
 

 特点描述
◆ 仅需通过有机溶剂稀释这一样品前处理方法，即可对各类石油馏分（轻质和中质馏分）中的元素杂质进行分析。
◆ 可对石油馏分（轻质和中质馏分）中的金属元素进行长期精准分析。
◆ 耐溶剂蠕动泵管可实现内标元素的在线添加，即使是有机溶剂分析也无需人工添加。

 �引言

由于石油产品中的金属元素可能成为催化剂毒物并影响
产品质量，因此需其含量进行控制。此外，为降低排放过程
对环境的影响，测定重金属含量也具有重要意义。传统上采
用 ASTM D7111-161) 等 ICP 光 学 发 射 光 谱 法（ICP-OES）
测定石油产品中的金属元素。但近年来，为检测痕量金属元素，
业界对 ASTM D8110-172) 等使用 ICP 质谱（ICP-MS）的高
灵敏度分析方法需求日益增加。

ASTM D8110-17 是使用 ICP-MS 分析石油馏分（轻质
和中质馏分）中元素的检测方法。该方法需用有机溶剂稀释
样品，因此必须将有机溶剂样品导入 ICP-MS 中进行分析。

在本应用报告中，根据 ASTM D8110-17 标准，使用有
机溶剂稀释各类轻质和中质馏分，并采用 ICPMS-2050（图
1）进行痕量元素分析。通过加标回收试验和残渣燃料油标准
物质的分析验证了分析结果的有效性。此外还评估了长期分
析的稳定性。

 �样品与标准品制备

• 样品制备

将柴油、石油醚（50-80 ° C 沸程）、石油醚（30-60 ° C 沸程）
用 PremiSolv 按 1:10（w/w）稀释，制备分析样品。另按相
同方法添加标准溶液制备加标样品用于加标回收试验。

残 渣 燃 料 油 标 准 物 质 经 加 热 搅 拌 后， 用 PremiSolv 按
1:1000（w/w）稀释，制备其分析样品。

• 校准标准品
将 S-21 与锂、磷、钾、钴、砷、硒、锑、硫的单元素标

准溶液混合，用 PremiSolv 稀释，制备校准标准品。校准标
准品中各元素浓度见表 1。

• 复核标准品

为验证校准曲线的持续有效性，制备与 STD2 同浓度的
复核标准品。所用 S-21 浓度水平与校准标准品制备所用的
S-21 浓度水平不同。S-21 未包含的元素采用与校准标准品
相同的标准溶液配制。

• 内标溶液
将铍、钪、钇、铟、铋的油基单元素标准溶液混合后用

PremiSolv 稀释。内标溶液中铍和钪的浓度为 250 ng/g，钇
和铟为 25 ng/g，铋为 5 ng/g。

 �样品与试剂

• 样品
实验样品包括市售柴油、石油醚（沸程 50 至 80° C 的轻

质馏分）、石油醚（沸程 30 至 60° C 的轻质馏分）以及日本
石油学会提供的残渣燃料油中镍和钒标准物质。

• 稀释剂
使用 PremiSolv（CONOSTAN 品牌）作为稀释剂。

• 标准溶液制备用试剂
采用油基混合标准溶液 S-21 及锂、磷、钾、钴、砷、硒、锑、

铍、钇、铟、铋的单元素油基标准溶液（CONOSTAN 品牌），
以及硫、钪的单元素油基标准溶液（LGC Standards 品牌）。

图 1 ICPMS-2050 与 AS-20
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表 1 校准标准品中分析物浓度

元素
校准标准品（µg/kg）

STD0 STD1 STD2 STD3 STD4 STD5

Li, Na, Mg, Al, Si, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, 
Mo, Cd, Sn, Sb, Pb 0 10 50 100

P 0 1,000 5,000 10,000

S 0 10,000 50,000
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Fig. 1 ICPMS-2050 and AS-20

 Metal elements in lubricating oil can be accurately analyzed by dilution with organic solvents.
 Solvent-resistant peristaltic pump tubing enables the addition of internal standard elements in-line, even for organic solvent 

analysis, thereby eliminating the need for manual addition.

