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I. LITERATURE REVIEW 
 

 

1. Introduction 
 

The analysis of a sample of any type consists of multiple steps at least of sampling, sample preparation, 

a separation of the analytes and determination of the analytes. Each of these steps is vital for the 

performance of an analytical technique.  Liquid-liquid and solid phase extraction (SPE, solid-liquid) are 

some of the most used sample preparation techniques.1,2 Even then, they have some major 

disadvantages: time consuming sample preparation, the use of large amounts of organic solvents and 

the necessity for large sample volumes. The use of large amounts of organic solvents is a problem as 

they necessitate increased safety measures as most organic solvents are harmful for humans and 

environment.3–5  

One of the most popular approaches for sample preparation is extraction, which helps to clean, 

concentrate and isolate the analytes from the sample matrix. In most cases, this is needed for the use 

of analytical separation and detection instrumentation as many analytes in complex matrices render 

samples incompatible with most analytical devices. 

Solid phase micro-extraction (SPME) is a technique where only a small portion of the analytes in the 

sample matrix are extracted. This is called non-exhaustive extraction.1,2,6 In comparison techniques, 

such as liquid-liquid and solid phase extraction are exhaustive sampling techniques, where exhaustive 

means that in perfect conditions the analytes are completely removed from the sample. This is to 

achieve higher sensitivity and enable the use of simple calibration methods. Major drawback of this is 

that the analytes frequently do not behave in the same way in the presence of complex matrices.4,6,7  

When the extraction with SPME fiber complete the fiber is desorbed into an analytical device such as 

gas chromatography-mass spectrometry (GC-MS). No sample preparation between the extraction and 

analysis is typically needed. SPME techniques for analysis with liquid chromatography-based (LC-

based) devices exists, but they generally require completely different type of sample introduction to 

the system and are not covered in this thesis. Because no purification is performed on the extracted 

analytes, it is important for the SPME coating to be selective towards the desired analytes.8–10 The 

developed method should prevent any incompatible compounds from entering the analytical device 

and ideally, no unwanted analytes should be entering the device. In practical terms this means to have 

as selective method as possible. This helps to ensure that the analysis of data is as simple and clean as 

possible.8,11–13 
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SPME has proved to be versatile and reliable sample preparation technique in the last three decades. 

While its popularity has only been rising in these years, its basic structure has remained mostly the 

same. SPME as a technique has been proved as well automatable and effective at analyzing wide range 

of analytes. 1,7 

The emphasis of the literature part is on exploring the different types of solid phase micro-extraction 

devices and extraction coatings as well as the effects of the extraction conditions on the different 

materials and devices. Different extraction devices can have large differences in the overall 

performance of an experiment. The focus was to study the advantages and disadvantages of the SPME 

as a technique and to explore the possible use cases of the different devices and possibilities each 

device allows.  

The experimental part of this thesis was conducted at Finnish Institute for Verification of the Chemical 

Weapons Convention (VERIFIN) at the University of Helsinki in spring/summer of 2019. VERIFIN was 

established in 1994 as continuation to the chemical weapons research project. VERIFIN is an 

accredited laboratory funded mainly by the Ministry for Foreign Affairs of Finland and it supports the 

convention of verification of chemical weapons by developing research methods and training 

laboratory personnel in the analysis of the chemical weapon compounds.14 

The aim of this thesis was to develop method for the analysis of volatile organic compounds (VOCs) 

with SPME arrow and GC-MS. This focused on optimizing the sample extraction and analysis 

parameters. The effect of extraction times and temperatures were tested for three different sorptive 

material. These materials were divinylbenzene/carbon-wide range/polydimethylsiloxane (DVB/C-

WR/PDMS), divinylbenzene/polydimethylsiloxane (DVB/PDMS) and polyamide/polydimethylsiloxane 

(PA/PDMS). Extraction was tested for both headspace (HS) and direct immersion (DI) for water. HS 

analysis of soil reference material was also tested. Method optimization also included the testing of 

the need of cold trap during desorption of the SPME arrows.  

