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dsorption of per- and
polyfluoroalkyl substances on carbon black by LDI-
MS capable of simultaneous analysis of elemental
and organic carbon†

Ke Min, ab Shenxi Deng,a Zhao Shu,a Yong Li,ac Bo Chen, b Ming Ma, b

Qian Liu *ad and Guibin Jianga

Elemental carbon (EC) and organic carbon (OC) exist ubiquitously and interact mutually in the environment.

Simultaneous analysis of EC and OC will greatly advance our understanding of the behavior and fate of EC

and OC, but is however still a great challenge due to the lack of suitable analytical tools. Here, we report

a matrix-free laser desorption/ionization mass spectrometry (LDI-MS) method capable of simultaneous

analysis of EC and OC by monitoring two independent groups of specific MS fingerprint peaks. We found

that EC itself can generate carbon cluster peaks in the low mass range under laser excitation, and

meanwhile it can also serve as a matrix to assist the ionization of OC in LDI-MS. By using per- and

polyfluoroalkyl substances (PFASs) as a typical set of OC and carbon black (CB) as a model EC, we

successfully monitored the adsorption process of PFASs on CB enabled by LDI-MS. We show that

hydrophobic interaction dominates the sorption of PFASs to CB, which was affected by the functional

groups and carbon chain length of PFASs. Furthermore, environmental substances in water such as

humic acid (HA) and surfactants can significantly affect the adsorption of PFASs on CB probably by

changing the adsorption sites of CB. Overall, we demonstrate that LDI-MS offers a versatile and high-

throughput tool for simultaneous analysis of EC and OC species in real environmental samples, which

makes it promising for investigating the environmental behaviors and ecological risks of pollutants.
Environmental signicance

EC and OC exist ubiquitously and interact mutually in the environment. Simultaneous analysis of EC and OC will greatly advance our understanding of their
behaviors and fate, but is however still a great challenge due to the lack of suitable analytical tools. Here, we used LDI-MS capable of simultaneous analysis of EC
and OC to successfully monitor the adsorption process of PFASs on CB. The newmethod offers a versatile tool for simultaneous analysis of EC and OC species in
real environmental samples, which makes it promising for investigating the environmental behaviors and ecological risks of pollutants.
Introduction

Soot particles, also known as black carbon (BC), are fractal-like
aggregates produced from the incomplete combustion of
biomass and fossil fuels.1,2 The chemical composition of soot is
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f Chemistry 2023
complex and can be roughly divided into the nonvolatile
elemental carbon (EC) inner core and surface-adsorbed organic
carbon (OC) outer shell, such as hydrocarbons, carboxylic acids,
polycyclic aromatic hydrocarbons (PAHs), and organic poly-
mers.3,4 EC and OC exist ubiquitously in environmental
matrices. Their interactions are closely associated with their
environmental fate, and also affect their toxicity and ecological
risks. However, due to the lack of suitable analytical methods, it
is still very difficult to analyze EC and OC simultaneously; in
particular, analysis of EC alone remains challenging due to the
interference from other carbonaceous substances.5,6

Generally, analysis of EC and OC needs different analytical
techniques. For example, the main techniques for quantica-
tion of OC in environmental media are organic mass spec-
trometry, including HPLC-MS and GC-MS methods,7–10 which,
however, are oen not suitable for analyzing EC and other
Environ. Sci.: Processes Impacts, 2023, 25, 1311–1321 | 1311
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inorganic components. For EC, it is oen analyzed and char-
acterized by light microscopy, scanning/transmission electron
microscopy, or soot particle aerosol mass spectrometry (SP-
AMS).11,12 The optical/electronic observation methods usually
give poor accuracy in quantication, and SP-AMS applying laser
vaporization is limited to analyzing gaseous samples since it
nds it difficult to handle liquid or solid samples.13–15 In addi-
tion, a Single Particle Soot Photometer (SP2) and OC/EC
analyzer are also available for measurements of EC and OC;
however, these techniques provide less molecular information
for identication of different species.11,14 Taken together, it
remains a great challenge to obtain information on multiple
components including EC and OC from environmental samples
simultaneously.