Determination of Additive and Trace Elements in 
Lubricating Oil Using ICP-MS

Kosuke Naka

Inductively Coupled Plasma Mass Spectrometer

 Introduction
Organic metal compounds are added to lubricating oil to provide 
various functional properties. Therefore, monitoring the 
concentrations of these additives is important for ensuring quality 
control. In addition, the analysis of wear metals and contaminant 
metals in lubricating oils (engine oils) used in automobiles and 
ships is a crucial method for assessing the condition of the engine. 
Traditionally, these analyses have utilized ICP Optical Emission 
Spectrometry (ICP-OES) as outlined in ASTM D4951-141) and 
ASTM D5185-182). However, for the analysis of trace metal 
elements that are difficult to detect with ICP-OES, the more 
sensitive ICP mass spectrometry (ICP-MS) is more suitable.
In this Application News, lubricating oil was diluted with organic 
solvents, and the additives and trace elements in the oil were 
analyzed using the ICP-MS 2050. To verify the accuracy of the 
analytical results, spike recoveries were also evaluated.

Preparation of Samples and Standards
• Sample Preparation (for Trace Element Analysis)
Samples were diluted 50-fold (w/w) with PremiSolv to prepare 
them for analysis of trace elements. Spiked samples were 
prepared similarly, with one solution containing trace elements 
excluding sulfur (S), and another solution containing only S.
• Sample Preparation (for Additive Element Analysis)
The sample was diluted 5000-fold (w/w) with PremiSolv to 
prepare a sample solution for analysis of the additive elements.
• Calibration standards
S-21 and single-element standard solutions were mixed and 
diluted with PremiSolv to prepare the calibration standards. The 
concentrations of each element in the calibration standards are 
shown in Table 1.
• Internal standard solution
Oil-based single-element standard solutions of Be, Sc, Y, In, and 
Bi were mixed and diluted with PremiSolv. The concentrations 
of Be and Sc in the internal standard solution are 1000 µg/kg, 
while the concentrations of Y and In are 100 µg/kg, and Bi is 
20 µg/kg.

Configurations and Analytical Conditions
Table 2 shows the configuration of the ICP-MS. The “Organic 
Solvent Injection System” was used as the sample introduction 
system. By using a platinum sampling cone, damage to the 
cone from prolonged exposure to organic solvents can be 
minimized. Additionally, the use of solvent-resistant peristaltic 
pump tubing enables the in-line addition of internal standard 
elements, thereby streamlining the sample preparation process.
Table 3 shows the analytical conditions. To prevent the 
precipitation of carbon from the organic solvent in the interface, 
a mixed gas of argon (70 %) and oxygen (30 %) was introduced 
into the quadrupole structure organic solvent torch. To reduce 
the effects of non-spectral interferences, such as ionization 
interference from highly concentrated additive elements in 
lubricating oil, dilution gas was introduced. The analytical 
conditions used for lubricating oils can be easily registered from 
the preset methods of LabSolutions  ICPMS (Version 2.10 and 
later), eliminating the need for complex condition testing.

Samples and Reagents
• Samples
Commercially available automotive engine oil (mineral oil) was 
used.
• Diluent
PremiSolv (CONOSTAN) was used.
• Reagents for standards
The oil-based mixed standard solution S-21 and the oil-based 
single-element standard solutions for Li, P, K, Co, Sb, Be, Y, In, 
and Bi (CONOSTAN), and the oil-based single-element standard 
solution for S, Sc (LGC Standards) were used.

Table 1 Concentrations of Analytes in Calibration Standards

Elements
Calibration Standards (µg/kg)

STD0 STD1 STD2 STD3 STD4 STD5 STD6

Li, Na, Al, K, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Cd, Sn, Sb, Pb 0 10 50 200

B, Mg, Si, Ca, Zn, Mo 0 50 200

P 0 1,000 5,000 20,000

S 0 10,000 50,000 100,000



Application 
News 

 

 �干扰消除与检出限

要在有机溶剂中高灵敏度分析金属元素，关键在于消除有
机溶剂中碳元素产生的干扰。例如，碳衍生的多原子离子会造
成干扰，如 12C12C+ 干扰 24Mg、12C16O+ 干扰 28Si、40Ar12C+ 干扰
52Cr。通过氦气碰撞模式或氢气反应模式可消除这些干扰，实
现灵敏分析。以镁元素为例，图 2 展示了不同条件下镁的校准
曲线。在无气体模式下，12C12C+  的影响导致背景等效浓度(BEC)
偏高，难以分析痕量 24Mg。而在碰撞模式下，12C12C+  干扰降
低，获得 80 ng/g 的 BEC 值。进一步采用反应模式时，12C12C+ 