During development, the method was tested by analyzing quality control test solution (QC test). QC 

test was in-lab created standard mixture of different type of analytes. The mixture contained variety 

of different compounds with a wide range of reactive groups. The purpose of this was to give a detailed 

information of the sensitivity of the method to different types of compounds. The QC test was used 

to test the performance of the selected sorption phase materials in different extraction conditions. 

The method development could be tested with one real sample: a butterfly pheromone analysis. As 

pheromones are a type of VOCs, this was perfect opportunity to test the developed method with a 

real sample. The butterfly was acquired previously from a customer and the analysis was kept on hold, 
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as the method for analysis was not yet decided. When the objective of this thesis was confirmed, it 

was decided that the butterfly would be analyzed with the finalized method. 
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2. Solid phase  micro-extraction 
 

Solid phase micro-extraction (SPME) is a sample extraction technique for chromatographic analysis 

and an alternative to liquid-liquid extraction and solid phase extraction.1,2,4 SPME is a technique which 

involves the use of solid support structure coated in liquid polymer or solid sorbent extraction phase. 

The extraction phase’s function is to extract analytes from the selected sampling media, either liquid 

or gas. SPME is a non-exhaustive sampling technique where only a portion of the analytes are 

extracted from the sampled media. The used extraction phase material and the extraction conditions 

determine the amount of extracted analytes and their types. Both of these parameters can be 

manipulated to gain better analytical performance. 1,5,15,16 

Classical SPME fiber consists of a silica fiber housed in a retractable needle-like mechanism where the 

silica fiber can be pro- and retracted. The casing serves to protect the delicate silica fiber during the 

other stages of the analysis and allows the fiber only to be exposed to the outside elements during 

analyte extraction and desorption. The casing also minimizes the loss of analytes during transfer. 

Figure 1 shows the structure of a classical SPME fiber assembly. The fiber can be used manually or 

installed onto an auto-sampling device for automatic sample processing.  

 

 

Figure 1. Diagram detailing a classical SPME fiber assembly. A: coated fused silica, B: fiber attachment needle, C: septum 
piercing needle and D: sealing septum. 

  

SPME tries to solve some of the problems the other conventional sample preparation techniques have 

by simultaneously extracting and concentrating the analytes from the sample. It provides rapid and 

simple sample preparation procedure. SPME is popular sampling technique as it can be easily coupled 

with chromatographic devices such as GC-MS. SPME can also be automated to some degree relieving 

the user from some manual labor and removing user-generated error as machines are far better for 

providing consistency over multiple analyses.1,2 
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The incorporation of automation and advances in miniaturization of chromatographic devices has led 

to an growing interest in on-site deployable automatic sampling devices.1,2,4 SPME is one of the most 

compelling choices for such a device as it does not consume any types of solvents and the restriction 

is more on other required equipment e.g. battery power for supportive equipment or  carrier gas for 

GC-MS. 

 

 

2.1. The principle of solid phase micro-extraction 
 

SPME is based on the distribution of the analytes in the sample-fiber system. In most cases, the 

sampling scenarios can be divided into two categories: headspace (HS) and direct immersion (DI) 

extractions. In HS extractions, the SPME fiber is not directly allowed to interact with the sample and 

the analytes travel to the fiber via an intermediate substance, usually atmospheric air.2,17–19 In this 

type of system, there is initially considered three different phases: the fiber coating, the gas phase 

(also known as headspace) and the homogenous sample (e.g. river water). If HS extraction is used and 

the sample is recently taken, the sample is usually allowed a certain equalization time to allow the 

analytes to reach equilibrium inside the sample vial. Ideally, the sample vials will be airtight to retain 

all the analytes captured during the sampling and to allow the pre-extraction equilibrium to form. For 

direct immersions, the system consists of the coating and the liquid sample. No solid samples can be 

analyzed with direct extraction, as the SPME fiber coatings are mechanically too fragile. It would be 

difficult to produce duplicable results using the same SPME fiber and the fibers are usually too 

expensive (>350 EUR per fiber20) to be used as disposable. For both extraction methods the analytes 

migrate through the phases towards the fiber coating until the equilibrium is reached. The migration 

of the analytes through the phases can be described using partitioning coefficients usually denoted by 

Kphase-pair. This coefficient describes the ratio of the analyte in the phases. In HS extraction, the analytes 

partitioning can be described with sample-HS and HS-coating coefficients. For DI there only exists the 

sample-coating coefficient.1,2,15,16 
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Figure 2. Illustration on how the analyte distribution occurs in both HS and DI systems. 

