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a b s t r a c t 

In this study, a method was established for the analysis of long-chain chlorinated paraffins (LCCPs) in sed- 

iment based on quick, easy, cheap, effective, rugged, and safe (QuEChERS) extraction and two-dimensional 

liquid chromatography-Orbitrap high resolution mass spectrometry (2DLC –Orbitrap HRMS). Compared 

with other reported methods, this method greatly reduces sample preparation time (2 h) and solvent 

consumption. The QuEChERS extraction method presented satisfactory recoveries, 90.5–95.2, 84.7–86.6, 

and 81.4–83.4% of 5, 50, and 200 ng/g LCCPs with 49% Cl spiked into sediments. Meanwhile, no matrix 

effects were found in the LCCPs analysis after online purification by the 2DLC system. With the current 

commercial LCCP standards and a mixture of three chlorinated paraffins (CPs) industrial products, a sus- 

pect screening strategy was established and accurate identification of LCCPs (including vLCCPs, which 

carbon chain length greater than 20) under the plight that the reference standards for vLCCPs are cur- 

rently unavailable. A total of 21 C 18–20 -LCCP and 22 vLCCP congeners were identified in sediment samples 

collected from Dongting Lake, China. The total concentrations of LCCPs in six sediment samples ranged 

from 1.69 to 18.0 ng/g (median 6.66 ng/g) and was dominated by C 18 groups (mean, 28.8%), C 19 groups 

(mean, 19.1%) and C 21 groups (mean, 16.9%). Taken together, the successful application of this method to 

analyze sediment samples shows great potential for the analysis of LCCPs in environmental samples in 

future studies. 

© 2022 Elsevier B.V. All rights reserved. 
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. Introduction 

Chlorinated paraffins (CPs) are extensively distributed in the en- 

ironment, biota, and humans because of their huge production 

nd use [1–3] . Conventionally, CPs are composed of short chains 

SCCPs, C 10–13 ), medium chains (MCCPs, C 14–17 ), and long chains 

LCCPs, C ≥ 18 ) [4] . LCCPs with carbon chain lengths greater than 

0 can be further subdivided into very long-chain CPs (vLCCPs) [5] . 

ith SCCPs listed in Annex A as a new group of persistent organic 

ollutants (POPs) under the Stockholm Convention in May 2017, 

Ps have been well known by the public and researchers world- 
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ide because of their environmental, biological, and human risks 

 1 , 6 ]. In contrast to SCCPs and MCCPs, however, LCCPs have at-

racted less attention because of their environmental persistence 

 7 , 8 ], biomagnification in biota [9] , and toxicity [ 10 , 11 ], although

igher proportions and higher levels of LCCPs have been reported 

n lake sediments from China [8] , coastal sediments from Sweden 

7] , and air samples from China [12] . A main obstacle for this situa-

ion may originate from the lack of a simple and fast pretreatment 

ethod and reliable instrumental analysis for LCCPs. 

Generally, Soxhlet extraction and accelerated solvent extraction 

ASE) are commonly used extraction methods for LCCPs in solid 

amples (e.g., soil, sediment, and biota) [13–16] . However, Soxhlet 

xtraction requires a long time to perform and has high solvent 

onsumption, and is therefore unsuitable for time-sensitive condi- 

ions or large-amount of samples for analysis. The ASE method re- 

uires a shorter extraction time, but still requires the usage of a 

ignificant amount of solvents [ 7 , 17-19 ]. Other alternative extrac- 

https://doi.org/10.1016/j.chroma.2022.463585
http://www.ScienceDirect.com
http://www.elsevier.com/locate/chroma
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ion procedures, such as ultrasound-assisted extraction [20] and 

icrowave-assisted extraction [ 8 , 21 ], have also been developed by 

esearchers for the quicker extraction of LCCPs. LCCPs extracted 

y these methods usually require a further purification protocol 

e.g., silica gel column, aluminum oxide column) prior to instru- 

ent analysis [ 8 , 14 , 18-20 ], which makes these methods not user-

riendly, consumes large amounts of organic solvents, and more 

mportantly, does not conform to green chemistry principles [22] . 