干扰显著减弱，获得 0.8 ng/g 的 BEC 值，可实现痕量 24Mg 分析。

检出限数据见表 4。检出限的计算方式为：校准空白样品
(STD0) 三倍标准偏差 (σ) 对应的浓度。

 �仪器配置与分析条件

ICP-MS 配置见表 2。采用“有机溶剂进样系统”作为导
入系统。通过使用铂采样锥，可以最大限度地减少有机溶剂长
期接触对采样锥的损耗。同时，采用耐溶剂蠕动泵管可实现内
标元素的在线添加，从而简化样品制备流程。

表 3 列出了分析条件。为防止有机溶剂中的碳在接口
处析出，向四极杆结构有机溶剂炬管中通入了氩气（70%）
与氧气（30%）的混合气体。石油馏分的分析条件可直接从
LabSolutionsTM ICPMS(2.10 及更高版本 ) 预设方法中调用，
无需进行复杂的条件调试。

表 2 ICP-MS 仪器配置

仪器 : ICPMS-2050
雾化器 : 雾化器 DC04
雾室 : 旋流雾室
炬管 : 有机溶剂炬管
采样锥 : 铂
截取锥 : 镍锥

自动进样器 :
AS-20
（有机溶剂冲洗站）

蠕动泵管 :
内径样品管为 0.76 mm*1

内径内标管为 0.38 mm*2

（材质：Solva PVC）

内标元素 :
在线内标组件（有机溶剂用）*3

（样品：内标 ≈ 4:1）

 I.D.：内径
*1: P/N: S018-31558-61
*2: P/N: S018-31558-62
*3: P/N: S211-95010-42

表 3 分析条件

射频功率 : 1.60 kW
取样深度 : 8.0 mm
等离子气体流量 : 20.0 L/min
辅助气体流量 : 0.50 L/min
载气流量 : 0.60 L/min
稀释气体流量 : 0 L/min
Ar-O2 混合气体流量 : 0.35 L/min
腔室温度 : -5 ℃
泵转速 : 15 rpm( 低速 ) / 45 rpm( 高速 )
池条件 : 无气体 He H2-A H2-B
池气体流速 : - He H2 H2

池气体流量 (mL/min) : - 6.0 7.0 9.0
池电压（V） : - -35 -30 -55
能量过滤器 (V) : - 7.0 7.0 7.0

表 4 检出限（DL）

元素 池条件 内标 IDLs
(µg/kg)

7Li 无气体 9Be 0.08
23Na 无气体 9Be 0.3
24Mg H2-B 45Sc 0.2

27Al He 45Sc 0.3
28Si H2-A 45Sc 2
31P He 45Sc 20
34S H2-A 45Sc 500
39K H2-A 45Sc 0.7

40Ca* H2-A 45Sc 0.3
47Ti He 45Sc 0.8
51V H2-A 45Sc 0.02

52Cr H2-A 45Sc 0.02
55Mn H2-A 45Sc 0.03
56Fe H2-A 45Sc 0.06
59Co He 45Sc 0.009
60Ni He 45Sc 0.1
63Cu He 45Sc 0.07
66Zn He 45Sc 0.1
75As He 89Y 0.02
78Se H2-A 89Y 0.03

95Mo He 89Y 0.004
111Cd H2-A 115In 0.02
118Sn He 115In 0.02
121Sb He 115In 0.02
138Ba He 115In 0.008
208Pb He 209Bi 0.01

仪器检出限（IDL）：
3σ（STD0 的标准偏差）× 校准曲线斜率
*: 质量数为 40 的钙元素分析仅限于 LabSolutions ICPMS Ver2.10 及以上版
本进行。
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Elements Cell Condition Internal 
Standard

IDL
(ng/g)

7Li No Gas 9Be 0.08
23Na No Gas 9Be 0.3
24Mg H2-B 45Sc 0.2
27Al He 45Sc 0.3
28Si H2-A 45Sc 2
31P He 45Sc 20
34S H2-A 45Sc 500
39K H2-A 45Sc 0.7