 

For a system with multiple phases, the overall distribution of the analyte in the system is described by 

the combination of all the distribution coefficients in the system. For this reason, the HS extractions 

usually have longer equilibrium times and higher detection limits as the analytes must migrate and 

partition between more phases than in DI extractions. Even then, the DI is not overall solution for 

better detection limits as the SPME fibers and coating are mechanically and physically fragile. If DI is 

used the sampled liquid cannot react with the SPME fiber or the coating. Figure 2 visualizes the 

interaction of different phases for both HS and DI extraction methods. Usually the limiting factor is 

the fiber coating, as some coating cannot be used with samples with high concentrations of e.g. 

chlorinated hydrocarbons or diethyl ether as these solvents can cause the swelling of the coating.1,21 

If the coating swells, it can damage or remove itself from the SPME core when the needle is retracted. 

This is coating dependent phenomenon and some coatings are more resilient than others. Highly 

caustic solvents should also be avoided such as high concentration KOH and NaOH solutions, especially 

if DI extraction is used.2,21 

Sampling with SPME consist of exposing an extraction phase (also called a sorptive phase) to the 

sample for a selected time. In most cases, the time chosen is determined by how long it takes for the 

analyte concentration in the extraction phase and sample matrix to reach equilibrium. This is when 

the extraction process is typically considered finished and ready to be analyzed. Since the extracted 

volume is very small (typical sample size <100 µL) compared to most sample sizes (>1 mL) the effect 

of the extracted fraction to the equilibrium is typically negligible or non-exhaustive. SPME minimizes 

the impact of the extraction to the sample. This allows the monitoring of chemical changes, 
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partitioning equilibriums and speciation of the analytes in the studied system.22,23 So, the use of 

sampling method based on micro-extraction show better characterization and thus additional 

information about the studied system compared to exhaustive methods. The signal provided by SPME 

are proportional to the concentration of the free analyte in the sample. Analytes trapped inside of 

particles or other media present in the sample is not extracted. These features indicate that methods 

utilizing SPME require more extensive calibration and optimization. Thus, the development of reliable 

SPME methods require more time, but when the method is finished, they provide more convenient 

and economic analysis options than more traditional exhaustive sample preparation 

techniques.9,11,22,23 

Despite the name SPME is not small-scale or miniaturized version of solid phase extraction (SPE). In 

solid phase extraction the process is divided into three parts; exhaustion of the analytes from the 

sample by passing it through a sorbent bed, desorption of unwanted analytes from the sorbent bed 

by washing it with suitable solution and desorption of the desired analytes with a suitable solvent. The 

final solution can be concentrated by e.g. evaporation. There is also the difference between how SPME 

and SPE techniques extractions work fundamentally. With SPE, the sample solution is passed through 

the SPE material, usually in a cartridge where in SPME the extraction is based on reaching equilibrium 

with the sample and the extraction phase. Because of this SPE is prone to having problems with 

retaining non-adsorbed components in the space between SPE particles.1,18,24 This can be partially 

dealt with a washing procedure, but it is difficult to design a procedure, which removes all the 

unwanted analytes. In most cases, some unwanted analytes will remain in the SPE cartridge even after 

the washing. As SPME is based on the equilibrium extraction unwanted analytes are not usually 

present in the extraction phase during the desorption.8,18,24 

 

Figure 3. On the left (A): Basic diagram of direct immersion extraction with a fiber SPME. On the right (B): Diagram of 
headspace extraction with fiber SPME. 
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The simplest extraction system for solid phase micro-extraction is a direct immersion extraction. Direct 

immersion extraction is presented on the left side of Figure 3. DI extraction is a two-phase system 

where the phases are the aqueous solvent with the analyte and the extraction phase of the SPME 

fiber. For a two-phase system the total amount of extracted analyte at the equilibrium can be 

expressed  described by Equation 11,25: 

𝑛𝑒𝑞 =
𝐾𝑒𝑠𝑉𝑒𝑉𝑠

𝐾𝑒𝑠𝑉𝑒+𝑉𝑆
𝐶𝑠     (1) 

Where neq is the amount of extracted analyte in equilibrium, Kes is the distribution constant of analyte 

between extraction phase and the matrix (sample), Ve is the volume of extraction phase, Vs is the 

volume of sample and Cs is the concentration of the analyte in the initial sample. Equation 1 relies on 

the law of conservation of mass, where there is no mass loss. The mass at the start of the extraction 

thus must equal the mass at the end of the extraction. 

