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利用TurboMatrix 650 ATD分析

纵火研究中的液体助燃剂

简介

火灾研究涉及多种不同类型的调查分析，包括从犯罪现场调

查到化学分析。如果着火原因可疑，分析将包括使用气相色谱

仪（GC）检测是否含有液体助燃剂；该分析可以包括使用质

谱仪（MS）作为首选的检测器或者用以确证分析。气相色谱质

谱联用仪（GC/MS）通过色谱图的指纹图谱来鉴定助燃剂；质

谱检测器可以对指纹图谱的标记化合物及其碎片进行进一步

确证。

ASTM分类表将液体助燃剂划分成6个主要的类别（表1，第2

页），该表是帮助分析鉴定助燃剂的有用工具。该表的每一行

都描述了一类助燃剂，内容包括化合物的特征和相关的离子碎

片。将这些检测到的离子碎片和这些特征化合物相关联则可

将实验数据和ASTM关于助燃剂分类联系起来。

GC/MS分析之前，火灾残骸需要进行样品收集及制备来获

得有代表性的样品，并将其转变成适合GC分析的基体。推

荐的样品基体种类、样品收集、储存容器和样品制备的方法

可通过文献和美国试验材料学会建立的相关分析方法查阅

（ASTM国际性组织）。文献提供的样品制备方法大致分为三

类：顶空、溶剂萃取、水蒸汽蒸馏。对于GC/MS分析，经典的

样品制备方法是顶空或者溶剂提取。
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Bertsch 和 Zhang的“化学分析纵火案中残骸的样品制

备”（Sample preparation for the chemical analysis of 

debris in suspect arson cases）的文献，讨论了用带有

自动热解析（ATD）和动态顶空方式采集样品的方法。

该文献指出了普通样品制备方法的优势和不足之处。在

这篇文章中，动态顶空和热解析被描述为非常灵敏和洁

净的方法，其唯一不利的方面是单个的样品管不能进行

多次分析。

本文献研究的目的是减少样品制备中的溶剂使用，并

利用ATD的样品回收技术以使得单个样品管可以进行

多次分析。本应用文献讨论了多方面的内容，包括样

品基体、样品收集和储存、样品容器、样品引入、利用

TurboMatrix™ 650 ATD 和 Clarus® GC/MS 系统提供

的独特解决方案。

试验

样品采集：测试的木材样品，在其表面不加和加入了液

体助燃剂-汽油，分别进行燃烧，用水浇灭，分别收集样

品储存于0.5L的玻璃瓶中。

样品制备：使用动态顶空萃取技术处理上述木材的燃烧

残骸样品，以提供GC/MS分析。具体操作步骤为，加热

装有样品的玻璃瓶至80°C，并在该温度平衡20min。

样品玻璃瓶中的物质被50mL/min的干燥、洁净的气流

吹到填料为Tenax TA的ATD金属样品采集管中，采集样

品2min，这时ATD样品管置于加热炉的外面，温度为室

温（21°C）。本应用文献使用Tenax TA 填料的ATD样

品采集管，主要是由于纵火样品通常含有大量的水分，

而Tenax具有良好的疏水性能，可以大大减少进入分

析系统的水份。标准物质是从Restek (Bellefonte, PA)

获得。文献使用的系列汽油标准，包括未风化汽油，和

25,50,75及99%风化汽油。5µL的标准溶液，用甲醇稀

释，直接加入ATD样品采用管，采样管使用50mL/min

的干燥、洁净气流吹扫5min，除去甲醇。

仪器分析：本应用文献使用配有PerkinElmer® TurboMatrix 

650 ATD的Clarus 600 T GC/MS系统分析液体助燃剂。

TurboMatrix 650 ATD的加热区域温度设置为250°C，

以防止高分子的重组份冷凝。根据二级解析技术，将第

二次分流而回收的样品可进行再次分析和/或满足存档

的需要。本应用可用过在GC柱温箱增加辅助温度传感

器实现恒流模式的控制（表2，第3页）。
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Dynamic headspace with automated thermal desorp-
tion (ATD) sample collection is discussed in the article 
“Sample preparation for the chemical analysis of debris  
in suspect arson cases” by Bertsch and Zhang2. This 
article presents the advantages and disadvantages  
of the common types of sample preparation. In this 
article, dynamic headspace and thermal desorption  
are described as very sensitive and clean methods.  
The only disadvantage is the inability to perform  
multiple analyses on a single sample tube. 

