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1. 引言
全氟和多氟烷基物质（PFAS）是一类合成化学品（图 1），
因其优异的化学稳定性以及耐热、耐水和耐油性而广泛
用于工业生产和消费品中。然而，也正是这些特性，使
PFAS 在环境中具有强持久性、易于迁移与生物蓄积性。
此类物质已在海水等各类环境介质中检出，并与人类健康
和水生生态系统的负面影响存在关联。在许多沿海地区，
海水是海水淡化厂生产饮用水的水源。随着监管日益收
紧——如欧盟饮用水指令（EU）2020/2184，以及用于环
境水分析的美国环保署 EPA 1633A 方法——PFAS 的常规
监测越来越受重视。

海 水 中 PFAS 的 测 定 极 具 挑 战 性： 海 水 含 盐 量 高（ 约
3 ～ 4%），高盐基质会引发严重的基质效应，降低 LC-
MS/MS 分析性能。传统分析方法（包括美国 EPA 1633A
方法）通常依赖固相萃取（SPE）除盐并富集目标物，但
这些步骤费时费力，还会增加样品前处理过程中背景污染
的风险。

直接进样省去大量样品前处理，降低污染风险，显著提升
实验室通量。不过，将高盐度样品直接注入 LC-MS/MS
系统，也带来了盐负荷与仪器耐用性方面的挑战。

本研究以岛津 Nexera ™ LC-40 系列超高效液相色谱系统
搭配 LCMS 8060RX（图 2），建立海水中 PFAS 检测，
LC-MS/MS 直接进样方法，兼具快速、稳定、灵敏的特点，
同时保持可靠的分析性能。
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Per- and polyfluoroalkyl substances (PFAS) are a class of
synthetic chemicals (Fig.1) widely used in industrial
processes and consumer products due to their exceptional
chemical stability and resistance to heat, water, and oil.
However, these same properties make PFAS highly
persistent, mobile, and bioaccumulative in the environment.
They have been detected in various environmental matrices,
including seawater, and have been associated with adverse
effects on both human health and aquatic ecosystems. In
many coastal regions, seawater is used as the raw water
source for desalination plants that produce drinking water,
making routine monitoring of PFAS increasingly important
in line with the growing regulatory focus, including the EU
Drinking Water Directive (EU) 2020/21841 and US EPA
Method 1633A2 for environmental water analysis.
The determination of PFAS in seawater is particularly
challenging due to its high salt content (approx. 3–4%),
which can cause severe matrix effects and reduce LC-MS/MS
performance. Conventional analytical methods, including
US EPA Method 1633A, typically rely on solid-phase
extraction (SPE) to remove salts and concentrate analytes,
but these procedures are labor-intensive and increase the
risk of background contamination during sample
preparation.
Direct injection eliminates extensive sample preparation,
reduces the potential for contamination, and significantly
improves laboratory throughput. However, introducing
high-salinity samples directly into an LC-MS/MS system
presents challenges related to salt loading and instrument
robustness.
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1. Introduction In this study, a direct injection LC-MS/MS method was
developed using the Shimadzu LCMS-8060RX coupled with
the Nexera LC-40 Series UHPLC system (Fig. 2),
manufactured by Shimadzu Corporation, providing a rapid,
robust, and sensitive solution for the determination of PFAS
in seawater while maintaining reliable analytical
performance.

Direct Injection Analysis of PFAS in Seawater
Using the Shimadzu LCMS-8060RX

Fig. 1 Representative structures of PFAS group 

a) Perfluorooctanoic acid (PFOA), b) Perfluorooctane sulfonate (PFOS), 
c) Hexafluoropropylene oxide dimer acid (GenX)

Anant Lohar, Jessin Mathai, Jenishia Menezes, Kumar Raju.
Shimadzu Middle East and Africa FZE, Dubai. United Arab Emirates.
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图 1 PFAS 类代表性结构
a）全氟辛酸（PFOA），b）全氟辛烷磺酸（PFOS）， 

c）六氟环氧丙烷二聚酸（GenX）



2. 材料与方法
参考标准品购自惠灵顿实验室，目录编号如下：

同位素稀释标准品 PDS：- EPA-533ES

天然目标物初级稀释标准品：- EPA-533PAR

海水样品采集自当地供水机构。在 0.5 ～ 50 ng/L 浓度范
围内制备校正标样，并用 LC-MS/MS 分析。采用内标校
正法建立校正曲线，使用 1/x 加权线性回归，截距强制过
零点。

PFAS 污染可能来源于常用实验室材料，包括某些移液器
吸头、便利贴、含低密度聚乙烯或聚四氟乙烯（特氟龙）
的样品瓶盖以及各种塑料耗材。为尽量减少这些不可避免
来源的背景污染，Nexera LC-40 系统配备了无 PFAS 组
件套件，含无 PFAS 流动相管路、无 PFAS 在线过滤器及
延迟柱。延迟柱能有效分离来自液相系统与实验室材料的
背景 PFAS 与样品中的 PFAS，从而提升分析准确度与痕
量定量的可信度。该系统用于海水中 PFAS 的定性鉴别和
定量分析。