In 2003, the quick, easy, cheap, effective, rugged, and safe 

QuEChERS) extraction method was first proposed by Anastassiades 

t al. for multi-residue pesticide analysis in various agricultural 

roducts, such as fruits and vegetables [23] . This method com- 

only involves initial solvent partitioning based on the salting- 

ut effect, followed by a dispersive solid-phase extraction (d-SPE) 

tep that comprises of further clean-up using several combina- 

ions of porous sorbents to remove matrix interfering substances 

24] . The advantage of this extraction method is that a sample 

oncentration step is not required. In addition, the extraction sol- 

ent, sample amount, partitioning salts and their relative amounts 

nd proportions, and pH value can be easily adjusted and opti- 

ized to improve the effectiveness of this method, given that the 

arget analyte properties and matrix composition vary widely be- 

ween different studies [25] . This advantage results in high selec- 

ivity, sensitivity, and specificity in the analysis of various organic 

ollutants, including polycyclic aromatic hydrocarbons, POPs, and 

harmaceuticals in food and environmental matrices, particularly 

hen the QuEChERS extraction method is combined with tandem 

ass spectrometry (MS/MS) or high-resolution mass spectrometry 

HRMS) detection [ 24 , 26 , 27 ]. Consequently, the first goal of this

tudy was to develop a rapid method for the extraction and pu- 

ification of LCCPs based on the QuEChERS approach. Considering 

hat the QuEChERS extraction process has been heavily simplified, 

 significant amount of co-extractives present in the final extract 

ill inevitably interfere with the instrumental analysis of LCCPs. 

he next step to consider is how to implement online purification 

f LCCPs to further remove interfering substances prior to mass 

pectrometry (MS) analysis. For this purpose, a hydrophilic inter- 

ction chromatography (HILIC) column was introduced to establish 

 two-dimensional liquid chromatography (2DLC) system by a dy- 

amic connection with a C 18 column. This technique was first pro- 

osed by Albert Andrew in 1990 and has gained popularity in areas 

uch as pharmaceutical analysis, bioanalysis, and food chemistry 

28–32] . 

In recent years, ultra-high-performance liquid chromatography 

UHPLC) coupled with Orbitrap HRMS has been applied to LCCPs 

nalysis because it has higher selectivity and sensitivity (up to 

50,0 0 0 full width at half maximum (FWHM) at m/z 200) and re-

olves the interference from SCCPs, MCCPs, and long-chain chlo- 

inated olefins (LCCOs) [ 20 , 33 ]. The author of this study also de-

eloped an analytical procedure for LCCPs using Orbitrap HRMS in 

n ammonium-acetate-enhanced system [16] . However, the avail- 

ble reference standards for qualitative analysis of LCCPs currently 

ainly contain C 18–20 -LCCP congeners, which makes the identifica- 

ion of potential vLCCPs unavailable, especially large LCCP-like sub- 

tances that coexist in environmental samples, which share a close 

etention time to vLCCPs, and with similar primary mass spectrom- 

try (MS 1 ) and isotopic patterns [ 16 , 20 , 33 ]. Integrated target, sus-

ect, and characteristic fragment-dependent screening is a recently 

eveloped instrumental strategy for the identification of known 

nd unknown chemicals in complex mixtures based on HRMS, as 

ell as accurate mass and isotope patterns [34–37] . For instance, 

hang et al. identified three target citric acid esters (CAEs) and 

ix novel CAEs in 50 indoor dust samples using LC-Orbitrap-HRMS, 

ased on their full mass spectral information in both MS 1 and MS 2 

atterns and the chemical inventory of PubChem [34] . Wang et al. 

onducted a comprehensive identification of aryl organophosphate 
2 
riesters (OPTEs) and discovered 11 novel aryl OPTEs in North 

hina house dust using an HRMS-based method directed by char- 

cteristic aryl phosphate fragments [36] . Therefore, the second goal 

f this work is to establish an alternative instrument analysis pro- 

edure that can accurately identify LCCPs, including vLCCPs, using 

HPLC-Orbitrap-HRMS based on the available C 18–20 -LCCP stan- 

ards and industrial products. Finally, as a case study, comprehen- 

ive identification and semi-quantitative analysis of LCCPs and vL- 

CPs in six sediment samples from Dongting Lake, China, was con- 

ucted to verify the newly established procedure. 