Per- and polyuoroalkyl substances (PFASs) are a set of OCs
with strong C–F bonds, and have been widely used as emulsi-
fying agents in polymer synthesis, surface treatment agents in
photolithography, re retardants, furniture cleaners, paper and
cloth coatings.16,17 It has been well documented that PFASs are
environmentally persistent, bio-accumulative and widely
distributed.18–20 Aquatic toxicology of PFASs has attracted much
attention, mainly due to the prevalence of water pollution
caused by PFASs and potentially adverse risks on animals and
humans.8,21 Soot can easily enter the aquatic environment
through atmospheric deposits, and then interact with other OC
in water phase.22 With its large specic surface area and abun-
dant surface functional groups, soot manifests a strong sorp-
tion capacity for various OCs (e.g., antibiotics and PAHs).23–25

Despite the ubiquitous coexistence of soot and PFASs in water,
their potential interactions have not been fully investigated yet.
Thus, it is necessary to develop an approach to uncover the
intertwined relationship of soot and PFASs, because soot may
signicantly change the environmental fate and ecological risks
of PFASs.

Laser desorption/ionization mass spectrometry (LDI-MS) is
a powerful mass spectrometry tool with attractive properties
such as high throughput, simple and minimal sample prepa-
ration, and rapid analysis.26–28 Meanwhile, LDI is a relatively so
ionization technique that can retain certain cluster structures
when ionizing particulate materials.4,29,30 Herein, by using
PFASs as a typical set of OC and carbon black (CB) as a standard
and alternative soot material (i.e., a model EC), we found that
LDI-MS generated two kinds of independent and specic
characteristic MS ngerprint peaks for EC and OC. Of note, EC
itself not only can absorb the laser energy ionization to generate
carbon clusters in a low mass range, but also serves as a matrix
to assist the ionization of OC in LDI-MS, which thus enabled
simultaneous analysis of EC and OC. By using this new tech-
nique, we monitored the adsorption process of PFASs on CB to
better understand the environmental behaviors and ecological
risks of PFASs. Furthermore, the effect of common co-existing
environmental substances in water, including natural HA and
surfactants, on the adsorption of PFASs on CB was investigated.
Considering the ubiquity of EC and OC in diverse environ-
mental matrices, this method provides a versatile tool for
simultaneous quantication of EC and OC in environmental
samples.
1312 | Environ. Sci.: Processes Impacts, 2023, 25, 1311–1321
Materials and methods
Reagents and chemicals

Acetonitrile, methanol, hexane, and acetone of HPLC grade
were purchased from Innochem Technology Co. (Beijing,
China). Ethanol, potassium hydroxide (KOH) and hydrochloric
acid (HCl, 37%) of analytical grade were purchased from Sino-
pharm (Beijing, China). Carbon black (CB) was purchased from
Aladdin (Shanghai, China). Peruorooctanesulfonic acid
potassium salt (PFOS, 98%) was purchased from Beijing J&K
Scientic Co. (Beijing, China). Peruorooctanoic acid (PFOA,
96%) was purchased from Sigma-Aldrich (Germany). Per-
uorononanoic acid (PFNA, 97%) and peruorododecanoic acid
(PFDoA, 96%) were purchased from Alfa Aesar Chemical Co.
(China). Peruorodecanoic acid (PFDA, 98%) was purchased
from Aladdin (Shanghai, China). Surfactants including tetra-
decyl dimethyl benzyl ammonium chloride (TDBAC) and cetyl
trimethyl ammonium bromide (CTAB) were purchased from
AccuStandard (USA) and Sigma-Aldrich (Germany), respectively.
Humic acid (HA) was purchased from Alfa Aesar Chemical Co.
(China). Filter membranes (polyethersulfone material, 0.22 mm)
were purchased from Anpel Laboratory Technology Co.
(Shanghai, China). Deionized water was obtained using a Milli-
Q Direct ultrapure water system (Millipore, USA).
Instruments and parameters

LDI-MS experiments were performed on a Rapiex MALDI Tis-
suetyper (Bruker Daltonics, Germany) working in the negative-
ion mode. The measurement conditions controlled by a Flex-
Control workstation were as follows: laser working frequency
5000 Hz, laser shots 1000, laser power 90%, and mass rangem/z
20–600. A single analysis involves dropping 1.0 mL of sample
solution on a MALDI target plate (MTP 384 polished steel,
Bruker Daltonics, Germany) followed by air-drying before LDI-
MS analysis. The FlexAnalysis 4.0 soware was used for
MALDI-MS data processing.