40Ca* H2-A 45Sc 0.3
47Ti He 45Sc 0.8
51V H2-A 45Sc 0.02

52Cr H2-A 45Sc 0.02
55Mn H2-A 45Sc 0.03
56Fe H2-A 45Sc 0.06
59Co He 45Sc 0.009
60Ni He 45Sc 0.1
63Cu He 45Sc 0.07
66Zn He 45Sc 0.1
75As He 89Y 0.02
78Se H2-A 89Y 0.03

95Mo He 89Y 0.004
111Cd H2-A 115In 0.02
118Sn He 115In 0.02
121Sb He 115In 0.02
138Ba He 115In 0.008
208Pb He 209Bi 0.01

Removal of Interference and Detection Limit
To analyze metal elements with high sensitivity in organic 
solvents, it is important to eliminate interference caused by 
carbon from the organic solvent. For example, there are carbon-
derived polyatomic ion interferences such as 12C12C+ for 24Mg, 
12C16O+ for 28Si, and 40Ar12C+ for 52Cr. By using collision mode 
with helium gas or reaction mode with hydrogen gas, these 
interferences can be eliminated, enabling sensitive analysis. As 
an example, Fig. 2 shows the calibration curve for Mg under 
each condition. In the No Gas mode, the influence of 12C12C+ 
results in a high background equivalent concentration (BEC), 
making it challenging to analyze trace amounts of 24Mg. 
However, in collision mode, the interference from 12C12C+ was 
reduced, and BEC of 80 ng/g was obtained. Furthermore, in 
reaction mode, the interference from 12C12C+ was significantly 
reduced, and BEC of 0.8 ng/g was obtained, which enables trace 
amounts of 24Mg analysis.
Detection limits are shown in Table 4. The detection limit was 
calculated as the concentration that gives a signal equivalent to 
three times the standard deviation (σ) of the calibration blank 
sample (STD0).

Table 4 Detection Limits (DLs)

IDL (Instrument Detection Limit):
3σ (standard deviation of STD0)× slope of calibration curve
*: Analysis of Ca with a mass number of 40 is permitted exclusively in 
LabSolutions ICPMS Ver2.10 and later.

Configurations and Analytical Conditions
Table 2 shows the configuration of the ICP-MS. The “Organic 
Solvent Injection System” was used as the introduction system. 
By utilizing a platinum sampling cone, damage to the cone from 
prolonged exposure to organic solvents can be minimized. 
Additionally, the use of solvent-resistant peristaltic pump 
tubing enables the in-line addition of internal standard 
elements, thereby streamlining the sample preparation process.
Table 3 shows the analytical conditions. To prevent the 
precipitation of carbon from the organic solvent in the interface, 
a mixed gas of argon (70 %) and oxygen (30 %) was introduced 
into the quadrupole structure organic solvent torch. The 
analytical conditions used for petroleum distillates can be easily 
set from the preset methods registered in LabSolutions  ICPMS 
(Version 2.10 and later), thus eliminating the need for complex 
condition testing.

H2 Reaction Mode (H2-B)
BEC: 0.8 ng/g

He Collision Mode
BEC: 80 ng/g

No Gas Mode
BEC: 1000 ng/g

Fig. 2 Calibration Curve of Mg under Each Cell Condition (vertical axis: intensity ratio, horizontal axis: concentration)

Table 3 Analytical Conditions

RF Power : 1.60 kW
Sampling Depth : 8.0 mm
Plasma Gas Flowrate : 20.0 L/min
Auxiliary Gas Flowrate : 0.50 L/min
Carrier Gas Flowrate : 0.60 L/min
Dilution Gas Flowrate : 0 L/min
Ar-O2 Mixed Gas Flowrate : 0.35 L/min
Chamber Temperature : -5 °C
Pump Rotation Speed : 15 r.p.m. (Low) / 45 r.p.m. (High)
Cell Condition : No Gas He H2-A H2-B
Cell Gas : - He H2 H2

Cell Gas Flowrate (mL/min) : - 6.0 7.0 9.0
Cell Voltage (V) : - -35 -30 -55
Energy Filter (V) : - 7.0 7.0 7.0