分析方法基于岛津《饮用水中 PFAS 的 LC/MS/MS 方法
包》开发，该方案包为天然及同位素标记的 PFAS 化合物
提供了优化采集参数。数据采集和处理使用 LabSolutions 
Insight ™软件完成，可高效定量，并简捷评估方法性能（含
校正与验证参数）。

2.2. 分析条件

2.1. 样品前处理
取 600 µL 海水样品等分试样直接转移至无 PFAS 样品瓶
中，与 400 µL 酸化有机试剂混合（试剂含 25 ng/L 同位
素标记内标）。将混合物涡旋振荡 5 分钟，无需进一步样
品前处理即可直接进样至 LC-MS/MS 系统。

有机溶剂与海水的比例对于保持样品稳定性至关重要。有
机溶剂比例过高，混合瞬间或自动进样器低温存放过程，
会导致盐分析出，进而影响分析性能与系统耐用性。

通过向海水样品加标评估方法性能：全部 25 种 PFAS 目
标物分别在 2、5、10 ng/L 三个浓度水平下进行。校正标
样在 0.5–50 ng/L 浓度范围内制备，标准溶液的水与有机
溶剂比例与样品一致，以保证基质匹配。分析条件汇总见
表 1。

3. 结果与讨论
3.1. 海水直接进样的盐管理策略
海水直接进样面临的主要挑战是其高含盐量，通常为 3–4%
（w/v）。当海水直接引入 LC-MS/MS 系统时，溶解盐
随 LC 系统被输送至电喷雾电离（ESI）源。电离过程中流
动相蒸发，非挥发性盐则沉积在电喷雾毛细管及其他离子
源部件上。这种盐沉积会降低电离效率，增加仪器维护频
率，并对分析灵敏度和系统耐用性产生不利影响。即便经
过样品稀释，直接进样带来的高盐负荷仅两次 50 µL 海水
进样就让离子源部件出现明显盐沉积（图 3），说明直接
进样分析必须有一套有效的盐管理策略。

图 2 岛津 LCMS-8060RX

Application 
Note

2

The reference standards were procured from Wellington
Laboratories with below catalogue numbers:

Isotope Dilution Standard PDS:- EPA-533ES

Native Analyte Primary Dilution Standard:- EPA-533PAR

Seawater samples were collected from a local water supply
organization. Calibration standards were prepared and
analyzed over a concentration range of 0.5 to 50 ng/L using
LC-MS/MS. Calibration curves were generated using the
internal standard calibration method with 1/x weighted
linear regression, and the intercept was forced through zero.

PFAS contamination can originate from commonly used
laboratory materials, including certain pipette tips, sticky
notes, vial caps containing LDPE or PTFE (Teflon), and
various plastic consumables. To minimize background
contamination from these unavoidable sources, the Nexera
LC-40 system was equipped with a PFAS-Free Kit, which
includes PFAS-free mobile phase tubing, PFAS-free in-line
filters, and a delay column. The delay column effectively
separates background PFAS originating from the LC system
and laboratory materials from the PFAS present in the
sample, thereby improving analytical accuracy and
confidence in trace-level quantification. The system was
used for the identification and quantification of PFAS in
seawater.

The analytical method was developed based on Shimadzu's
LC/MS/MS Method Package for PFAS in Drinking Water,
which provides optimized acquisition parameters for both
native and isotopically labeled PFAS compounds. Data
acquisition and processing were performed using
LabSolutions Insight , enabling efficient quantification and
streamlined evaluation of method performance, including
calibration and validation parameters.

2. Materials and methods

2.1. Sample preparation 

2.2. Analytical Conditions
Table 1 Analytical conditions for LC-MS/MS

LC

Stationary Phase Shim-pack GIST-HP C18 75mm x 
3mm, 2µm C18 
(Part no. 227-30002-03)

Flow rate : 0.4 mL/min

Mobile Phase A : 10 mM Ammonium acetate in water 
+ 0.1% Formic acid

Mobile Phase B : Methanol

Gradient program Modified gradient program to 
remove salt.

Run time 16 min

Injection volume 50 µL (Co-injection with water)

Column Oven temp. 45 ˚C

MS

Ionization Heated-ESI

Interface temp. 100 ˚C

Nebulizing gas flow 3 L/min

Heating gas flow 15 L/min

Drying gas flow 5 L/min

DL temp. 150 ˚C

Heating block temp. 250 ˚CA 600 µL aliquot of seawater sample was transferred directly
into a PFAS-free vial and mixed with 400 µL of an acidified
organic reagent containing 25 ng/L isotopically labeled
internal standards. The mixture was vortexed for 5 minutes
and injected directly into the LC-MS/MS system without
further sample preparation.

The ratio of organic solvent to seawater is critical for
maintaining sample stability. A higher proportion of organic
solvent can cause salt precipitation either immediately after
mixing or during storage in the autosampler due to the low
operating temperature, potentially affecting analytical
performance and system robustness.