A Q-TOF-MS (Agilent 6540) instrument for method validation
was used in the negative electrospray ionization mode. Mass
spectra were acquired in full-scan (m/z 20–600) mode and the
instrument conditions included: mobile phase, acetonitrile/
water (v/v, 70 : 30); injection volume, 1 mL; and liquid ow
rate, 0.3 mL min−1. The conditions of the MS interface
controlled by a MassHunter workstation were as follows: 10.0
Lmin−1 for desolvation gas ow rate, 35 psi for nebulization gas
pressure, and 350 °C and 300 °C for source and desolvation gas
temperatures. The single run time is ∼1 min with no need of
chromatographic separation.

The other instruments used in this study included an envi-
ronmental scanning electron microscope (SEM, model SU8020,
Hitachi, Japan) instrument equipped with an energy dispersive
X-ray spectrometer (EDS) instrument, nanoparticle tracking
analyzer (NTA, model Nanosight NS300, Malvern, UK), high-
speed refrigerated centrifuge (model 5810R, Eppendorf, Ger-
many), high-power ultrasonic cleaning machine (model KQ-
600KDE, Kunshan Ultrasonic Instrument Co., China), vortex-
ing machine (model VORTEX-8, Qilin Bell Instrument
This journal is © The Royal Society of Chemistry 2023
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Manufacturing Co., Jiangsu, China), desktop constant temper-
ature magnetic stirrer (model S23-2, Sile Instrument Co.,
Shanghai, China), and electronic microbalance (model ME204/
02, Mettler toledo, Switzerland).

Preparation of standard solutions

The stock solutions of PFOS (2.0 mg mL−1), PFOA (1.0 mg
mL−1), PFNA (1.0 mg mL−1), PFDA (1.0 mg mL−1), and PFDoA
(1.0 mg mL−1) were prepared in deionized water, and stored in
a refrigerator at 4 °C. The working solutions of PFOS (0.4, 5, 20,
40, 60 and 100 ng mL−1) and PFOA (0.4, 5, 20, 40, 60 and 100 ng
mL−1) were obtained by dilution with deionized water for
establishing calibration curves. CB (100 mg) was homogenized
and dispersed in 50 mL of water using a constant temperature
magnetic stirrer for 2 h followed by ultrasonication for 30 min
to obtain a stock solution of CB (2.0 mg mL−1). The dispersion
of CB was then diluted to prepare a concentration of 0.2 mg
mL−1 for further adsorption experiments. Of note, the standard
solutions of PFOS (100 ng mL−1) and PFOA (100 ng mL−1),
which were close to environmental concentration levels, and CB
(0.2 mg mL−1) were selected for investigation of the adsorption
behaviors and interactive mechanisms.

Monitoring the adsorption of PFASs on CB by LDI-MS

Taking PFOS as an example, 100 ng mL−1 of PFOS standard was
prepared with water, and an appropriate amount of CB (0.2 mg
mL−1) was added. The mixed solution was rst ultrasonicated
for 5 min to obtain a pre-equilibrium state, and then le to
stand for a period of time until an adsorption equilibrium was
reached. To monitor the adsorption behaviors of PFOS on CB in
the water, the mixed solutions were sampled at regular
adsorption time intervals (1, 5, 20, 40, 60, 120 and 180 min) by
two approaches, including without membrane ltration and
with ltration through a 0.22 mmmembrane. The rst approach
allowed the direct detection of MS intensities of OC and EC
during the adsorption process. The second approach with
membrane ltration could be used to quantify the residual OC
aer performing EC adsorption (the OC-adsorbed EC could be
removed by the membrane ltration) by LDI-MS and Q-TOF-MS,
which also allowed the results of the method to be veried. All
sample solutions dropped on the MALDI target plate were air-
dried prior to LDI-MS measurements. Of note, [MPFOS–H]− (m/
z 499) and C6

− (m/z 72) were selected as characteristic ions for
PFOS and CB, respectively, and in this case their MS intensity
ratio (Im/z 499/Im/z 72) was assigned as the ratio of OC to EC (OC/
EC value).