If the sample volume is very large in comparison to the extraction phase volume i.e. Vs >> KesVe, the 

Equation 1 can be simplified as:  

𝑛𝑒𝑞 = 𝐾𝑒𝑠𝑉𝑒𝐶𝑠      (2) 

This demonstrates the usefulness of the SPME technique, as with proper calibration, the sample 

concentration can be resolved without knowing the sample volume. For real life purposes, this means 

that quantitative measurements can be made from blood in bloodstream, ambient air, flowing water 

et cetera.2,15,25 The concentration of the analyte in the matrix is directly proportional to the amount of 

extracted analyte without depending on the volume of the sample.  

Typically, the extraction system is more complex. It is not unusual for a sample to consist of 4 or more 

phases; for example, an aqueous sample containing solid particles, all of them having various 

interactions with the analytes in addition to a gaseous headspace. Factors like the degradation of the 

analyte or the adsorption to the walls of the extraction container need to be considered. For 

simplicity’s sake, only three-phase systems are considered in following section. These phases are as 

shown in Figure 2: the extraction phase of the SPME fiber, the gas phase inside the extraction vessel 

(headspace) and the matrix to be sampled, typically water or soil. During the extraction the analytes 

diffuse through all the phases until an equilibrium is achieved.  

The distribution of the analytes is different for three-phase extraction from two-phase system, as the 

analytes are continuously distributed through the headspace to the extraction phase where in two-
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phase system the analytes directly transfer to the extraction phase. This is demonstrated in Figure 2 

and in the right side of Figure 3 (B). Applying the law of conservation of mass, the total amount of 

extracted analyte can be expressed as Equation 3:  

𝑛𝑒𝑞 =
𝐾𝑒ℎ𝐾ℎ𝑠𝑉𝑒𝑉𝑠

𝐾𝑒ℎ𝐾ℎ𝑠𝑉𝑒+𝐾ℎ𝑠𝑉ℎ+𝑉𝑆
𝐶𝑠     (3) 

Where Keh is the constant of the extraction phase/headspace distribution, Khs is the headspace/sample 

distribution and Vh is the volume of the headspace. The Keh and Khs can be combined into a singular 

distribution constant Kes, which describes the distribution of the analyte through the extraction phase 

headspace sample system. This can be used to create Equation 4:  

𝑛𝑒𝑞 =
𝐾𝑒𝑠𝑉𝑒𝑉𝑠

𝐾𝑒𝑠𝑉𝑒+𝐾ℎ𝑠𝑉ℎ+𝑉𝑆
𝐶𝑠     (4) 

From the Equation 4 the extracted analyte amount is not dependent on the position of the fiber in the 

extraction system. It can be placed anywhere in the system if the volumes of the fiber coating, 

headspace and matrix are kept constant and no other restraints on the extraction exist.  

 

2.2. Effects of extraction parameters on extraction efficiency 
 

The fundamental principle behind any extraction technique is the distribution of the analyte between 

the sample matrix and the extraction phase. For any system, this can be expressed by distribution 

constants, where the constants are the ratio of the analyte in the extraction phase versus in the 

sample matrix. These constants define the maximum achievable enrichment by the corresponding 

technique.19,26,27 For any system, these distribution constants depend highly on the extraction 

conditions for instance the temperature and pressure of the system but also on sample conditions 

such as pH, the salinity and concentration of organic compounds in the sample.  