The goal of this study is to eliminate the use of solvents 
for sample preparation and to implement sample re-
collection on the ATD, allowing multiple analyses of a 
single sample tube.  The discussion will include sample 
matrix, sample collection and storage, sample contain-
ers, sample introduction and analysis by GC/MS using 
the unique solutions provided by the technology of the 
TurboMatrix™ 650 ATD and Clarus® GC/MS system.

Experimental

Sample Collection – For this study, test samples of  
lumber were burned with and without an added liquid 
accelerant – gasoline – on a clean, concrete surface.  
The samples were extinguished with water and stored  
in a 0.5-L glass jar. 

Sample Preparation – In preparation for GC/MS analysis, 
a dynamic headspace extraction was performed on the 
debris samples. This procedure consisted of heating the 

jar of debris to 80 ˚C and equilibrating it at this tempera-
ture for 20 minutes. The contents of the jar were purged 
onto a metal ATD sample-collection tube packed with 
Tenax TA with a flow of clean, dry air at 50 mL/min. 
The sample collection time was 2 minutes; during this 
time the ATD sample tube remained at room temperature 
(21 ˚C), outside the oven. Tenax TA was used as the 
adsorbent throughout this study; arson samples often 
contain a large amount of water – Tenax was selected for 
its hydrophobic properties so that less water would be 
introduced into the analytical system. Standards were 
obtained from Restek (Bellefonte, PA). The weathered 
gasoline kit was used here; this included un-weathered, 
as well as 25, 50, 75 and 99% weathered standards. 5 μL 
of the liquid standard, diluted in methanol, was spiked 
directly onto an ATD tube; the tube was then purged 
with clean, dry air at 50 mL/min for 5 minutes at room 
temperature to remove the methanol.

Instrumental Analysis – The instrumental platform 
used in this study was the PerkinElmer® TurboMatrix 650 
ATD coupled to the PerkinElmer Clarus 600 T GC/MS – 
this system offers the laboratory an analytical platform 
for the analysis of liquid accelerants.

The heated zones of the TurboMatrix 650 ATD were set  
to 250 ˚C to prevent condensation of high-molecular-
weight compounds. A dual-stage desorption with re-
collection of the secondary split allows for re-analysis 
and/or for archival purposes. The pneumatics operated 
in constant-flow mode, utilizing an auxiliary temperature 
sensor in the GC oven (Table 2 - Page 3).

 

 Table 1:  ASTM Accelerant Classification Table – ASTM Method E1387-01. 

 Class   Dominant  
 Number Class Name Hydrocarbon Range Component Classes Diagnostic Ions (m/z)

 1 Light Petroleum Distillates C4 - C8 Alkanes 43,57,71

 2 Gasoline C4 - C12 Alkanes 43,57,71 
     Alkylbenzenes 91,106,120 
       Naphthalene 128,142,156

 3 Medium Petroleum Distillates C8 - C12 Alkanes 43,57,71 
       Alkylbenzenes 91,106,120

 4 Kerosene C9 - C16 Alkanes 43,57,71 
       Alkylbenzenes 91,106,120

 5 Heavy Petroleum Distillates C10 - C23 Alkanes 43,57,71 
     Alkylbenzenes 91,106,120 
       Naphthalenes 128,142,156

 0 Miscellaneous Variable Alkanes 43,57,71 
 0.1 Oxygenated Solvents  Alkylbenzenes 91,106,120 
 0.2 Isoparaffins  Alcohols 31,45 
 0.3 Normal Alkanes  Ketones 43,58 
 0.4 Aromatic Solvents  Esters 43,73 
 0.5 Naphthenic/paraffinic solvents   Terpenes 93,136

 Adapted from the American Society for Testing and Materials Methods

表1 ASTM助燃剂的分类表-ASTM方法E1387-01
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如表3所示，使用一根0.32µm直径的熔融石英传输线

连接ATD和Elite-1MS毛细管柱。气相色谱柱的初始温

度为35°C，以15°C/min的速率升至280°C，气相总的

运行时间为20min。质谱仪扫描范围是m/z30-500，每

秒循环扫描4次。质谱加热传输线维持280°C。使用

TurboMass™的GC/MS软件控制仪器，并给出数据报

告。

As indicated on Table 3, a 0.32-μm diameter fused-silica 
transfer line connected the ATD to the Elite-1MS capil-
lary column. The GC oven program began at 35 ˚C and 
was ramped at 15 ˚C/min to 280 ˚C; the total GC run time 
was 20 min. The mass spectrometer cycled at 4 scans per 
second across a range of m/z 30-500; the heated zones of 
the MS were maintained at 280 ˚C. The instrument was 
controlled by and the data was reported with TurboMass™ 
GC/MS software.