. Experimental 

.1. Chemicals 

Two LCCP standards (36 and 49% Cl) were purchased from 

r. Ehrenstorfer GmbH (Augsburg, Germany). D 18 -labeled α- 

exbromocyclododecane (HBCD) was obtained from Cambridge 

sotope Laboratories (Andover, MA, USA). All HPLC-grade solvents 

sed for sample extraction, cleanup procedures, and instrumental 

nalysis were purchased from Merck (Darmstadt, Germany). Three 

ommercial clean-up kits (P/N 5982-0 029, containing 120 0 mg 

gSO 4 , 400 mg C18EC, 400 mg PSA, and 45 mg GCB; P/N 5982- 

010, no available information on its composition because of 

atent protection, and P/N 5982-5156, containing 150 mg PSA, 

50 mg C18EC, and 900 mg MgSO 4 ), NaCl, and MgSO 4 were pur- 

hased from Agilent Technologies (Canada). Three commercial CP 

roducts were obtained from a manufacturer in China. 

.2. Sample preparation 

Six sediment samples (SD 1 –SD 6 ) were collected from Dongt- 

ng Lake, China. The lyophilized sediment samples (5 g) were each 

piked with 10 ng D 18 -labeled α-HBCD was mixed with 5 mL of 

ater in a 50 mL Teflu centrifuge tube and vortexed for 1 min. 

hen, 15 mL of MeCN, 1 g of NaCl, and 4 g of Mg 2 SO 4 were added

o the centrifuge tubes and vortexed for 1 min, and the samples 

ere centrifuged at 40 0 0 rpm for 5 min. The supernatant (12 mL 

f the supernatant was collected and transferred to a commer- 

ial kit tube. No 5982–0029), vortexed for 1 min, and centrifuged 

t 40 0 0 rpm for 5 min. The supernatant was collected and the 

esidues were re-extracted twice with 5 mL of MeCN. The ob- 

ained supernatants were pooled and concentrated to 1.5 mL using 

 rotary evaporator and filtered using a 0.22 μm nylon membrane 

rior to instrumental analysis. 

.3. Online purification of LCCPs by 2DLC system 

The 2DLC system was established for LCCPs online purification 

ased on the dynamic connection of a HILIC column (Poreshell 120 

ilic column, 4.6 × 150 mm, 2.7 μm, Agilent Technologies) and a 

 18 column (XDB C 18 column, 4.6 × 50 mm, 1.8 μm, Agilent Tech- 

ologies) (Fig. S1). Briefly, 5 μL of each sample was first separated 

y a HILIC column and then entered into a C 18 column, leading to 

he polar extract and LCCPs remaining on the HILIC column and 

 18 column, respectively (Fig. S1A). The two columns were then 

eparated by valve A, and the polar matrix was removed from the 

ILIC column by pump A, whereas LCCPs was eluted from the C 18 

olumn by pump B (Fig. S1B and S1C). To reduce instrument con- 

amination, only the eluent containing the LCCPs was allowed to 

nter the MS system by switching valve B (Fig. S1C, retention time 

RT), 10–17 min), and the remaining eluent was transferred to a 

aste bottle (Fig. S1A and S1B, RT, 0–10 min and 17–26 min). 

he mobile phase of both pumps consisted of water with 3 mM 

H 3 COONH 4 , and 0.01% acetic acid (A), methanol (B), and acetoni- 

rile (C) at a flow rate of 0.4 mL/min, and the specific composi- 
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Table 1 

The linear range, limit of detection (LOD) and limit of quantification (LOQ) of the established 2DLC –Orbitrap HRMS method. 

Standards Instrument 

Linear range 

ng/mL 

LOD 

ng/mL 

LOQ 

ng/mL Reference 

LCCPs 

36%Cl 

2DLC-Orbitrap 

HRMS 

5–2000 2.10 7.00 This study 

LC-Orbitrap HRMS 40–10,000 16.0 53.3 [16] 

LC-qTOF HRMS 20–5000 15 - [39] 

LC-qTOF HRMS - 60 - [40] 

LCCPs 

49%Cl 

2DLC-Orbitrap 

HRMS 

2–500 0.41 1.38 This study 

LC-Orbitrap HRMS 40–10,000 7.9 26.3 [16] 

LC-qTOF HRMS 20–5000 10 - [39] 

LC-qTOF HRMS - 10 - [40] 

a not reported. 
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ion of the mobile phases of pumps A and B are listed in Table 

1. To ensure sufficient response of LCCPs and retention of polar 

ubstances on the HILIC column, a portion of water/MeOH/MeCN 

5/30/65) was chosen as the initial mobile phase [ 30 , 32 , 38 ]. As

hown in Fig. S2, lower intensity of total ion chromatography were 

btained using the developed extraction and purification strategy 

n this study. This indicated that it has a better removal efficiency 

or matrix compare to previous method [16] . 