Thermodynamics dictate how altering certain extraction conditions affect the efficiency of the total 

extraction. This also reveals what parameters need to be monitored to control the reproducibility of 

the extraction. With the correct predictions, the number of performed experiments can be minimized 

and correction of the alterations can be done without needing repeated calibrations for the new 

conditions. By monitoring multiple parameters of the extraction condition such as temperature, the 

variation caused by the changes of the temperature can be corrected on the results without needing 

to test each parameter combination separately.19,25 
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2.2.1. Extraction temperature and time 

 

In a simplified two-phase SPME extraction, the temperature dictates how the analyte is distributed 

between the two phases. Given enough time, the system will reach an equilibrium where the amount 

of analyte desorbed by either phase equals the amount of analyte absorbed. The distribution of the 

analyte can be represented with a distribution constant K which is the ratio of the compound in the 

first and the second phase.9,12,28 The distribution of the analyte in a phase is inversely proportional to 

the temperature of the system. This means that increasing temperature will decrease the distribution 

constant and lower the amount of analyte in the phase. 

In a typical HS SPME extraction, this change in the distribution of the analyte works for and against 

the goal of the extraction. Higher temperatures promote desorption of the analyte from the matrix to 

the gas phase for rapid extraction by the fiber coating. As mentioned before, this increase in 

temperature also decreases the distribution of the analyte in the coating. This results in a decrease 

for analyte in the SPME coating at equilibrium. In addition, increase in the extraction temperature 

generally shortens the amount of time required to achieve equilibrium resulting in shorter analysis 

times. Usually increasing temperature starts to produce marginal improvements after a certain point, 

depending on the sampled analyte, matrix and the SPME fiber and its coating used.9,29 Depending on 

the usage, the user might want to opt for speed if the used method has sufficient sensitivity. Some 

SPME applications try to resolve the decrease in sensitivity by cooling the extraction phase via internal 

capillary, so called cold fiber SPME1,2,13. The lower temperature promotes condensation on the tip of 

the SPME resulting in increased accumulation of the analytes even at higher temperatures. However, 

this type of setup has higher complexity and cost of use and the usage of such complex system is more 

restricted as it has higher requirements to sustain continuous usage. 1,2,27 

In general, by increasing extraction temperature, shorter analysis can be achieved but at the cost of 

sensitivity. By decreasing the temperature, higher sensitivity can be achieved with longer equilibrium 

time.  

 

2.2.2. Salting out effect and sample pH 
 

Salting and the adjustment of the sample pH are the most common methods used to enhance the 

extraction of organic compounds from aqueous matrices.28,30,31 Salting increases or decreases the yield 
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based on the analyte and the concentration of the salt used. In most cases, the effectiveness of salting 

increases with the analyte polarity. The addition of the salt into the aqueous phase decreases the 

solubility of the analyte and is used to “salt-out” analytes from sample solutions.12,18,29 This is due to 

the increase of the ionic strength of the aqueous solution, which reduces the solubility of hydrophobic 

compounds.  

The repulsive electronic force produced by the increased concentration of dissolved high charge 

density ions causes the decrease in solubility. The dissolved ions pack in between the water molecules 

allowing more efficient and ordered structure to form. This generates an entropic penalty on the 

analyte molecules as they are in a higher energy state than the surroundings. This causes the analytes 

to condense into droplets to minimize their energy state. Similarly, water-analyte interface is more 

highly structured which further increases the force directed at the analytes. This makes the dissolved 

state of the analyte unfavorable and causes them to condense into droplets.  

Salting-out is a good way to increase recovery as it requires minimal changes to the sample 

preparation and rarely affects the other aspects of the analysis. The addition of salt into the aqueous 

phase also increases the density of the aqueous phase. This reduces the formation of emulsion as 

emulsion is less likely to occur as the difference of the solvent density increases. In addition to the 

salting-out effect, saturating the sample with salt also reduces random error caused by the natural 

change in the salt concentration in environmental samples.27,28,30,31 

Dissociation constant Ka describes how the analyte is distributed between its neutral and ionic forms. 

