob, and sesame straw at diﬀerent
pyrolysis temperatures and soot particles collected from the
kitchen were selected as typical examples to assess this method.

the optimum and applied to further optimization in the
following.
The eﬀect of Fenton reaction time was evaluated by stopping
the reaction at diﬀerent time points through rapid vacuum
ﬁltration. As shown in Figure 4b, most of the PVC (75%) could
be degraded within 1 h, whereas PS shows a much lower
degradation eﬃciency of 21% at the same reaction time.
Fortunately, the recovery of PS dropped to 18% within 7 h,
indicating the importance of reaction time. The change in
digestion time did not exert much impact on PBC recovery,
which kept at almost a constant value of 104%. The diﬀerence in
chemical stability of PS, PVC, and PBC may be the dominant
reason for their resistance to the Fenton reaction. In
consideration of both degradation eﬃciency and experimental
convenience, overnight digestion (12 h) was adopted to
completely degrade the MPs.
The eﬀect of Fenton reaction temperature was further
investigated. As shown in Figure S5, the recoveries of PVC
and PS remained at a low level, indicating a negligible inﬂuence
of Fenton reaction temperature on MP digestion. However, the
recovery of PBCs remarkably decreased with elevating reaction
temperature. This suggests that low temperature is enough to
digest the MPs but not the stable PBCs, while high temperature
11188
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The PBC with a pyrolysis temperature larger than 500 °C shows
excellent stability in this digestion with recoveries ranging from
91.7 to 105.7%, whereas PBC-1 prepared at 400 °C showed a
relatively lower recovery of 65.6% (Table 1). This is because low
temperature is unfavorable for converting biomass into stable
fused aromatic structure carbon, and a large part of biomass
maintained its original forms, which was digested in the
sulfonation and Fenton digestion process, leading to a relatively
lower recovery. Based on the abovementioned results, we could
safely draw the conclusion that the proposed method is able to
eliminate MPs of diﬀerent polymer types and unconverted
biomass in PBC.
The size of MPs and PBC is another critical factor that may
potentially aﬀect their digestion. Diﬀerent-sized PS (0.48, 1.2,
2.1, and 8.8 μm), PMMA (0.42 and 0.84 μm), and PVC (0.2−
2.1 and 46−163 μm) were used to evaluate the eﬀects of MP size
on the digestion eﬃciency. As displayed in Table 1, diﬀerentsized PS, PMMA, and PVC MPs were eﬀectively digested with
the recoveries 0.4−4.7, 2.3−9.0, and 0.1−2.3%, respectively,
demonstrating the negligible inﬂuence of MP size. PBC particles
with narrow size distribution are diﬃcult to be prepared; thus,
we did not conduct extra experiments to elucidate the impact of
PBC size. However, as the size of both PBC and MPs (PVC, PE,
PET, and PP) ranged from nanometer to micrometer, as imaged
in Figure S1, the complete digestion of MPs and high recoveries
of PBC (Table 1) suggest that the eﬀect of size is negligible.
Overall, it can be concluded that this proposed digestion method
is able to eliminate the coexisting MPs for quantiﬁcation of PBC
by TOC determination.
Analytical Performance. To evaluate the analytical
performance, parameters including linearity of the calibration
curve, reproducibility, and limit of detection (LOD) were
determined in pure water. The spiked PBC in the range of 2.05−
82.0 mg C/L showed a high-linear correlation relationship (R2 ≥
0.99) (Figure S6). Meanwhile, the linearity of the PS calibration
curve was also evaluated for its relatively high resistance to
digestion in comparison to other polymer types. As shown in
Figure S6, the detected PS concentration kept at a low level that
was very close to zero consistently at spiking levels in the range
of 2.05−20.5 mg C/L but showed a slight increase at spiking
levels above 41.0 mg C/L. However, the ratio of detected PS to
PBC remained below 10% even when the spiked PS reached
82.0 mg C/L, which seems very diﬃcult to be reached for
environmental MPs. This result indicates that the high MP
concentration generated negligible inﬂuence on PBC quantiﬁcation. In addition, the recovery of 70.1−92.5% and the RSD
≤17.6% (n = 3) indicate that the proposed method could satisfy
the trace detection of PBC. When 1000 mL water samples were
treated, the estimated LOD of PBC was ∼8.2 μg C/L.
Determination of PBC in MP-Containing Environmental Waters. To investigate the applicability of this
proposed method, we analyzed four typical environmental
waters including seawater, lake water, river water, and tap water.
Their typical characteristics are shown in Table S1. The sample
(1000 mL) was ﬁltered using the glass membrane, which was
subjected to digestion and TOC determination, and the
background concentration of PBC was thus determined, as
shown in Table S1. The spike recoveries of the mixture of PBC
and various MPs (PS, PVC, PE, PET, PP, and PMMA) in these
environmental waters were achieved by subtracting the PBC
background from the detected concentration. As shown in
Figure 5, the PBC recovery, that is, the ratio of the detected
content to the spiked PBC content, was at high levels in the
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Figure 5. Quantiﬁcation of PBC from the MP-containing environmental waters. PBC (72.2 μg C/L) and MP (PVC, PS, PE, PET, PP,
and PP, 71.0 μg C/L) mixtures were spiked into 1000 mL of
environmental water, and the PBC concentration was determined using
the proposed method.

range of 88.6−100.2% with satisﬁed precision (RSD ≤20%, n =
3). Meanwhile, the proportion of the detected content to the
total content of spiked PBC and MPs remained near 50%,
indicating the complete elimination of MPs. Therefore, we could
draw the conclusion safely that the proposed method is capable
of quantifying PBC in MP-containing environmental waters.

■

CONCLUSIONS
A comprehensive method has been developed for the
quantiﬁcation of PBC as TOC in environmental waters
containing MPs. After sulfonation with ClSO3H and Fenton
digestion, MPs and other particulate nBC-OMs were eliminated,
whereas PBC remained undigested and can be quantiﬁed using a
TOC analyzer. Although an additional sulfonation process is
need, our method provides the possibility of quantitatively
discriminating PBC from MPs for the ﬁrst time. Given the large
presence and increasing contamination level of MPs in the
environment, this method is of great importance for credible
evaluation of the contamination level and thus environmental
risk assessment of PBC.
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