Results 

In preparation for the analysis of an arson sample, a 
series of weathered-gasoline standards were analyzed. 
Pictured in Figure 1 is the weathered gasoline series – 
as you can see, the total ion fingerprint of gasoline vs. 
99% weathered gasoline is quite different. In Figures 2 
through 4 (Page 4), each of the characteristic compound 
classes identified by the ASTM are displayed in detail. 
 

 

 Table 2:  Detailed Operating Parameters for TurboMatrix 650  
 ATD Instrument. 

 
 Thermal Desorption PerkinElmer TurboMatrix  
 Unit: 650 ATD

 Transfer-Line Temperature: 250 ˚C

 Valve Temperature: 250 ˚C

 Tube Temperature: 250 ˚C

 Trap Temperature (Low): -25 ˚C

 Trap Temperature (High): 250 ˚C

 Trap Heating Rate: Ballistic

 Trap Hold Time: 10 min

 Desorb Time: 1 min

 Desorb Flow Time: 1 min

 GC Cycle Time:  30 min

 Inlet Split: On

 Outlet Split: On

 Injections Per Tube: Multiple

 Split Mode: Flow

 Thermal Desorption Mode: 2-Stage Desorb & Re-collect

 Dry Purge: Off

 Carrier Mode: Flow

 Column: 1 mL/min

 Re-collect Flow: 50 mL/min

 Desorb: 1 mL/min

 Column Setting During  
 Desorb: 1 mL/min

 Transfer-Line Type: Short

 Trap-Packing Type: Tenax TA

 Tube Type: Metal

 Tube-Packing Type: Tenax TA

 

 Table 3:  Detailed Operating Parameters for GC/MS System.

 
 Gas Chromatograph: PerkinElmer Clarus 600 GC

 Analytical Column: Elite - 1MS (15 m x 0.25 mm x 0.1 μm)

 Carrier Gas Type: He

 Oven Program: Temp Hold Time Rate 
  35 ˚C 1 min  15 ˚C/min 
   280 ˚C 3 min END

 Detector Type: Mass Spectrometer

 Mass Spectrometer: PerkinElmer Clarus 600 MS

 GC Inlet Line Temp: 280 ˚C

 Ion Source Temperature: 280 ˚C

 Function Type: Full Scan

 Full-Scan Range: m/z 30-500

 Full-Scan Time: 0.2 sec

 InterScan Delay: 0.05 sec

Figure 1.  Total ion chromatograms of un-weathered (bottom) and 99% 
weathered (top) gasoline standards.
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表2 TurboMatrix 650 ATD的操作条件

热解析单元            PerkinElmer TurboMatrix   
 650ATD 

传输线温度                 250℃ 

阀温度                     250℃ 

采样管温度                250℃ 

捕集阱温度（低）         -25℃ 

捕集阱温度（高）          250℃ 

捕集阱升温速率             冲击式 

捕集阱保持时间             10 min 

解析时间                  1 min 

解析气流时间            1 min 

气相循环时间             30min 

入口分流                    开 

出口分流                   开 

每个采样管进样            多次 

分流模式                    流速 

热解析模式                  2-步解析及再次采集 

吹扫                        关 

载气模式                    流速 

色谱柱                     1mL/min 

再次采集流速             50 mL/min 

解析                        1 mL/min 

解析过程中色谱柱设置     1 mL/min 

传输线类型                 短 

采样管类型                金属 

采样管填料                Tenax TA 

表3 GC/MS操作条件

气相色谱仪        PerkinElmer Clarus 600GC 

分析色谱柱       Elite -1MS (15mX0.25 mmX 0.1μm) 