Changing the pH alters the K, which causes a shift in the distribution of the analyte between these 

forms. The effect of changing the sample pH depends on the analytes in the sample. For acidic 

compounds lowering the pH results in the increase of the analyte in its neutral acid form, thus higher 

sensitivity for the analyte. The opposite also holds true. In general, only the neutral form can be 

extracted by SPME as all the ionic molecules will be in the aqueous solution. This is the result of the 

compounds having an affinity to other compounds with similar polarity. Water in aqueous solutions is 

polar and any ionic form of the analyte will stay partitioned in the aqueous solution without external 

force. The polarity of the SPME fiber can be modified by using a different extraction phase coating but 

similar results can be produced by altering the pH of the sample to have higher fraction of the analyte 

in desired form. More suitable pH combined with salting of the sample helps further drive the 

partitioning of the analytes out of the aqueous solution. This can greatly increase the sensitivity of the  

extraction.1,31 

  



17 
 

3. Coatings used in solid phase micro-extraction  
 

The effectiveness of SPME as a technique is highly dependent on the use of a suitable coating. The 

fiber coating has the major effect on the extraction of the analytes. For the SPME technique to 

effectively be capable of extracting variety of analytes it is important to have fiber coatings for the all 

needed situations. This includes polar and non-polar, highly volatile and less volatile analytes. 

Different coating materials have been developed to achieve this. Different fiber coatings enable the 

extraction of variety of analytes with better selectivity. These coatings can also be mixed to create 

coatings with higher selectivity towards the desired analytes.  

For a coating to be practical, it must have multiple effects on the extraction of analytes. For the coating 

to be acceptable for professional qualitative and quantitative analysis it must provide reproducible 

results and the coating must not risk the durability of the fiber. The durability of the fiber is crucial as 

the extraction of the analyte heavily relies on the coating being able tolerate multiple extractions 

without a change to its extraction capabilities. Eventually all fiber coatings lose their efficiency and 

should be replaced by a new fiber with a coating of the same type. If the conditioning of the new fiber 

is performed in the exact same manner as the old one, no change in results should be seen.5,7,22 

Fundamentally, SPME coatings can be divided into two categories. The SPME coatings are either 

absorbent or adsorbent based on whether the analytes literally absorb into (inside) the coating or 

form a thin film on to the surface of the coating. Table 1 shows some of the most common absorbent 

and adsorbent SPME coatings available commercially. 

 

Table 1. Most common SPME fiber coatings and their properties.25,32 

Fiber coatings Polarity Max temp (°C) Technique Target compounds 

Absorbent     

Polydimethylsiloxane 

(PDMS) 
Non-polar 280 GC/HPLC Volatiles 

Polyacrylate (PA) Polar 320 GC/HPLC Polar semi volatiles 

Carbowax/Carboxen (PEG)-

PDMS 
Polar 265 GC Gases and volatiles 

Adsorbent     

PDMS-divinylbenzene (DVB) Bipolar 270 GC Polar volatiles 
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Fiber coatings Polarity Max temp (°C) Technique Target compounds 

Carboxen-PDMS Bipolar 320 GC Gases and volatiles  

DVB-Carboxen-PDMS Bipolar 270 GC Odor and flavor 

 

 

3.1. Absorbent coatings 
 

The first developed SPME coatings were absorbent-type extraction phases. Absorbent fiber coatings 

are made from liquid-like polymers. In most cases, this material resembles very thick oil or resin. The 

polymers used usually contain cross-linking agents which help stabilize the coating and to give the 

coating fluid like properties while having a high molecular weight. The applied coating can be made in 

different thicknesses. With absorbent type coatings, the retention of the analytes is primarily based 

on the thickness of the phase coating as the analytes migrate in and out of the coating. 3,19,21 When 

analyte enters the sorptive phase, it can migrate through the coating until it reaches the core. As with 

any chromatography, the migration speed is based on the size and mass of the analyte molecule. Small 

molecules migrate faster than larger molecules, which explains why retaining smaller analytes is 

difficult without using SPME fibers with thicker coatings. PDMS1, PEG2 and PA3 are the most used 

absorbent coatings on the market at the time. 1,27 

 

 

3.1.1. Polydimethylsiloxane 
 

Polydimethylsiloxane (PDMS) is the most common non-polar phase coating. PDMS is highly cross-

linkable and thermally stable. In comparison to the other coatings, the PDMS is easy to apply and as it 

is commonly used in fiber optic industry; many thicknesses of the coating can be created reliably. 