.4. Determination of LCCPs by Orbitrap HRMS 

After purification using the 2DLC system, LCCPs were detected 

sing an Orbitrap HRMS (Thermo Fisher Scientific, USA) operat- 

ng in electrospray ionization (ESI) negative mode. The parameters 

f the MS 1 spectra (range, m/z 40 0–150 0 at an MS resolution of 

20,0 0 0) were based on our previous study [16] . Briefly, the ion

ransfer tube temperature was set at 175 °C, the vaporizer temper- 

ture was set at 300 °C, the spray voltage was 3900 V, the radio

requency (RF) lens level was 45 V, the flow rates of the auxiliary 

nd sheath gas were 5 and 25 arbitrary units, respectively, and 

he MS with the automated gain control (AGC) target was set at 

.0 × 10 5 . The collision-induced dissociation (CID) mode with 10, 

0, and 30% collision energy was chosen to obtain the MS 2 spectra 

f LCCPs in the target MS 2 (tMS 2 ) scan, and the MS resolution of

he tMS 2 scan was set to 30,0 0 0. 

The limit of detection (LOD) and quantification (LOQ) of the 2D 

C-Orbitrap HRMS method were calculated based on 3 ×SD/S and 

0 ×SD/S, respectively, where SD is the standard deviation of the 

esponse of the seven replicate injections at a lower concentration 

5 ng/mL for LCCPs 36%Cl and 2 mg/L for LCCPs 49%Cl) and S is 

he slope of the linear range curve [16] . Compared to previously 

ethod, lower LOD (0.41–2.10 ng/mL) and LOQ (1.38–7.00 ng/mL) 

ere achieved ( Table 1 ). 

.5. Screening procedure for LCCPs 

The workflow of LCCPs’ identification in the sediment sam- 

les is described in Fig. 1 . Briefly, we firstly obtained the frag- 

ent mode of the C 18–20 -LCCP standards by CID mode in tMS 2 

can mode. Due to the lack of vLCCP standards, a mixture of three 

P industrial products (including one CP42 sample ( ∼42% chlo- 

ine content), one CP52 sample ( ∼52% chlorine content), and one 

P70 sample ( ∼70% chlorine content)) was selected for screen- 

ng vLCCPs based on the similar fragment mode of C 18–20 -LCCPs 

n standards, and a total of 174 vLCCPs congeners were identi- 

ed. Combined with the C 18–20 -LCCP congeners present in indus- 

rial products and LCCP standards, a total of 202 LCCP congeners 

ere obtained (Fig. S3). When the acetate adducts of C n H 2 n + 2- m 

Cl m 

 n = 18–40, m = 4–30) in sediment samples were extracted using 

calibur software with their MS 1 accurate mass, if the extracted 
3 
eaks are also contained in Fig. S3 with �RT < 0.1 min, they were 

dentified as LCCP congeners in the sediments. As for the extracted 

eaks are not on the list of identified LCCPs, we will use the CID 

ode in the tMS 2 mode for further identification. All data process- 

ng of the LCCP chromatography peaks was accomplished using the 

calibur software (version 3.0), whose mass error was set at 5 ppm 

or MS 1 and 10 ppm for MS 2 . 

.6. Matrix effects 

Depending on the pretreatment procedures and column separa- 

ion capabilities, matrix effects are likely to occur in LC-MS, espe- 

ially in ESI mode, thereby affecting the detection of target com- 

ounds. In this study, 5, 50, and 200 ng/g of LCCPs were spiked 

nto the sediment and MeCN to observe the matrix effects, and the 

pecific calculation was as follows [41] : 

% Matrix Effects (ME) = (Peak area spiked in sediments - Peak area 

piked in MeCN )/Peak area spiked in MeCN ×100 (1) where the Peak ar- 

as spiked in sediments and Peak area spiked in MeCN indicate the aver- 

ge peak areas of LCCPs spiked into sediments and MeCN, respec- 

ively.% ME value between −20% and 20% indicates no matrix ef- 

ects, while% ME < −20% and% ME > 20% indicate ion suppression 

nd enhancement, respectively. 