Effects of co-existing environmental substances on the
adsorption process

The interaction of CB and co-existing substances in the aquatic
environment can greatly affect the adsorption behavior of
organic contaminants.31–33 Thus, the effects of substances
widely existing in environmental waters, including humic acid
(HA) and surfactants, on the adsorption behaviors of PFASs on
CB were also studied. Adsorption rate (%) was used to evaluate
the surface adsorption efficiency of particles.34,35 Taking PFOS
This journal is © The Royal Society of Chemistry 2023
as an example, the adsorption capacity of PFOS on CB was
calculated using the following formula:

Adsorption rate (%) = (Iinitial PFOS − Ifinal PFOS)/Iinitial PFOS ×

100%

where Iinitial PFOS and Inal PFOS are the initial and nal MS signal
intensities of PFOS, respectively.

Application to real environmental wastewater from
a uorochemical manufactory

PFASs-containing wastewater samples were collected from
a uorochemical manufactory in December 2020, located
downstream of the tributary of the DuanGang Reservoir in
Hubei Province, China.36 The raw wastewater sample was
ltered through a Whatman glass microber lter GF/F 0.7 mm
prior to analysis. An appropriate amount of CB (0.2 mg mL−1)
was added to the wastewater sample, followed by ultra-
sonication for 5 min to obtain a pre-equilibrium state, and then
the mixed solution was sampled at 20 min time of adsorption
with ltration through a 0.22 mm membrane. Finally, the
sample solution was directly dropped onto the MALDI target
plate followed by air-drying prior to LDI-MS measurements.

Results and discussion
Establishment of the LDI-MS platform for simultaneous
analysis of EC and OC

Carbon black (CB) has oen been used as a standard material
for soot quantication, so it was selected as a model EC for
method development.37,38 We found that the extracted soot from
the environmental samples and CB standard had the same MS
ngerprints, and similar morphology and size distribution (see
Fig. S1†). Immediately aerwards, we explored the feasibility of
LDI-MS for simultaneous analysis of EC and OC. First, two
environmentally dominant PFASs, PFOS and PFOA (as repre-
sentatives of OC), were mixed with CB (a model EC). Notably,
strong MS signals of both EC and OC were clearly obtained in
a single LDI-MS spectrum. Clustering of characteristic peaks of
C3

−–C10
− atm/z 36, 48, 60, 72, 84, 96, 108, and 120 is specically

generated by CB (see Fig. 1a and b, and Table S1†). PFOS yielded
[MPFOS–C2F4–H]−, [MPFOS–CF2–H]−, and [MPFOS–H]− peaks atm/
z 399, 449, and 499, respectively (see Fig. 1a and Table S1†).
Fig. 1b shows the characteristic peaks of PFOA at m/z 281, 331,
369 and 413 corresponding to [MPFOA–CF4COOH]−, [MPFOA–

F2COOH]−, [MPFOA–COOH]−, and [MPFOA–H]−, respectively.
Thus, the EC (i.e., CB) and OC (i.e., PFOS and PFOA) generated
two kinds of characteristic ngerprint peaks in the same MS
spectrum by LDI-MS without mutual interference. In addition,
the corresponding characteristic peaks mentioned above were
also separately veried by the individual standards of CB, PFOS,
and PFOA (see Fig. 2).