PDMS coating is currently available in three different thicknesses. 1,25 Due to the nature of the SPME 

fibers being retractable inside a needle, the maximum thickness of the coating is limited to 100 µm, 

as the retracting needle would damage a thicker coating. When the PDMS coating is first 

preconditioned, the polymer cross-links with itself covalently forming higher molecular weight 

polymer. Thicker 100 µm and 30 µm coatings have lower maximum temperature than the 7 µm 

 
1 PDMS = polydimethylsiloxane 
2 PEG = polyethylene glycol 
3 PA = polyacrylate 
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coating as these are less cross-linked. PDMS coatings are stable in water and tolerate pH range from 

2 to 11. It is not recommended to use PDMS coatings together with very caustic base like KOH and 

NaOH, as these will damage the coating. Organic solvents can cause the PDMS coating to swell on 

contact. In addition, hydrocarbons, chlorinated solvents and ethers can cause swelling of the fiber 

coating. This could lead to the whole coating to break off the fiber core either when the swelling occurs 

or when the needle is retracted.9,33,34 

 

 

3.1.2. Polyethylene glycol 
 

Polyethylene glycol (PEG) or Carbowax® is the most polar coating available for the SPME on the 

market. As a coating, PEG focuses on the extraction of polar analytes with it being less selective 

towards non-polar analytes in comparison to other non-polar fiber coatings. PEG coating is available 

at thickness of 60 µm. The coating swells some amount in water, but this is reduced if water has high 

salinity. Immersion of the fiber coating into mixtures of organic compounds in water above 1% should 

be avoided. Heating increases the concentration of the volatile organic compounds in the headspace 

and as such PEG should not be used to analyze samples with higher than 2% of water-soluble organic 

compounds.32 Water soluble organic compounds cause the highest level of swelling and risk the 

coating being stripped off the fiber core when the needle is retracted.1,2,35 

 

 

3.1.3. Polyacrylate 
 

Polyacrylate (PA) is a moderately polar coating. The coating can be used as general-purpose fiber since 

it can be used for extraction of wide range of polar and non-polar analytes. PA coating is stronger than 

PDMS or PEG, which causes the analytes to migrate through the phase at a slower pace. PA coating is 

very good for the extraction of aromatic and oxygenated analytes as it has a high affinity towards 

them. PA has a good thermal stability, but it should be noted that the PA coating, due to its 

characteristics will accumulate a darker color over time as it is being used and the thickness of the 

phase will decrease slightly. The effects of this can be minimized by keeping the time the coating is 

being desorbed above 280 °C to the minimum. PA coating is stable in pH range of 2 – 11.25,32,36 To 

prolong the life of the coating, contact with very basic solutions should be avoided. PA coating will 

swell slightly in contact with water but is mostly unaffected by pure hydrocarbon solutions. Mixtures 
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with water and water-soluble solvent such as acetonitrile, acetone and/or methanol cause high level 

of swelling. For these mixtures testing the swelling beforehand any extractions is advised.1,2 

 

 

3.2. Adsorbent coatings 

 

Adsorbent coatings work by physically retaining the analytes as opposed to the absorbent coatings. 

This is purely a physical process, where the retention of the analyte happens solely on the surface 

layer of the coating. In adsorbent coatings, the analyte interacts with solid particles embedded in a 

liquid polymer, which is then applied on the fiber core. The solid particles are in most cases either 

porous polymer, carbon or silica. Figure 4 illustrates a basic design of a suspended adsorbent coating 

on a SPME fiber core. In adsorbent coatings, the analytes are mainly retained in the pores of the solid 

particles from where they migrate at a different rate. The migration is based on the size of the analyte 

molecules and the pore size. In adsorbent coatings, only the surface of the pores can interact with the 

analytes. Several properties of the coating dictate how good the coating is at retaining a certain 

analyte. Main characteristics are the surface area per mass of coating, the porosity and the size of the 

pores. 3,15,19 

 

Figure 4. Illustration of Carboxen-PDMS SPME fiber coating. 