. Results and discussion 

.1. Establishment of QuEChERS extraction method and its 

erformance 

.1.1. Selection of the sample amount and extraction solvent 

Considering the convenience of the QuEChERS extraction 

ethod, we introduced this method for LCCPs analysis of sedi- 

ent samples in this study. Initially, 10 g of the sample and 10 mL 

f MeCN were used to extract LCCPs in sediments as the original 

uEChERS method proposed [23] . However, only a small volume 

f supernatant could be taken out after centrifugation, which is 

imilar to the result found by Asensio-Ramos et al. (2010) when 

xtracting 10 g of soil with 10 mL of MeCN [42] , which may be

scribed to the strong hydrophobicity of LCCPs [43] . Then, 5 g of 

ediment and 15 mL of MeCN were used to obtain sufficient su- 

ernatant, and better recoveries were obtained, with an average 

alue of 97.8 ± 5.1% (Fig. S4A). Besides MeCN, other organic sol- 

ents, such as dichloromethane (DCM) and acetone (ACE), have 

lso been used as extraction solvents for the QuEChERS method 

 44 , 45 ]. Nevertheless, poor recoveries of LCCPs extracted by pure 

CM or ACE were found in our preliminary experiment, and the 

ost likely reason may be that these solvents cannot easily pene- 

rate the water base to extract LCCPs from sediments [24] . Instead, 

 mixture of MeCN/ACE (v/v, 2:1, 15 mL) and MeCN/DCM (v/v, 2:1, 

5 mL) was tested to recover LCCPs in the sediment. The results 
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Fig. 1. Workflow of the identification of LCCPs in sediment samples. 
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howed that MeCN/ACE (v/v, 2:1) and MeCN/DCM presented a sim- 

lar extraction ability for LCCPs as pure MeCN (Fig. S4A). Based on 

reen chemistry principles, 5 g of sediment and 15 mL of MeCN 

ere selected for LCCPs extraction in this study. 

.1.2. Optimization of clean-up procedures 

After extraction, three commercial clean-up kits (P/N 5982- 

029, P/N 5982-1010, and P/N 5982-5156 from Agilent Technolo- 

ies) for QuEChERS extraction were chosen to further purify the 

xtracts containing LCCPs in the present study. To maintain the 

tabilization of recoveries, the supernatant was collected and the 

esidues were re-extracted twice with 5 mL MeCN when the ex- 

racts were purified using clean-up kits. As shown in Fig. S4B, 

it 5982-0029 demonstrated the best recoveries (85.6 ± 1.3%), 

hereas the recoveries of kit 5982-5156 and kit 5982-1010 were 

4.2 ± 2.4% and 31.2 ± 5.7%, respectively. As shown in Fig. S5, the 

ood recovery observed for kit 5982-0029 might be attributed to 

ts removal efficiency of the sample matrix (e.g., pigment removed 

y GCB), resulting in the lowest intensity of total ion chromatogra- 

hy [24] . As a universal kit, kit 5982-0029 has been applied to sev-
4

ral biota samples such as eggs, birds, and wheat flour [ 26 , 41 , 46 ].

he remaining two were developed for fat-rich samples (kit 5982- 

156) and lipid-rich samples (kit 5982-1010), both of which were 

resent in low amounts in the sediment [ 47 , 48 ]. Thus, it is under-

tandable that low recoveries of LCCPs were obtained using these 

wo kits because of their poor matrix removal from the sediments. 

herefore, kit 5982-0029 was selected for LCCPs purification from 

he sediments. 

.1.3. Method performance 

Extraction recovery and matrix effects were determined to eval- 

ate the performance of the QuEChERS extraction procedure estab- 

ished in this study. As shown in Fig. S4C, three levels of LCCPs 49% 

l (5, 50, and 200 ng/g) were spiked into sediments, and their cor- 

esponding recoveries were 90.5–95.2% (mean, 93.0%), 84.7–86.6% 

mean, 85.6%) and 81.4–83.4% (mean, 82.4%), respectively. Simul- 

aneously, D 18 -labeled α-HBCD, which acts as a recovery standard, 

as also spiked into the sediments, and the recoveries ranged from 

1.3 to 101% (mean, 90.5%). These results indicated that the estab- 

ished QuEChERS extraction method meets the analytical require- 
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Fig. 2. The fragments of LCCP congener C 18 H 30 Cl 8 under different collision energies of CID mode. 
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ents of LCCPs in sediments. The matrix effects in this study were 

valuated using 5, 50, and 200 ng/g of LCCPs 49% Cl spiked into 

he sediments and MeCN. The values of% ME were 0.9–2.9%, 11.0–

2.9% and 16.0–18.0% for 5, 50, and 200 ng/g of LCCPs 49% Cl, re-

pectively, suggesting that the current established method showed 

o matrix effects for LCCPs analysis. 