Method performance was evaluated by spiking seawater
samples at three concentration levels (2, 5, and 10 ng/L) for
all 25 PFAS analytes. Calibration standards were prepared
over the concentration range of 0.5–50 ng/L using the same
water-to-organic solvent ratio as the samples to ensure
matrix consistency. The analytical conditions are
summarized in Table 1.

Fig. 2 Shimadzu LCMS-8060RX

3. Results and Discussion

3.1. Salt Management Strategy for Direct 
Injection of Seawater

The major challenge associated with the direct injection of
seawater is its high salt content, typically ranging from 3-4%
(w/v). When seawater is introduced directly into an LC-
MS/MS system, the dissolved salts are transported through
the LC system into the electrospray ionization (ESI) source.
During the ionization process, the mobile phase is
evaporated, while the non-volatile salts accumulate on the
ESI capillary and other ion source parts. This salt deposition
can reduce ionization efficiency, increase instrument
maintenance, and adversely affect analytical sensitivity and
system robustness. Despite sample dilution, the high salt
load from direct injection resulted in significant salt
deposition on the ion source components after only two

表 1 LC-MS/MS 分析条件

LC

固定相 ： Shim-pack GIST-HP C18 75 mm x 3 mm, 2 µm C18
（部件号 227-30002-03）

流速 ： 0.4 mL/min

流动相 A ： 10 mM 乙酸铵水溶液 + 0.1% 甲酸

流动相 B ： 甲醇

梯度程序 ： 改良梯度程序以去除盐分。

运行时间 ： 16 min

进样量 ： 50 µL（与水共进样）

柱温箱温度 ： 45 ℃

MS

电离方式 ： 加热电喷雾电离（Heated-ESI）

接口温度 ： 100 ˚C

雾化气流量 ： 3 L/min

加热气流量 ： 15 L/min

干燥气流量 ： 5 L/min

DL 温度 ： 150 ° C

加热块温度 ： 250 ° C
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为解决这一问题，首先优化色谱梯度，让极性盐基质与最
先出峰的 PFAS 化合物在保留时间上充分分离。反相色谱
条件下，PFAS 按疏水性保留在非极性固定相上，无机盐
则因极性强、与固定相无相互作用，在接近柱死体积处即
洗脱。通过优化初始梯度条件，盐分馏分与 PFAS 目标物
得以充分分离。

色谱分离完成后，在液相色谱与质谱仪之间加装 FCV-
20AH2 流路控制阀。运行初期处于盐分洗脱窗口时，柱流
出液被切向废液；盐分馏分完全洗脱后，阀门再切换，将
含 PFAS 目标物的剩余液流引入质谱仪。这一阀切换策略
使大部分盐基质无法进入离子源，同时保持高灵敏度，实
现海水样品的稳定直接进样分析。

色谱梯度经过优化，盐基质与 PFAS 目标物得以完全分离。
利用 LabSolutions ™ 软件，FCV-20AH2 可按色谱时间自
动切换：盐分洗脱窗口期间，柱流出液导入废液；盐分馏
分完全洗脱后，液流自动导入质谱仪。这一自动阀切换策
略使大部分盐基质无法进入质谱仪，同时所有目标 PFAS 
化合物均能完整检出、无目标物损失。

为验证盐分洗脱曲线，在色谱运行的不同时间区间收集经
FCV-20AH2 分流至废液的流出液，用 Nexera 离子色谱系
统分析；同时在整个废液分流期间收集一级水和海水样品
作为参照，再在选定时间区间收集各废液馏分。各馏分的
叠加离子色谱图见图 5。电导率曲线对比证实：无机盐在
设定的废液分流窗口内即已完全洗脱，此后阀门才将液流
切换至质谱仪。这些结果验证了 FCV 切换时间设定无误，
确保只有含 PFAS 的馏分进入质谱仪，从而最大程度减少
盐污染、提升仪器耐用性，同时保持分析灵敏度。

阀切换配置和分析工作流程如图 4 所示。

图 3 两次海水直接进样后 LC-MS/MS  
离子源各部件的盐积聚情况

图 5 10 ppm 氯离子标准品、一级水和不同时间点废液馏分的离子色谱图叠加

图 4 基于 FCV-20AH2 的海水直接进样盐分分流流程示意图
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The chromatographic gradient was optimized to achieve
complete separation between the salt matrix and the PFAS
analytes. Using LabSolutions software, the FCV-20AH2 was
programmed to switch automatically based on the
chromatographic time. During the initial salt elution
window, the column effluent was diverted to waste, and
after complete elution of the salt fraction, the flow was
automatically directed to the mass spectrometer. This
automated valve-switching strategy ensured that most of
the salt matrix did not enter the mass spectrometer while
allowing all target PFAS analytes to be detected without
loss.

To verify the salt elution profile, the effluent diverted to
waste through the FCV-20AH2 was collected at different
time intervals during the chromatographic run and analyzed
using the Nexera IC system. As a reference, Type I water and
seawater samples were collected over the entire waste
diversion period, followed by the collection of individual
waste fractions at selected time intervals. The overlaid ion
chromatograms of these collected fractions are shown in
Fig. 5. Comparison of the conductivity profiles confirmed
that the inorganic salts were completely eluted within the
designated waste diversion window before the valve
switched the flow to the mass spectrometer. These results
verified the optimized FCV switching time and ensured that
only the PFAS-containing fraction entered the MS, thereby
minimizing salt contamination, improving instrument
robustness, and maintaining analytical sensitivity.