In light of the numerous members of PFASs, we further
extend the target compounds to the cocktail of PFOS, PFOA,
PFNA, PFDA and PFDoA. As shown in Fig. 1c and Table S1,† MS
ngerprinting of CB and the ve PFASs could be simultaneously
obtained by LDI-MS, again demonstrating the feasibility of our
Environ. Sci.: Processes Impacts, 2023, 25, 1311–1321 | 1313
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Fig. 1 Simultaneous analysis of EC and multiple types of OCs by LDI-MS. The typical MS spectra of (a) PFOS, (b) PFOA, (c) five PFASs, (d) BPS, (e)
PCP, (f) E2, and (g) 9-nitroanthracene and 1-nitropyrenemixed with CB standard.Note: CB was a model EC. PFASs (including PFOS, PFOA, PFNA,
PFDA and PFDoA), BPS, PCP, E2, 9-nitroanthracene, and 1-nitropyrene were used as representative OCs. The detailed information about these
characteristic peaks is listed in Table S1.†
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method. Furthermore, to further evaluate the potential of
simultaneous analysis of EC and OC, we added CB tomore types
of OC, including an industrial adhesive (bisphenol S, BPS), an
organochlorine pesticide (pentachlorophenol, PCP), an endo-
crine disruptor (estradiol, E2) and two nitropolycyclic aromatic
hydrocarbons (1-nitropyrene and 9-nitroanthracene) (as
1314 | Environ. Sci.: Processes Impacts, 2023, 25, 1311–1321
described in the Experimental section in the ESI†). As shown in
Fig. 1d–g and Table S1,† the MS signals of a variety of OCs and
EC could be readily obtained, indicating that this method had
a wide applicability. Importantly, EC itself not only can absorb
the laser energy ionization, but also serves as a matrix to assist
the ionization of OC in LDI-MS, which is the key basis of the
This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Themass spectra of individual standards of (a) CB (0.1 mgmL−1), (b) PFOS (100 ngmL−1), and (c) PFOA (100 ng mL−1) obtained by LDI-MS.
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LDI-MS method for simultaneous analysis of EC and OC.
Overall, we have demonstrated that LDI-MS enables acquisition
of the MS ngerprints of both EC and OC, which provides a new
strategy for simultaneous quantication of EC and OC.

To validate the established LDI-MS method, we compared
the quantication results of PFOS and PFOA by LDI-MS and Q-
TOF-MS (as described in the Experimental section in the ESI†).
As shown in Fig. S2 and S3, and Tables S2 and S3,† an excellent
consistency was obtained between the concentrations of PFOS
and PFOA determined by these two techniques (R > 0.98),
demonstrating that the quantitative results with LDI-MS were
highly accurate and reliable. Meanwhile, the Q-TOF-MS method
requires a large amount of solvent consumption, and a 0.22 mm
lter membrane is required before the determination of the
sample solution. This makes large-scale and direct analysis of
particles-containing real samples almost impossible for Q-TOF-
MS. In addition, we have proved that the method is also suitable
for the detection of EC and OC under positive ion modes (see
Fig. S4†). Compared with Q-TOF-MS, LDI-MS offers some
distinct advantages including solvent-free process, short anal-
ysis time, and the capability of simultaneous analysis of EC and
OC, which makes it promising for investigating the environ-
mental behaviors and ecological risks of pollutants in multiple
media.
Monitoring the adsorption process of PFOS on CB in water by
LDI-MS