I.D.: Internal Diameter
*1: P/N: S018-31558-61
*2: P/N: S018-31558-62
*3: P/N: S211-95010-42

Table 2 ICP-MS System Configuration

Instrument : ICPMS-2050
Nebulizer : Nebulizer DC04
Chamber : Cyclone Chamber
Torch : Organic Solvent Torch
Sampling Cone : Platinum
Skimmer Cone : Nickel

Auto Sampler : AS-20
(Rinse station for organic solvents)

Peristaltic Pump Tubing :
I.D. 0.76 mm for sample*1

I.D. 0.38 mm for internal standards*2

(materials: Solva PVC)

Internal Standard 
Elements :

Online Internal Standard Kit (for Organic 
Solvents)*3

(sample: internal standard = about 4:1)

无气体模式
BEC: 1000 ng/g

浓度（ng/g）

图 2 各反应池条件下镁的校准曲线（纵轴：强度比，横轴：浓度）

浓度（ng/g） 浓度（ng/g）

氦气碰撞模式
BEC: 80 ng/g

氢气反应模式（H2-B）
BEC: 0.8 ng/g
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 �残渣燃料油标准物质分析

使用表 1 所示校准标准品对残渣燃料油标准物质中的镍、
钒和硫进行测定，结果如表 5 所示。分析结果与认证值（硫的
参考值）高度吻合，证实了 ICPMS-2050 分析的准确性。

 �长期稳定性

为评估采用 ICPMS-2050 进行有机溶剂分析的长期稳定
性，对轻质和中质馏分进行了约 6 小时的持续分析。

为确认定量结果的波动性，在样品分析前、每 10 个样品
后及分析结束时，均对复核标准品进行了分析，结果如图 3 所
示。所有复核标准品的定量结果均处于配制浓度 90% 至 110%
的范围内，符合 ASTM D8110-17 的验证要求（红色虚线）。

此外，图 4 显示了约 6 小时内内标元素信号强度的变化情
况。内标元素信号强度变化保持在 90% 至 120% 之间，同样
满足 ASTM D8110-17 标准规定的 50% 至 150% 验证要求（红
色虚线）。

上述结果表明，ICPMS-2050 具备足够的有机溶剂样品分
析长期稳定性。

 �加标回收率

采用表 1 所示校准标准品对轻质和中质馏分中的痕量元素
进行定量分析。为验证分析结果的有效性，对加标回收率进行
了评估。定量分析与加标回收率结果如表 6 所示。

试验获得了 82% 至 115% 的良好回收率，表明仅通过有
机溶剂稀释即可准确分析各类轻质和中质馏分中的痕量金属元
素。

表 6 定量结果与加标回收率

元素 IDLs
(ng/g)

加标浓度
(ng/g)

柴油 石油醚（50-80℃沸程） 石油醚（30-60℃沸程）
未加标样品

(ng/g)
加标样品

(ng/g)
加标回收率

（%）
未加标样品

(ng/g)
加标样品

(ng/g)
回收率
（%）

未加标样品
(ng/g)

加标样品
(ng/g)

加标回收率
（%）

7Li 0.08 50 0.27 49.4 98 0.17 53.3 106 0.10 56.3 112
23Na 0.3 50 0.6 48.2 99 N.D. 53.6 107 N.D. 54.1 108
24Mg 0.2 50 0.2 48.3 96 0.3 50.0 99 0.5 52.4 104

27Al 0.3 50 N.D. 47.2 94 N.D. 49.1 98 N.D. 52.9 106
28Si 2 50 N.D. 52 104 9 64 110 18 72 108
31P 20 5,000 N.D. 5,040 101 N.D. 4,100 82 N.D. 4,150 83

34S*1 500 - 700 - - N.D. - - N.D. - -
39K 0.7 50 N.D. 48.0 96 N.D. 52.4 105 N.D. 53.6 107

40Ca*2 0.3 50 N.D. 48.3 97 N.D. 49.8 100 N.D. 51.1 102
47Ti 0.8 50 N.D. 47.8 96 N.D. 48.2 96 N.D. 50.5 101
51V 0.02 50 N.D. 49.0 98 0.24 51.8 103 0.10 54.0 108