3

50 µL seawater injections (Fig. 3), demonstrating the need
for an effective salt management strategy for direct
injection analysis.

To overcome this challenge, the chromatographic gradient
was optimized to achieve clear temporal separation
between the highly polar salt matrix and the first eluting
PFAS compound. Under reversed-phase chromatographic
conditions, PFAS compounds are retained on the non-polar
stationary phase according to their hydrophobicity, whereas
the inorganic salts, owing to their high polarity and lack of
interaction with the stationary phase, elute near the column
void volume. By optimizing the initial gradient conditions,
sufficient separation was achieved between the salt fraction
and the PFAS analytes.

Following this chromatographic separation, an FCV-20AH2

flow control valve was installed between the LC and the
mass spectrometer. During the initial portion of the
chromatographic run, corresponding to the salt elution
window, the column effluent was diverted to waste. After
the salt fraction had completely eluted, the valve was
switched to direct the remaining flow containing the PFAS
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entering the ion source while maintaining high sensitivity
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The chromatographic gradient was optimized to achieve
complete separation between the salt matrix and the PFAS
analytes. Using LabSolutions software, the FCV-20AH2 was
programmed to switch automatically based on the
chromatographic time. During the initial salt elution
window, the column effluent was diverted to waste, and
after complete elution of the salt fraction, the flow was
automatically directed to the mass spectrometer. This
automated valve-switching strategy ensured that most of
the salt matrix did not enter the mass spectrometer while
allowing all target PFAS analytes to be detected without
loss.

To verify the salt elution profile, the effluent diverted to
waste through the FCV-20AH2 was collected at different
time intervals during the chromatographic run and analyzed
using the Nexera IC system. As a reference, Type I water and
seawater samples were collected over the entire waste
diversion period, followed by the collection of individual
waste fractions at selected time intervals. The overlaid ion
chromatograms of these collected fractions are shown in
Fig. 5. Comparison of the conductivity profiles confirmed
that the inorganic salts were completely eluted within the
designated waste diversion window before the valve
switched the flow to the mass spectrometer. These results
verified the optimized FCV switching time and ensured that
only the PFAS-containing fraction entered the MS, thereby
minimizing salt contamination, improving instrument
robustness, and maintaining analytical sensitivity.
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for an effective salt management strategy for direct
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was optimized to achieve clear temporal separation
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2

The reference standards were procured from Wellington
Laboratories with below catalogue numbers:

Isotope Dilution Standard PDS:- EPA-533ES

Native Analyte Primary Dilution Standard:- EPA-533PAR

Seawater samples were collected from a local water supply
organization. Calibration standards were prepared and
analyzed over a concentration range of 0.5 to 50 ng/L using
LC-MS/MS. Calibration curves were generated using the
internal standard calibration method with 1/x weighted
linear regression, and the intercept was forced through zero.

PFAS contamination can originate from commonly used
laboratory materials, including certain pipette tips, sticky
notes, vial caps containing LDPE or PTFE (Teflon), and
various plastic consumables. To minimize background
contamination from these unavoidable sources, the Nexera
LC-40 system was equipped with a PFAS-Free Kit, which
includes PFAS-free mobile phase tubing, PFAS-free in-line
filters, and a delay column. The delay column effectively
separates background PFAS originating from the LC system
and laboratory materials from the PFAS present in the
sample, thereby improving analytical accuracy and
confidence in trace-level quantification. The system was
used for the identification and quantification of PFAS in
seawater.

The analytical method was developed based on Shimadzu's
LC/MS/MS Method Package for PFAS in Drinking Water,
which provides optimized acquisition parameters for both
native and isotopically labeled PFAS compounds. Data
acquisition and processing were performed using
LabSolutions Insight , enabling efficient quantification and
streamlined evaluation of method performance, including
calibration and validation parameters.

2. Materials and methods

2.1. Sample preparation 

2.2. Analytical Conditions
Table 1 Analytical conditions for LC-MS/MS

LC

Stationary Phase Shim-pack GIST-HP C18 75mm x 
3mm, 2µm C18 
(Part no. 227-30002-03)

Flow rate : 0.4 mL/min

Mobile Phase A : 10 mM Ammonium acetate in water 
+ 0.1% Formic acid

Mobile Phase B : Methanol

Gradient program Modified gradient program to 
remove salt.

Run time 16 min

Injection volume 50 µL (Co-injection with water)

Column Oven temp. 45 ˚C

MS

Ionization Heated-ESI

Interface temp. 100 ˚C

Nebulizing gas flow 3 L/min

Heating gas flow 15 L/min

Drying gas flow 5 L/min

DL temp. 150 ˚C

Heating block temp. 250 ˚CA 600 µL aliquot of seawater sample was transferred directly
into a PFAS-free vial and mixed with 400 µL of an acidified
organic reagent containing 25 ng/L isotopically labeled
internal standards. The mixture was vortexed for 5 minutes
and injected directly into the LC-MS/MS system without
further sample preparation.