The adsorption of PFASs by CB may signicantly change their
environmental behaviors and fate, and ecological and health
risks. Therefore, with the benets of LDI-MS, investigating the
adsorption process of PFASs on CB in water is important for
predicting and understanding their environmental risks.
Herein, we investigated the behaviors of CB-mediated sorption
PFASs in the water. As shown in Fig. 3a, with CB (0.2 mg mL−1)
and PFOS (100 ng mL−1), we tried to use the MS signal of OC,
EC, and the ratio of OC to EC (OC/EC) to intuitively reect the
adsorption process of each stage. To this end, two sampling
methods were adapted prior to LDI-MS analysis for monitoring
their adsorption process. In the rst sampling method, the
mixed solutions of CB and PFOS were sampled at regular
adsorption time intervals (1, 5, 20, 40, 60, 120 and 180 min)
without membrane ltration and directly dropped on the
MALDI target plate. As shown in Fig. S5,† and 3b and c, under
the condition without membrane ltration, the value of OC/EC
rst increased rapidly and then slowly tended to be stable aer
This journal is © The Royal Society of Chemistry 2023
adsorption for 20 min. This indicated that more andmore PFOS
was absorbed onto the surface of CB. When an adsorption
equilibrium was reached, the value of OC/EC kept constant. An
alternative sampling method was that the sample solutions at
the same adsorption time intervals were ltered through a lter
membrane prior to being dropped on the MALDI target plate.
We found that the MS signal of residual PFOS decreased with
the adsorption time in the sample solution collected by
membrane ltration, and no MS signals of PFOS were detected
and the adsorption rate was close to 100% at 20 min (see
Fig. S6,† and 3d and e). This indicated that CB along with the
adsorbed PFOS could be effectively removed by the membrane
ltration, and thus the MS signals of OC decreased with the
increase of adsorption time, and a complete removal was ob-
tained at the adsorption equilibrium endpoint (20 min). Within
the two different sampling methods, the value of OC/EC tended
to be stable in the rst, and the MS signal of OC completely
diminished in the second, which means that these two indica-
tors (the value of OC/EC and OC signals) could be used to
indicate each stage of the adsorption process and the adsorp-
tion equilibrium endpoint.

In addition, the EC adsorption enhances the sensitivity of
OCs to a certain extent, which is because EC can serve as
a matrix to assist the ionization of OC in LDI-MS. To this end,
we have considered whether EC adsorption affects the accuracy
of OC measurements in our study; on one hand, the content of
CB in the solution as an adsorbent was xed and did not change
during the adsorption process. Therefore, the quantication of
PFASs would not be affected by the amount of EC. On the other
hand, as mentioned above, we have also used the sampling
approach with ltration through 0.22 mm membranes (to
remove EC) and quantied the PFASs in the remaining solution
by Q-TOF-MS and LDI-MS simultaneously, which veried the
accuracy of the results (see Fig. S2 and S3, and Tables S2 and
S3†). With regard to the accuracy of simultaneously quanti-
tating OC and EC in the situations of a eld study or variable
amounts of EC, we have proposed two strategies to solve this
problem: (1) we have established a reliable EC quantication
method by using LDI-MS, which enables identication and
quantication of EC in diverse environmental and biological
samples.29,30 Therefore, in real applications, we can rst quan-
tify the EC in samples, and then dilute the studied solution
system to a consistent EC concentration. In this way, it is
possible to eliminate the effect of EC amount. (2) Another
strategy is to rst investigate the rule governing the effect of the
Environ. Sci.: Processes Impacts, 2023, 25, 1311–1321 | 1315
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Fig. 3 Monitoring the adsorption process of PFOS on CB by LDI-MS. (a) Schematic diagram for the monitoring of the adsorption process
(including four stages) of PFOS on CB. (b) Temporal variations of the OC/EC value under the condition without membrane filtration. (c) Typical
MS spectra of applying CB at the beginning and adsorption equilibrium endpoint in (b). (d) Temporal variations of MS signal intensity of OC and
adsorption rate under the condition with membrane filtration. (e) Typical MS spectra of applying CB at the beginning and adsorption equilibrium
endpoint in (d). Note: m/z 499 and m/z 72 were selected as characteristic ions for PFOS and CB, respectively. The value of OC/EC refers to the
ratio of MS signal intensities of OC and EC, i.e., Im/z 499/Im/z 72.
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EC amount on OC signals, and then we can clarify the signal
enhancement factors of OC signals at different EC concentra-
tions. In real applications, we can choose different enhance-
ment factors or calibration curves to achieve an accurate OC
1316 | Environ. Sci.: Processes Impacts, 2023, 25, 1311–1321
quantication. In this way, the OC can be accurately quantied
in the presence of different concentrations of EC. Such strate-
gies will be investigated in detail in our future studies. Anyway,
this problem only affects the quantication results of OC but
This journal is © The Royal Society of Chemistry 2023
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does not compromise the ability of adsorption process moni-
toring of this technique.