载气类型         He 

柱温箱程序       35℃保持1min，15℃/min升至280℃  
 保持3min 

检测器类型       质谱 

质谱仪           PerkinElmer Clarus 600MS 

气相进样口温度   280℃ 

离子源温度      280℃ 

扫描类型         全扫描 

扫描质量范围    m/z30-500 

全扫描时间      0.2s 

扫描时间延迟    0.05s 

结论

在纵火样品的制备时，使用一系列风化的汽油标准进行

分析。图1是风化汽油样品系列的谱图，由此可看出，汽油

和99%风化汽油的总离子流指纹图谱非常不同。在图2至

图4中（第4页），每一类ASTM所确定的特征化合物均一

一呈现。

图1 未风化汽油（下）和99% 风化的汽油标准（上）的总离子流图



Figure 2 displays the alkylbenzene or BTEX (benzene, 
toluene, ethylbenzene, xylene) compounds – as you can 
see, these are the primary components of un-weathered 
gasoline. Resulting from their low molecular weight 
and high volatility, the alkylbenzenes are first to evapo-
rate and comprise a very low percentage of 99% weathered 
gasoline. Conversely, the naphthalenes (Figure 3) comprise 
a small percentage of un-weathered gasoline, are much less 
volatile, and represent the majority of the 99% weathered 
gasoline fingerprint. The alkanes in gasoline (Figure 4) 
span a wide volatility range – this results in high mass 
discrimination in the highly-weathered standards. 

Depending on the heat and duration of the fire and the 
volume of accelerant used, the fingerprint of an arson 
sample with a particular accelerant will vary across 
the range of weathering. Each of the compound classes 
which make up a particular accelerant should be moni-
tored in both reference material and sample analysis to 
ensure correct identification. This study includes the 
analysis of samples from a test fire burned with and 
without gasoline as the accelerant. Chromatograms  
from this analysis are presented in Figure 5 – in this 
case, presence of an accelerant is quite obvious.

Figure 2.  The comparison of the extracted ion chromatogram of 
alkylbenzenes (m/z 91,106,120) in un-weathered (bottom) and 99% 
weathered (top) gasoline.

Figure 4.  The comparison of the extracted ion chromatogram of alkanes 
(m/z 43, 57, 71) in un-weathered (bottom) and 99% weathered (top) 
gasoline.

Figure 3.  The comparison of the extracted ion chromatogram of  
naphthalenes (m/z 128, 142, 156) in un-weathered (bottom) and  
99% weathered (top) gasoline.

Figure 5.  The comparison of the analysis of a test sample of wood 
burned without gasoline (top) with a low split (center) and high split 
(bottom) run of a wood sample burned with gasoline.
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图2是烷基苯或者苯系物（苯，甲苯，乙苯和二甲苯）的

谱图，正如你所见到的，这些是未风化的汽油的主要组

分。由于其高挥发性和低分子质量，烷基苯首先被蒸发，

在99%风化的汽油样品中含量很低。相反的，萘的挥发

性小很多（图3），在未风化的汽油样品中含量很少，作为

99%风化汽油的主要组分在指纹图谱中存在。汽油中的

烷烃（图4）具有很宽的挥发性范围，从而可与高度风化

标准的高质量的物质区别。

根据加热和燃烧的持续时间及助燃剂使用的体积，纵火

样品的指纹图谱将随着加入特定助燃剂的风化程度不同

而改变。组成特定助燃剂的每种类别的化合物的监测应该

通过参考物质和样品分析同时进行，以确保正确的鉴定结

果。本文献分析了通过加入和不加入汽油作为助燃剂燃烧

的两个木材样品，分析的色谱图见图5所示，由图可知，很

明显存在一种助燃剂。

图2 未风化汽油样品中烷基苯提取离子（m/z91,106,120）色谱图

（下）和99%汽油提取离子色谱图（上）的比较

图3未风化汽油样品中萘提取离子（m/z128,142,156）色谱图

（下）和99%汽油提取离子色谱图（上）的比较

图4 未风化汽油样品中烷烃提取离子（m/z43,57,71）色谱图（下）

和99%汽油提取离子色谱图（上）的比较

图5未加入汽油燃烧的木块样品色谱图（上）、加入汽油燃烧的木

块样品，低分流比的色谱图（中）、加入汽油燃烧的木块样品，高

分流比的色谱图（下）
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在整过研究过程中，TurboMatrix 650 ATD系统采用了样