The ratio of organic solvent to seawater is critical for
maintaining sample stability. A higher proportion of organic
solvent can cause salt precipitation either immediately after
mixing or during storage in the autosampler due to the low
operating temperature, potentially affecting analytical
performance and system robustness.

Method performance was evaluated by spiking seawater
samples at three concentration levels (2, 5, and 10 ng/L) for
all 25 PFAS analytes. Calibration standards were prepared
over the concentration range of 0.5–50 ng/L using the same
water-to-organic solvent ratio as the samples to ensure
matrix consistency. The analytical conditions are
summarized in Table 1.

Fig. 2 Shimadzu LCMS-8060RX

3. Results and Discussion

3.1. Salt Management Strategy for Direct 
Injection of Seawater

The major challenge associated with the direct injection of
seawater is its high salt content, typically ranging from 3-4%
(w/v). When seawater is introduced directly into an LC-
MS/MS system, the dissolved salts are transported through
the LC system into the electrospray ionization (ESI) source.
During the ionization process, the mobile phase is
evaporated, while the non-volatile salts accumulate on the
ESI capillary and other ion source parts. This salt deposition
can reduce ionization efficiency, increase instrument
maintenance, and adversely affect analytical sensitivity and
system robustness. Despite sample dilution, the high salt
load from direct injection resulted in significant salt
deposition on the ion source components after only two



3.2. 有机稀释剂的影响
进样前用有机溶剂混合物稀释海水样品，以改善目标物的
溶解性及其与分析方法的兼容性。但有机溶剂比例偏高会
影响早期洗脱 PFAS 化合物的色谱行为——这些目标物在
此进样条件下保留弱、与固定相相互作用差，导致峰形畸
变、色谱性能下降。

为此，利用岛津 SIL-40 自动进样器的“共进样”功能，
在进样同时引入辅助溶剂（水），在不稀释目标物浓度的
前提下降低柱入口的有效有机溶剂强度。结果，早期洗脱
的 PFAS 化合物保留改善，峰形显著好转。水共进样对色
谱性能的影响如图 6a 和 6b 所示。

3.3. 线性研究
在优化的仪器配置和采集方法下，在 0.5–50 ng/L 浓度范
围内建立了校准曲线。所有目标 PFAS 化合物均获得了
优异的线性，相关系数（R2）大于 0.99，校正准确度在
80–120% 范围内。定量采用内标校正法，以同位素标记
物为内标。部分 PFAS 化合物的代表性校正曲线如图 7a
和图 7b 所示。

3.4. 回收率研究
为评估所开发方法的正确度，将全部 25 种目标 PFAS 化
合物按 2、5、10 ng/L 三个水平加标至海水样品中。每个
加标水平用优化的直接进样 LC-MS/MS 方法平行测定 3 
次，并以同位素标记内标计算回收率。 

除全氟辛烷磺酸（PFOS；2 ng/L 时 > 120%）和 11- 氯
二 十 氟 -3- 氧 杂 十 一 烷 -1- 磺 酸 盐（11Cl-PF3OUdS； 
10 ng/L 时 < 70%）外，目标 PFAS 化合物在全部 3 个加
标水平的平均回收率均在 70 ～ 120% 之间。优化的直接
进样流程、色谱条件与盐管理策略有效抑制了基质效应，
同时保持了稳定的分析性能。方法精密度由三次平行测定
评估：25 种化合物中，20 种在 2 ng/L 加标水平下的相对
标准偏差（RSD）低于 10%，其余 5 种低于 15%；5 和 
10 ng/L 加标水平下，所有化合物的 RSD 均低于 10%，
重复性优异。加标样品的回收率以统计图形式见图 8。
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3.4. Recovery Study
To evaluate the trueness of the developed method,
seawater samples were fortified with all 25 target PFAS
compounds at 2, 5, and 10 ng/L. Each spiking level was
analyzed in triplicate using the optimized direct injection
LC-MS/MS method, and recoveries were calculated using
isotopically labeled internal standards.

The mean recoveries for the target PFAS compounds ranged
from 70–120% across all 3 spiking levels, except for
perfluorooctane sulfonate (PFOS; >120% at 2 ng/L) and 11-
chloroeicosafluoro-3-oxaundecane-1-sulfonate (11Cl-
PF3OUdS; <70% at 10 ng/L). The optimized direct injection
workflow, chromatographic conditions, and salt
management strategy effectively minimized matrix effects
while maintaining robust analytical performance. Method
precision, evaluated from triplicate analyses, showed
relative standard deviations (RSDs) below 10% for 20 of 25
compounds at 2 ng/L and below 15% for the remaining five.
At the 5 and 10 ng/L spiking levels, all compounds exhibited
RSDs below 10%, demonstrating excellent repeatability. The
recoveries for the spiked samples are presented in the
statistical plot in Fig. 8.