In addition, the efficiency of membrane ltration was also
estimated. It can be seen from Fig. S7† that CB and the adsor-
bed PFOS were fully removed by membrane ltration (approxi-
mately 100%), while with only PFOS in the absence of CB, the
membrane ltration could not affect the MS signal intensity of
PFOS. Thus, CB was a high-efficiency adsorbent for PFOS in
water. The presence of CB can change the free concentration of
PFOS in environmental waters and further affect its environ-
mental fate. Taken together, LDI-MS enables the tracing of the
adsorption process of PFOS on CB, and reveals that PFOS can be
strongly adsorbed by CB in water.

Insights into the adsorption mechanism of PFASs on CB

Owing to the large specic surface area and high surface
hydrophobicity, soot has strong adsorption affinity for hydro-
phobic organic contaminants.22,23 We therefore assume that
hydrophobic interaction plays a dominant role in the
Fig. 4 Investigation of the adsorption mechanism of PFASs on CB. (a) M
CB adsorption. (b) Chemical structures and hydrophobicity orders of the
but different functional groups, e.g., PFOS and PFOA. (d) Adsorption time
e.g., PFDoA, PFDA, PFNA and PFOA.

This journal is © The Royal Society of Chemistry 2023
adsorption of PFASs to CB in water. Organic alcohol solution
enables desorption of the hydrophobic C–F chain,39,40 so we use
methanol (MeOH) to replace water as solvent for in-depth
exploration of the adsorption mechanism. When methanol
was used as a desorption solvent, CB had almost no adsorption
for PFOS (see Fig. 4a), indicating that the presence of methanol
greatly weakened the hydrophobic interaction between CB and
PFOS. We also demonstrated that the adsorption of CB and
PFOS is reversible. While the lter membrane was eluted again
with an appropriate amount of MeOH, obvious MS signals of
PFOS were observed in the MS spectra in the collected ltrate,
indicating that PFOS could be detached from the lter
membrane.

To further elucidate the adsorption mechanism of PFASs on
CB, the adsorption capacity of ve different hydrophobic PFASs
(i.e., PFOS, PFOA, PFNA, PFDA and PFDoA) was compared. PFOS
and PFOA have the same carbon chain length but different
functional groups, and PFDoA, PFDA, PFNA and PFOA have the
same functional group but different carbon chain lengths (the
S spectra of PFOS with MeOH as a solvent before and after performing
five PFASs. (c) Adsorption time curves of the same carbon chain length
curves of the same functional group but different carbon chain lengths,

Environ. Sci.: Processes Impacts, 2023, 25, 1311–1321 | 1317
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order of hydrophobicity of the ve PFASs is presented in
Fig. 4b). Fig. 4c reveals a more efficient removal of PFOS than
PFOA at the same adsorption time, probably because PFOS has
stronger hydrophobicity than PFOA.40,41 Similarly, long-chain
compounds with the same functional group can be more effi-
ciently removed than short-chain ones due to stronger hydro-
phobicity (see Fig. 4d).42,43 Therefore, the adsorption rate of
PFASs is closely dependent on their hydrophobicity, again
indicating that hydrophobic interaction dominates the sorption
of PFASs to CB in water, which was affected by the functional
groups and carbon chain length of PFASs.

Investigation of the effect of co-existing environmental
substances in water on the adsorption process

Investigating the effect of common environmental substances
in waters, e.g., natural HA and surfactants, on the adsorption of
PFASs on CB is important to predict their environmental fate in
real environmental scenarios. To this end, we investigated the
effects of the presence of HA and surfactants on the adsorption
process of PFOS and PFOA on CB. When applying CB to adsorb
PFOS and PFOA for 5 min, the solutions were ltered by a lter
membrane prior to LDI-MS analysis. As shown in Fig. 5a, the
Fig. 5 Effects of co-existing substances (HA and surfactants) in the aquat
of (a) low concentration of HA (lowHA, 100 ngmL−1) and high concentrat
(100 ng mL−1) and CTAB (100 ng mL−1) on adsorption rate. Three-d
concentration of (c) PFOS and (d) PFOA. Note: In (a) and (b), PFOS (100 ng
the adsorption time was 5 min. The t test was used to estimate sign
surfactants), with * indicating P < 0.05.