品回收的模式，再次收集样品在第二步的热解析过程中自

动发生。进入GC传输线之前，从ATD冷阱中解析的化合

物以50:1分流。分流的结果是49mL/min的流速返回进入

样品采集管（再次收集），1mL/min进入分析色谱柱，近似

98%的样品的可以用于再次分析。

本实验采用的测试样品，加入汽油的量太多，为了采集有

效指纹数据的色谱图（图5），必需以更高的分流比重新进

行分析。当获得合适的分流比，在确定的条件下，连续重

复分析样品15次，每次分流比为50:1，见图6所示。纵火样

品能够被一次次地重复用于分析确认。
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Throughout the study, the ATD was operated in sample 
re-collection mode – sample re-collection, as imple-
mented in the TurboMatrix 650 ATD system, is activated 
during the second stage of thermal desorption. The 
effluent desorbing from the ATD cold trap is split before 
entering the GC transfer line, in this case 50:1. This split 
results in 49 mL/min flowing back onto the sample tube 
(re-collected), and 1 mL/min down the analytical column; 
approximately 98% of the sample is available for re-
analysis and archival.

In the test sample, the amount of gasoline was so high 
that it was necessary to re-analyze the sample tube at a 
significantly higher split ratio to obtain a chromatogram 
with useful fingerprint data (Figure 5). Once adequate 
split-ratio conditions were achieved, the sample was  
re-analyzed 15 consecutive times under identical  
conditions, each time splitting 50:1 – this is demonstrated 
in Figure 6. The fingerprint of the arson sample can be 
reproduced time after time, for confirmatory analyses. 

Conclusion 

As with all forensic analyses, the data generated in arson 
investigation must be legally defensible, creating the 
need for duplicate analyses and sample archival. Sample 
re-collection allows laboratories to perform multiple 
analyses of the same sample in addition to preserving 
both the instrument sample (thermal desorption tube)  
as well as the bulk debris sample.

Thermal extraction combined with dynamic headspace 
and automated thermal desorption is clearly a clean and 
very sensitive sampling technique in arson investigation.
Additionally, this sample preparation technique eliminates 
the need for solvent extraction, reducing the use of 
carbon and eliminating solvent-disposal costs, analyst’s 
preparation time and solvent exposure hazard.   
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Figure 6.  The analysis, re-collection and re-analysis of a single ATD 
sample tube – 5 times, under sample re-collection mode of operation.

结论

作为所有呈堂证供，纵火研究数据的产生必须是有法

律效力的，并有双样分析和样品存档。样品回收功能使

得实验室对同样的样品可以执行多次重复分析，并保

存仪器上的样品（热解析管）和大量的残骸样品。

在纵火研究中，加热萃取配合动态顶空和自动热解析

使用，很明显是一种洁净、很灵敏的样品制备技术。另

外，该样品制备技术减少了萃取溶剂的使用，降低了碳

的使用，减少溶剂，降低成本，减少样品制备时间及溶

剂暴露的危害。
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图6 使用单个的ATD采样管再次采集、再次分析，5次的色谱图

比较
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Throughout the study, the ATD was operated in sample 
re-collection mode – sample re-collection, as imple-
mented in the TurboMatrix 650 ATD system, is activated 
during the second stage of thermal desorption. The 
effluent desorbing from the ATD cold trap is split before 
entering the GC transfer line, in this case 50:1. This split 
results in 49 mL/min flowing back onto the sample tube 
(re-collected), and 1 mL/min down the analytical column; 
approximately 98% of the sample is available for re-
analysis and archival.
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with useful fingerprint data (Figure 5). Once adequate 
split-ratio conditions were achieved, the sample was  
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reproduced time after time, for confirmatory analyses. 
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As with all forensic analyses, the data generated in arson 
investigation must be legally defensible, creating the 
need for duplicate analyses and sample archival. Sample 
re-collection allows laboratories to perform multiple 
analyses of the same sample in addition to preserving 
both the instrument sample (thermal desorption tube)  
as well as the bulk debris sample.

Thermal extraction combined with dynamic headspace 
and automated thermal desorption is clearly a clean and 
very sensitive sampling technique in arson investigation.
Additionally, this sample preparation technique eliminates 
the need for solvent extraction, reducing the use of 
carbon and eliminating solvent-disposal costs, analyst’s 
preparation time and solvent exposure hazard.   
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