3.2. Effect of Organic Diluent
Seawater samples were diluted with an organic solvent
mixture prior to injection to improve analyte solubility and
compatibility with the analytical method. However, the
relatively high organic solvent content adversely affected
the chromatographic behavior of the early-eluting PFAS
compounds. Due to their limited retention under these
injection conditions, these analytes exhibited poor
interaction with the stationary phase, resulting in distorted
peak shapes and reduced chromatographic performance.

To overcome this issue, the “Co-Injection” feature of the
Shimadzu SIL-40 autosampler was utilized. This feature
allows a secondary solvent (water) to be introduced
simultaneously with the sample, thereby reducing the
effective organic solvent strength at the column inlet
without diluting the analyte concentration. As a result,
improved retention and significantly enhanced peak shapes
were obtained for the early-eluting PFAS compounds. The
effect of water co-injection on chromatographic
performance is illustrated in Fig. 6a and 6b.

3.3. Linearity Study

Fig. 6a Effect of Water Co-Injection on Peak Shape of early eluting 
PFAS.

Without Co-Injection 
Perfluoro-3-
methoxypropanoic 
acid (PFMPA)

With Co-Injection 
Perfluoro-3-
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acid (PFMPA)

With the optimized instrument configuration and
acquisition method, calibration curves were established
over the concentration range of 0.5–50 ng/L. Excellent
linearity was achieved for all target PFAS compounds, with
correlation coefficients (R2) greater than 0.99 and calibration
accuracies within 80–120%. Quantification was performed
using the internal standard calibration method with
isotopically labeled internal standards. Representative
calibration curves for selected PFAS compounds are shown
in Fig. 7a and Fig. 7b.

Fig. 7a Representative calibration curves for PFAS ranging from     
0.5 ng/L to  50 ng/L.
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Fig. 6b Effect of Water Co-Injection on Peak Shape of late eluting 
PFAS.
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3.4. Recovery Study
To evaluate the trueness of the developed method,
seawater samples were fortified with all 25 target PFAS
compounds at 2, 5, and 10 ng/L. Each spiking level was
analyzed in triplicate using the optimized direct injection
LC-MS/MS method, and recoveries were calculated using
isotopically labeled internal standards.

The mean recoveries for the target PFAS compounds ranged
from 70–120% across all 3 spiking levels, except for
perfluorooctane sulfonate (PFOS; >120% at 2 ng/L) and 11-
chloroeicosafluoro-3-oxaundecane-1-sulfonate (11Cl-
PF3OUdS; <70% at 10 ng/L). The optimized direct injection
workflow, chromatographic conditions, and salt
management strategy effectively minimized matrix effects
while maintaining robust analytical performance. Method
precision, evaluated from triplicate analyses, showed
relative standard deviations (RSDs) below 10% for 20 of 25
compounds at 2 ng/L and below 15% for the remaining five.
At the 5 and 10 ng/L spiking levels, all compounds exhibited
RSDs below 10%, demonstrating excellent repeatability. The
recoveries for the spiked samples are presented in the
statistical plot in Fig. 8.

3.2. Effect of Organic Diluent
Seawater samples were diluted with an organic solvent
mixture prior to injection to improve analyte solubility and
compatibility with the analytical method. However, the
relatively high organic solvent content adversely affected
the chromatographic behavior of the early-eluting PFAS
compounds. Due to their limited retention under these
injection conditions, these analytes exhibited poor
interaction with the stationary phase, resulting in distorted
peak shapes and reduced chromatographic performance.

To overcome this issue, the “Co-Injection” feature of the
Shimadzu SIL-40 autosampler was utilized. This feature
allows a secondary solvent (water) to be introduced
simultaneously with the sample, thereby reducing the
effective organic solvent strength at the column inlet
without diluting the analyte concentration. As a result,
improved retention and significantly enhanced peak shapes
were obtained for the early-eluting PFAS compounds. The
effect of water co-injection on chromatographic
performance is illustrated in Fig. 6a and 6b.
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Fig. 6a Effect of Water Co-Injection on Peak Shape of early eluting 
PFAS.
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With the optimized instrument configuration and
acquisition method, calibration curves were established
over the concentration range of 0.5–50 ng/L. Excellent
linearity was achieved for all target PFAS compounds, with
correlation coefficients (R2) greater than 0.99 and calibration
accuracies within 80–120%. Quantification was performed
using the internal standard calibration method with
isotopically labeled internal standards. Representative
calibration curves for selected PFAS compounds are shown
in Fig. 7a and Fig. 7b.
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图 6b 水共进样对晚洗脱 PFAS 峰形的影响。
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The reference standards were procured from Wellington
Laboratories with below catalogue numbers:

Isotope Dilution Standard PDS:- EPA-533ES

Native Analyte Primary Dilution Standard:- EPA-533PAR

Seawater samples were collected from a local water supply
organization. Calibration standards were prepared and
analyzed over a concentration range of 0.5 to 50 ng/L using
LC-MS/MS. Calibration curves were generated using the
internal standard calibration method with 1/x weighted
linear regression, and the intercept was forced through zero.