52Cr 0.02 50 N.D. 47.8 96 N.D. 51.8 104 N.D. 53.9 108
55Mn 0.03 50 N.D. 47.4 95 N.D. 50.8 102 N.D. 52.5 105
56Fe 0.06 50 N.D. 47.9 96 N.D. 49.3 99 N.D. 50.5 101
59Co 0.009 50 0.015 46.7 93 0.021 48.1 96 0.010 50.3 101
60Ni 0.1 50 0.2 46.9 93 N.D. 47.1 94 N.D. 48.9 98
63Cu 0.07 50 N.D. 45.9 92 N.D. 45.8 92 N.D. 47.7 95
66Zn 0.1 50 N.D. 44.0 88 0.2 43.6 87 N.D. 44.9 90
75As 0.02 50 0.03 51.1 102 0.04 46.7 93 N.D. 46.9 94
78Se 0.03 50 0.04 51.4 103 0.04 44.9 90 N.D. 46 92

95Mo 0.004 50 N.D. 48.3 97 0.007 50.0 100 0.005 52 104
111Cd 0.02 50 N.D. 50.4 101 0.04 48.2 96 N.D. 50.2 100
118Sn 0.02 50 N.D. 48.8 98 0.03 47.9 96 0.02 50.0 100
121Sb 0.02 50 N.D. 51.8 104 0.02 50.1 100 0.02 52.6 105
138Ba 0.008 50 0.013 52.6 105 0.140 53.8 107 0.099 57.8 115
208Pb 0.01 50 N.D. 52.1 104 0.08 53.4 107 0.07 56.5 113

N.D.：未检出（低于检出限）
加标回收率（%）：（加标样品 – 未加标样品）/ 加标浓度 ×100
*1：未进行硫元素的加标回收试验。
*2：质量数为 40 的钙元素分析仅限于 LabSolutions ICPMS Ver2.10 及以上版本进行。

表 5 残渣燃料油标准物质的分析结果

元素 认证值
（硫的参考值） 定量结果 加标回收

Ni 22 ± 1 ppm (w/w) 22 ppm (w/w) 100 %
V 53 ± 1 ppm (w/w) 52 ppm (w/w) 98 %
S 3.39 % (w/w) 3.45 % (w/w) 102 %
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Conclusion
In this Application News, the analysis of metal elements in light 
and middle distillates was performed using the ICPMS-2050 and 
the organic solvent introduction system. Good results were 
obtained from spiking recovery tests and the analysis of reference 
material for residual fuel oil, demonstrating that trace metal 
elements in light and middle distillates can be accurately 
quantified with a simple sample preparation method that 
involves only dilution with organic solvents. Furthermore, the 
recoveries of the Check Standards and the change in intensity of 
the internal standard elements also satisfied the validation 
requirements of ASTM D8110-17, confirming stable analysis over 
long periods of time.
Since it is possible to analyze without the complex procedures 
required for acid decomposition, the risk of volatilization or 
contamination of the target elements during the sample 
preparation process is reduced. Additionally, the use of solvent-
resistant peristaltic pump tubing enables the in-line addition of 
internal standard elements, further reducing the time required for 
sample preparation.
The analytical conditions can be easily registered from preset 
methods, allowing for analysis without the need to consider 
complex analytical conditions for organic solvents.

Fig. 4 Change in Intensity of Internal Standard Elements

Fig. 3 Recoveries of Check Standard
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图 3 复核标准品回收率

图 4 内标元素信号强度变化
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 �结论

在本应用报告中，使用 ICPMS-2050 和有机溶剂进样系统
对轻质和中质馏分中的金属元素进行了分析。加标回收试验和
残渣燃料油标准物质的分析获得了良好结果，表明仅通过有机
溶剂稀释的简单样品前处理方法即可准确定量轻质和中质馏分
中的痕量金属元素。此外，复核标准品的回收率和内标元素的
信号强度变化也满足 ASTM D8110-17 的验证要求，证实了长
期分析的稳定性。

由于无需进行酸分解等复杂步骤即可完成分析，降低了样
品前处理过程中目标元素挥发或污染的风险。同时，采用耐溶
剂的蠕动泵管可实现内标元素的在线添加，进一步缩短了样品
前处理时间。

分析条件可从预设方法中直接调用，无需考虑有机溶剂的
复杂分析条件。
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