.2. Identification procedure for LCCP homologues 

.2.1. Characterization of fragmentation patterns of C 18–20 -LCCP 

tandards 

To obtain the fragmentation patterns of the C 18–20 -LCCP stan- 

ards, the profile of LCCPs 49% Cl was first determined in full 

can mode. As shown in Fig. S6, a total of 19 C 18–20 -LCCPs were

bserved in the LCCPs 49%Cl, which is consistent with the re- 

ults reported in our previous work [16] . To obtain their MS 2 

pectra, we initially used the higher-energy collisional dissocia- 

ion (HCD) mode to scan with three collision energies (10, 15, and 

0%) because HCD can easily pulverize the target ions. However, 

he expected target ions, for example, the precursor of C 18 H 30 Cl 8 , 

/z 588.9922 ([M + CH 3 COO 

–], C 20 H 33 O 2 Cl 6 
37 Cl 2 ), were not ob-

erved in the MS 2 spectra for all three HCD collision energies. 

onversely, only acetate ions ( m/z 59.0135) remained in the MS 2 

pectra (Fig. S7). These results indicate that the HCD mode is 

nsuitable for the identification of LCCPs. The CID mode with 

hree collision energies (10, 20, and 30%) was further selected to 

enerate the MS 2 spectra of the LCCPs. As illustrated in Fig. 2 , 

he precursor of C 18 H 30 Cl 8 ([M + CH 3 COO 

–], C 20 H 33 O 2 Cl 6 
37 Cl 2 , m/z

88.9922, −2.29 ppm) mainly generated three ions at m/z 528.9711, 

42.9865, and 553.0159. These ions were assigned to the corre- 

ponding formulas of C 18 H 29 Cl 6 
37 Cl 2 ( −2.36 ppm), C 19 H 31 Cl 6 

37 Cl 2 
 −2.77 ppm), and C 20 H 32 O 2 Cl 5 

37 Cl 2 ( −1.64 ppm) using the Xcal-

bur software. We further reasoned that these ions were gener- 

ted from C 20 H 33 O 2 Cl 6 
37 Cl 2 via the neutral loss of acetic acid

CH COOH), formic acid (HCOOH), and hydrogen chloride (HCl), re- 
3 

5 
pectively. These results suggest that the CID mode is more suit- 

ble for MS 2 spectra scanning of LCCPs characteristic fragment 

ons, which might be further used for the identification of vLCCPs. 

.2.2. Suspect screening vLCCPs in commercial products 

Because the carbon chain length and the number of substi- 

uted chlorine atoms of LCCPs can be up to 40 and 27, respec- 

ively, and currently commercially available LCCP standards (LC- 

Ps 36% Cl and 49% Cl) mainly contain C 18–20 -LCCPs [16] , we 

hose a mixture of three CP industrial products (one CP42 sam- 

le, one CP52 sample, and one CP70 sample) for the screen- 

ng of vLCCPs. The accurate mass of the C n H 2 n + 2- m 

Cl m 

precur- 

or ( n = 21–40, m = 4–30, [M + CH 3 COO 

−]) was initially used

o identify the suspected vLCCPs in full scan mode. For the sus- 

ected C 21–25 -LCCPs, only one peak was observed in the extracted 

hromatograms. For example, the chromatograms of the acetate 

dducts of C 21 H 36 Cl 8 (C 23 H 39 O 2 Cl 6 
37 Cl 2 , m/z 631.0383, −3.41 ppm),

 22 H 38 Cl 8 (C 24 H 41 O 2 Cl 6 
37 Cl 2 , m/z 645.0540, −3.22 ppm), C 23 H 40 Cl 8 

C 25 H 43 O 2 Cl 6 
37 Cl 2 , m/z 659.0710, −1.19 ppm), and C 24 H 42 Cl 8 

C 26 H 45 O 2 Cl 6 
37 Cl 2 , m/z 671.0895, −1.53 ppm) are shown in Fig. 3 .