PFAS contamination can originate from commonly used
laboratory materials, including certain pipette tips, sticky
notes, vial caps containing LDPE or PTFE (Teflon), and
various plastic consumables. To minimize background
contamination from these unavoidable sources, the Nexera
LC-40 system was equipped with a PFAS-Free Kit, which
includes PFAS-free mobile phase tubing, PFAS-free in-line
filters, and a delay column. The delay column effectively
separates background PFAS originating from the LC system
and laboratory materials from the PFAS present in the
sample, thereby improving analytical accuracy and
confidence in trace-level quantification. The system was
used for the identification and quantification of PFAS in
seawater.

The analytical method was developed based on Shimadzu's
LC/MS/MS Method Package for PFAS in Drinking Water,
which provides optimized acquisition parameters for both
native and isotopically labeled PFAS compounds. Data
acquisition and processing were performed using
LabSolutions Insight , enabling efficient quantification and
streamlined evaluation of method performance, including
calibration and validation parameters.

2. Materials and methods

2.1. Sample preparation 

2.2. Analytical Conditions
Table 1 Analytical conditions for LC-MS/MS

LC

Stationary Phase Shim-pack GIST-HP C18 75mm x 
3mm, 2µm C18 
(Part no. 227-30002-03)

Flow rate : 0.4 mL/min

Mobile Phase A : 10 mM Ammonium acetate in water 
+ 0.1% Formic acid

Mobile Phase B : Methanol

Gradient program Modified gradient program to 
remove salt.

Run time 16 min

Injection volume 50 µL (Co-injection with water)

Column Oven temp. 45 ˚C

MS

Ionization Heated-ESI

Interface temp. 100 ˚C

Nebulizing gas flow 3 L/min

Heating gas flow 15 L/min

Drying gas flow 5 L/min

DL temp. 150 ˚C

Heating block temp. 250 ˚CA 600 µL aliquot of seawater sample was transferred directly
into a PFAS-free vial and mixed with 400 µL of an acidified
organic reagent containing 25 ng/L isotopically labeled
internal standards. The mixture was vortexed for 5 minutes
and injected directly into the LC-MS/MS system without
further sample preparation.

The ratio of organic solvent to seawater is critical for
maintaining sample stability. A higher proportion of organic
solvent can cause salt precipitation either immediately after
mixing or during storage in the autosampler due to the low
operating temperature, potentially affecting analytical
performance and system robustness.

Method performance was evaluated by spiking seawater
samples at three concentration levels (2, 5, and 10 ng/L) for
all 25 PFAS analytes. Calibration standards were prepared
over the concentration range of 0.5–50 ng/L using the same
water-to-organic solvent ratio as the samples to ensure
matrix consistency. The analytical conditions are
summarized in Table 1.

Fig. 2 Shimadzu LCMS-8060RX

3. Results and Discussion

3.1. Salt Management Strategy for Direct 
Injection of Seawater

The major challenge associated with the direct injection of
seawater is its high salt content, typically ranging from 3-4%
(w/v). When seawater is introduced directly into an LC-
MS/MS system, the dissolved salts are transported through
the LC system into the electrospray ionization (ESI) source.
During the ionization process, the mobile phase is
evaporated, while the non-volatile salts accumulate on the
ESI capillary and other ion source parts. This salt deposition
can reduce ionization efficiency, increase instrument
maintenance, and adversely affect analytical sensitivity and
system robustness. Despite sample dilution, the high salt
load from direct injection resulted in significant salt
deposition on the ion source components after only two



在完成整个校准序列分析后，连续进行 7 针海水样品进样，
随后进样质控标准品以评估优化方法的耐用性。尽管多次
重复直接进样高盐度海水基质，ESI 离子源部件上未观察
到可见的盐沉积。

这说明优化的色谱梯度、FCV 自动切换阀与水共进样的组
合，有效防止了质谱仪内的盐分积聚，同时维持了稳定的
分析性能。分析序列完成后 ESI 离子源部件的照片如图 9
所示。

图 8 海水中 25 种 PFAS 在 2、5 和 10 ng/L 加标水平下的平均百分比回收率（n = 3）。误差线表示三次平行测定的标准偏差。

图 9 优化工作流程下连续 7 次海水直接进样后的 ESI 离子源部件
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Fig. 8 Mean percentage recoveries of 25 PFAS in seawater at spiking levels of 2, 5, and 10 ng/L (n = 3). Error bars represent the standard 
deviation of triplicate analyses.

Following the analysis of the complete calibration sequence,
seven consecutive seawater sample injections were
performed, followed by a QC standard to evaluate the
robustness of the optimized method. Despite repeated
direct injections of the high-salinity seawater matrix, no
visible salt deposition was observed on the ESI ion source
components.
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Fig. 9 ESI Ion Source Components After Seven Consecutive Direct Seawater Injections Using the Optimized Workflow.

This demonstrates that the combination of the optimized
chromatographic gradient, automated FCV switching, and
water co-injection effectively prevented salt accumulation
within the mass spectrometer while maintaining stable
analytical performance. Photographs of the ESI ion source
components after completion of the analytical sequence are
shown in Fig. 9.
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The reference standards were procured from Wellington
Laboratories with below catalogue numbers:

Isotope Dilution Standard PDS:- EPA-533ES

Native Analyte Primary Dilution Standard:- EPA-533PAR

Seawater samples were collected from a local water supply
organization. Calibration standards were prepared and
analyzed over a concentration range of 0.5 to 50 ng/L using
LC-MS/MS. Calibration curves were generated using the
internal standard calibration method with 1/x weighted
linear regression, and the intercept was forced through zero.