1318 | Environ. Sci.: Processes Impacts, 2023, 25, 1311–1321
presence of HA obviously reduced the adsorption of CB for
PFOS and PFOA (P < 0.05), and the suppression effect of HA at
high concentration was more signicant than that at low
concentration. As a typical dissolved organic matter (DOM), the
presence of HA might change the aggregation state of CB and
further change the availability of the surface adsorption sites for
organic contaminants.44 The decreased adsorption could be
explained by postulating that the occupation of adsorption sites
of CB due to coating by DOM led to decreased availability of the
CB surface for adsorption of PFOS and PFOA. This result was
consistent with previous studies on organic pollutant adsorp-
tion by carbon nanoparticle (CNP) and carbon nanotube (CNT)
surfaces.32,45

Then, we estimated the effects of the two representative
surfactants, TDBAC and CTAB, on the adsorption process. As
shown in Fig. 5b, when applying CB to adsorb PFOS and PFOA
for 5 min, the presence of surfactants increased the adsorption
of PFOS and PFOA to CB (P < 0.05). Notably, the PFOS signal
disappeared within 1 min in the presence of surfactants (see
Fig. S8,† e.g., the adsorption equilibrium endpoint was reduced
from 20 min to 1 min), suggesting the adsorption rate was
greatly improved by surfactants. We suggested that surfactants
ic environment on the adsorption of PFOS and PFOA on CB. The effects
ion of HA (high HA, 5000 ngmL−1), and (b) surfactants including TDBAC
imensional relationship diagrams between the CB dosage and the
mL−1), PFOA (100 ng mL−1), and CB (0.2 mg mL−1) were selected, and

ificant differences from the control group (e.g., absence of HA and

This journal is © The Royal Society of Chemistry 2023

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3em00129f


Fig. 6 Matrix-free LDI-MS for direct analysis of (a) a wastewater sample without pretreatment and (b) a filtered sample solution after performing
CB adsorption. Note: m/z 281 and 331 were assigned as the characteristic peaks of PFOA. m/z 299, 349 and 399 were assigned as the char-
acteristic peaks of PFOS.
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can effectively disperse CB by enhancing the hydrophilicity and
steric repulsion of CB, consequently exposing more available
adsorption sites and resulting in increasing adsorption of PFOS
and PFOA on CB. This mechanism was also supported by some
previous studies.46,47 In addition, the effect of the CB dosage and
the concentration of the adsorbed target compounds (PFOS and
PFOA) are shown in Fig. 5c and d. We found that the adsorption
rate of PFOS and PFOA increased at higher adsorption dosage.
Overall, the results mentioned above demonstrated that the
interaction of co-existing environmental substances and CB and
the adsorbent dosage can greatly affect the adsorption behav-
iors and environmental fate of organic contaminants.

Application to real environmental wastewater from
a uorochemical manufactory

Finally, we also employed this method to analyze the complex
wastewater sample collected in a uorochemical manufactory.
As shown in Fig. 6a, the characteristic MS peaks of many OCs,
including but not limited to PFOS and PFOA, can be clearly
obtained in the untreated wastewater sample by LDI-MS.
Furthermore, we found that OCs decreased signicantly and
EC was eliminated completely in the ltered solution aer
performing CB adsorption for 20 min (see Fig. 6b). The rate of
adsorption of PFOA and PFOS by CB in the real water sample
was estimated to be approximately 100% and 90%, respectively.
In other words, these experiments above again demonstrated
that this method is promising for simultaneous analysis of EC
and OC in real complex samples.

Conclusions

In this work, we developed a label-free LDI-MS method for
monitoring and tracing the adsorption process of PFASs on CB.
The new method exhibited a unique capability of simultaneous
quantitative analysis of EC and OC, which is difficult to
implement by traditional methods including organic mass
spectrometry and optical methods. Considering the signi-
cance and ubiquity of EC and OC in diverse environmental
matrices, this methodology provides a versatile tool for
This journal is © The Royal Society of Chemistry 2023
assessment of the environmental risks of multiple pollutants,
and thus it is expected to play an important role in exposome
analysis and relevant risk assessments.
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