fter fragmentation by the CID mode in tMS 2 scan mode, the 

ost abundant fragment ions of these peaks were m/z 571.0177, 

85.0339, 599.0490, and 611.0679, respectively, which were fur- 

her assigned to the formulas C 21 H 35 O 2 Cl 6 
37 Cl 2 ( −2.82 ppm), 

 22 H 37 O 2 Cl 6 
37 Cl 2 ( −1.85 ppm), C 23 H 39 O 2 Cl 6 

37 Cl 2 ( −2.72 ppm), and

 24 H 41 O 2 Cl 6 
37 Cl 2 ( −2.24 ppm). This implied that these fragments 

ere generated by the acetate adduct of the suspected C 21–25 - 

CCPs via the neutral loss of acetic acid. In addition, the neutral 

oss of HCOOH and HCl from the precursor of the suspect C 21–25 - 

CCPs under the CID mode was also observed. This fragment path- 

ay of suspected C 21–25 -LCCPs was similar to that of the C 18–20 - 

CCPs in LCCP 49% Cl, indicating that they are longer chain homo- 

ogues of C 18–20 -LCCPs. 

Notably, two peaks (e.g., C 29 H 51 O 2 Cl 6 
37 Cl 2 , m/z 715.1320, 

3.27 ppm, Fig. 4 A) were observed when extracting C -vLCCPs 
> 25 
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Fig. 3. Chromatograms of vLCCPs extract by MS 1 accurate mass and their corresponding MS 2 spectra in the mixture of commercial CP products. 
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rom commercial products with their accurate MS 1 mass, which 

ere challenging to resolve because of their identical isotope 

istribution ( Fig. 4 B). Their MS 2 spectra were then scanned in 

ID mode and are shown in Fig. 4 C and 4 D. Peak 1 was

ardly fragmented under the CID mode, resulting in almost no 

ragments observed. The MS 2 spectrum of peak 2 mainly con- 

ained a peak at m/z 655.1113, which matched the formula of 

 27 H 47 Cl 6 
37 Cl 2 ( −3.03 ppm), indicating that it was formed by 

he neutral loss of acetic acid from peak 2. We also found 

ragments of peak 2 produced by the neutral loss of HCl 

 m/z 679.1557, C 29 H 50 O 2 Cl 5 
37 Cl 2 , −2.91 ppm) and HCOOH ( m/z

69.1228, C 28 H 49 O 2 Cl 6 
37 Cl 2 , −3.13 ppm) in the CID mode. Hence,

eak 2 was identified as the acetate adduct of vLCCP congener 

 27 H 48 Cl 8 because it had a similar MS 2 fragment pathway to that 

f C 18–20 -LCCPs in LCCPs 49% Cl. This screening strategy compre- 

ended accurate MS 1 mass extraction, isotopic distribution, and 
b

6 
S 2 fragment pathway of suspicious peaks to determine whether 

hey were vLCCPs. A similar strategy has also facilitated the screen- 

ng of unknown congeners of emerging pollutants (e.g., OPEs and 

AEs) [34–37] . In the end a total of 174 vLCCPs congeners were fi- 

ally identified in the mixture of three commercial products. Com- 

ined with the C 18–20 -LCCPs presented in industrial products and 

CCP standards (36% Cl and 49% Cl), 202 LCCP congeners were ob- 

ained, as illustrated in Fig. S3. 

.3. Method application in sediment samples 

.3.1. Full screening of LCCPs in sediment samples 

Six sediment samples collected from Dongting Lake, China, 

ere extracted using the QuEChERS procedure established in this 

tudy, and comprehensively screened for the presence of LCCPs 

y 2DLC 

–Orbitrap HRMS. In the first step, we screened all po- 
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Fig. 4. The information of formula C 29 H 51 O 2 Cl 6 
37 Cl 2 in the mixture of commercial CP products. (A) chromatogram of formula C 29 H 51 O 2 Cl 6 

37 Cl 2 extracted by accurate MS 1 

mass, (B) measured isotope distribution of peak 1 and peak 2, and the theoretical isotope distribution of C 29 H 51 O 2 Cl 6 
37 Cl 2 (C) MS 2 spectra of peak 1 (unknown peak), and 

(D) MS 2 spectra of peak 2 (acetate adduct of C 27 H 48 Cl 8 ). 