PFAS contamination can originate from commonly used
laboratory materials, including certain pipette tips, sticky
notes, vial caps containing LDPE or PTFE (Teflon), and
various plastic consumables. To minimize background
contamination from these unavoidable sources, the Nexera
LC-40 system was equipped with a PFAS-Free Kit, which
includes PFAS-free mobile phase tubing, PFAS-free in-line
filters, and a delay column. The delay column effectively
separates background PFAS originating from the LC system
and laboratory materials from the PFAS present in the
sample, thereby improving analytical accuracy and
confidence in trace-level quantification. The system was
used for the identification and quantification of PFAS in
seawater.

The analytical method was developed based on Shimadzu's
LC/MS/MS Method Package for PFAS in Drinking Water,
which provides optimized acquisition parameters for both
native and isotopically labeled PFAS compounds. Data
acquisition and processing were performed using
LabSolutions Insight , enabling efficient quantification and
streamlined evaluation of method performance, including
calibration and validation parameters.

2. Materials and methods

2.1. Sample preparation 

2.2. Analytical Conditions
Table 1 Analytical conditions for LC-MS/MS

LC

Stationary Phase Shim-pack GIST-HP C18 75mm x 
3mm, 2µm C18 
(Part no. 227-30002-03)

Flow rate : 0.4 mL/min

Mobile Phase A : 10 mM Ammonium acetate in water 
+ 0.1% Formic acid

Mobile Phase B : Methanol

Gradient program Modified gradient program to 
remove salt.

Run time 16 min

Injection volume 50 µL (Co-injection with water)

Column Oven temp. 45 ˚C

MS

Ionization Heated-ESI

Interface temp. 100 ˚C

Nebulizing gas flow 3 L/min

Heating gas flow 15 L/min

Drying gas flow 5 L/min

DL temp. 150 ˚C

Heating block temp. 250 ˚CA 600 µL aliquot of seawater sample was transferred directly
into a PFAS-free vial and mixed with 400 µL of an acidified
organic reagent containing 25 ng/L isotopically labeled
internal standards. The mixture was vortexed for 5 minutes
and injected directly into the LC-MS/MS system without
further sample preparation.

The ratio of organic solvent to seawater is critical for
maintaining sample stability. A higher proportion of organic
solvent can cause salt precipitation either immediately after
mixing or during storage in the autosampler due to the low
operating temperature, potentially affecting analytical
performance and system robustness.

Method performance was evaluated by spiking seawater
samples at three concentration levels (2, 5, and 10 ng/L) for
all 25 PFAS analytes. Calibration standards were prepared
over the concentration range of 0.5–50 ng/L using the same
water-to-organic solvent ratio as the samples to ensure
matrix consistency. The analytical conditions are
summarized in Table 1.
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4. 最终结论
本研究以配备无 PFAS 组件套件的岛津 Nexera LC-40 系
列搭配 LCMS-8060RX，成功开发了一种稳定、灵敏的海
水 PFAS 直接进样 LC-MS/MS 方法，可测定海水中 25 种 
PFAS 化合物。通过优化色谱梯度、FCV-20AH2 自动阀切
换与水共进样，高盐基质得到有效管理；无 PFAS 组件套
件则将 PFAS 背景污染降至最低，实现了可靠的痕量分析。

该方法省去了劳动密集的样品前处理，显著降低了传 
统 萃 取 流 程 的 PFAS 污 染 风 险。 分 析 性 能 优 异：0.5 ～ 
50 ng/L 范 围 内 校 准 曲 线 线 性 良 好， 除 PFOS（ 某 一 加
标 水 平 > 120%） 和 11Cl-PF3OUdS（ 某 一 加 标 水 平 <  
70%） 外， 所 有 目 标 PFAS 化 合 物 的 回 收 率 均 在 70 
～ 120% 之间，多数化合物 RSD 低于 10%，有良好的准
确度、精密度与重现性。

该工作流程为海水 PFAS 常规监测提供了一种简单、可靠、
高通量的解决方案，可支持环境监测、海洋污染评估，以
及海水淡化饮用水水源的监控。
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organization. Calibration standards were prepared and
analyzed over a concentration range of 0.5 to 50 ng/L using
LC-MS/MS. Calibration curves were generated using the
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separates background PFAS originating from the LC system
and laboratory materials from the PFAS present in the
sample, thereby improving analytical accuracy and
confidence in trace-level quantification. The system was
used for the identification and quantification of PFAS in
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The analytical method was developed based on Shimadzu's
LC/MS/MS Method Package for PFAS in Drinking Water,
which provides optimized acquisition parameters for both
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acquisition and processing were performed using
LabSolutions Insight , enabling efficient quantification and
streamlined evaluation of method performance, including
calibration and validation parameters.
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(Part no. 227-30002-03)
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