Table 2 

The determination of LCCPs in sediment samples. 

Samples Chlorinecontent (%) 

Concentrations (ng/g) 

C 18–20 -LCCPs vLCCPs �LCCPs 

SD 1 51.9 0.75 0.93 1.69 

SD 2 53.0 1.19 0.61 1.80 

SD 3 53.4 6.07 4.08 10.1 

SD 4 51.5 2.06 1.81 3.87 

SD 5 52.9 13.2 4.87 18.0 

SD 6 52.9 4.95 4.51 9.46 

Median 52.9 3.50 2.94 6.66 
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C  
ential C 18–20 -LCCPs in the sediment samples following the above- 

entioned screening strategy. Peaks present in the sediment sam- 

les that matched those observed in C 18–20 -LCCPs standards and 

ommercial CP products ( �RT < 0.1 min) were identified as C 18–20 - 

CCP congeners. Ultimately, 21 C 18–20 -LCCP congeners were iden- 

ified in six sediment samples (Table S2). The specific number of 

dentified C 18–20 -LCCPs ranged from 9(SD 1 )–20(SD 2 ). Their carbon 

hain lengths and chlorine numbers varied from 18 to 20 and 5–12, 

espectively. Among them, congeners C 18 Cl 7–10 and C 19 Cl 6–10 were 

ound in all samples, while congeners C 20 Cl 8–10 existed in five of 

he six samples. In the second step, we screened the vLCCPs in 

he sediment samples based on the same strategy. Extracting peaks 

resent in the sediment samples matching those found in the com- 

ercial CP products ( �RT < 0.1 min) were identified as vLCCP con- 

eners. As listed in Table S2, 22 vLCCP congeners were identified 

n six sediment samples. The number of identified vLCCPs varied 

rom 9(SD )–20(SD ). Overall, these identified vLCCPs have carbon 
2 3 t

7 
hain lengths of 21–24 and chlorine numbers of 5–12. Congeners 

 21 Cl 7–10 and C 22–23 Cl 8–10 were detected in all samples, whereas 

ongeners C 23 Cl 10 and C 24 Cl 9–10 were observed in five of the six 

amples. All identified vLCCPs in the sediments were present in 

ommercial CP products (Fig. S3), indicating that the established 

dentification procedure will facilitate the identification of vLCCPs 

n sediment samples. 

.3.2. Profiles and concentrations of LCCPs in sediment samples 

Based on the above screening results, the LCCP profiles in 

ongting Lake sediments were dominated by C 18 groups (mean, 

8.8%), followed by C 19 groups (mean, 19.1%) and C 21 groups 

mean, 16.9%) (Fig. S8). The chlorine group was dominated by Cl 9 , 

ollowed by Cl 8 , which together accounted for 61.6%. This result 

s in line with the results found in sediments from nine lakes in 

hina [8] and from the Yangtze River Estuary in China [16] . The to-

al LCCPs concentrations in sediments are listed in Table 2 , which 
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aried from 1.69 to 18.0 ng/g (median, 6.66 ng/g). These results 

ere lower than those found in sediments from nine Chinese lakes 

median, 130 ng/g) [8] , but were comparable to those found in 

iver sediments in East China (median, 8.4 ng/g) [16] , and in ma- 

ine sediments from Sweden (median, 8.7 ng/g) [7] . 

. Conclusions 

This study describes an original, environment-friendly, and ro- 

ust analytical method for the analysis of LCCPs based on QuECh- 

RS extraction and 2DLC 

–HRMS. Compared with other reported 

ethods, the low cost of the solvent required for the extraction of 

CCPs and the greatly shortened sample pretreatment time (2 h) 

ake this method ideal for large-scale sample preparation. More- 

ver, the suspect screening strategy established in this work, which 

ncludes accurate MS 1 mass extraction, isotopic distribution, and 

S 2 fragment pathway of suspicious peaks, makes it reliable for 

he accurate identification of vLCCPs under the plight that refer- 

nce standards for vLCCPs are currently unavailable. Finally, the 

uccessful application of this method to sediment samples show 

reat potential for the analysis of LCCPs in environmental samples 

n future studies. 
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