The coatings are often rated based on their amount of surface area, but this is only well suited for 

rating non-porous materials as for porous materials this only amounts to a fragment of the total 
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adsorbing capability of the coating.  For porous materials, the compatibility of the analyte size and the 

pore size is the key to determining the adsorption capability of the coating. The most common 

criterion for adsorbent coatings is the pore volume per mass of adsorbent, usually presented as 

millimeter per gram. The average pore size is also an important factor in the retention of analytes. The 

average pore diameter combined with the porosity of the material determines the average pore 

volume, which dictates how well the coating retains analytes. With smaller pore size, the length of the 

pores would have to increase to achieve the same pore volume.1,2,4,25,32 

 

 

3.2.1. Divinylbenzene 
 

Divinylbenzene (DVB) is a common porous polymer used in adsorbent coatings. DVB as a porous 

material has moderately constant micropore size with pore size large, compared to those of Carboxen. 

DVB is generally used in the extraction of larger volatile and semi volatile analytes. The mainly uniform 

size of the pores of the DVB raises some concerns about analyte displacement in the extraction 

process. This is because if a material has a uniform pore size, the analytes with higher affinity to the 

extraction phase will displace the analytes with less affinity over time. This is a concern in any 

extraction where the total amount of analytes exceeds the fiber coating capacity, which includes SPME 

in most cases. This can be counteracted by two factors. The first is to limit working outside the linear 

concentration range of the fiber to avoid overloading the coating capacity. The other is to limit the 

extraction time. This limits the amount of analytes extracted, affecting especially the bigger analytes, 

which usually have the higher affinity. DVB can withstand a pH range of 2 – 11 with a maximum 

temperature limit of 270 °C.23,34 Temperatures above this could risk collapsing the pores, which would 

change the extractive properties of the coating. These limits are mainly based upon the limits of the 

PDMS which suspends the DVB particles.  

 

 

3.2.2. Carboxens 
 

Carboxens are a group of carbon molecular sieves. These types of molecular sieves were created to 

extract small volatile compounds. Carboxens demonstrate ideal extraction capabilities for SPME 

because of the diversity of the pore size with the pores being narrow enough to capture analytes in 

the three-carbon range. The pores in a carboxen material are tapered which allows the capturing of 
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larger analytes in the larger pore sections. The carboxen particles resemble a doughnut shape as the 

spherical particles have pores with two openings. This greatly increases the desorption efficiency and 

reduces peak tailing. 1,4,19 

Most carbon molecular sieves only contain a single opening tapered pore. This results in the 

condensation of the analytes inside the pore. This greatly decreases desorption efficiency as the 

analytes must first be vaporized before they can be transferred away by the carrier gas. This also 

hinders the material’s ability to extract larger planar molecules as these molecules can have a very 

strong interaction with the carbon surface of the molecular sieve. This can limit desorption to the 

point that the analyte is not detected. For best extraction efficiency, desorption should take place on 

the higher end of the usual desorption range. For carboxens, the minimum temperature should be 

250 °C.3,12 Desorption can be done in a temperature of up to 320 °C without damaging the coating. 

Even at this temperature, the coating is limited to the low to medium molecular weight range (~50 – 

300 mass units) as higher molecular weight compounds are not desorbed properly. This varies highly 

depending on the shape and branching of the analyte. 

Carboxen coating is best used in headspace extractions as this limits the coating’s exposure to less 

volatile and non-volatile compounds of the sample matrix. Extraction can be done more rapidly and 

with better retention properties of the coating and the samples can be extracted in a higher 

temperature thus increasing the yield. For most absorption coatings, if the extraction temperature is 

too high the compound is not retained in the extraction phase properly. As adsorption mechanism of 

the molecular sieves, the optimized extraction temperature can be 10 - 20 °C higher for adsorptive 

coating extractions. The higher temperature increases the amount of analyte in the headspace and 

can improve the yield and thus increase the accuracy. 2,4,18,25 

 

 

3.2.3. Divinylbenzene-Carboxen-Polydimethylsiloxane 
 

Carboxen-PDMS coating has difficulties at desorbing higher molecular weight analytes while DVB-

PDMS has difficulties retaining these compounds. By combining both adsorbents, a new type of fiber 

coating could be developed. This type of fiber contains both adsorbents, which are layered on the 

SPME core in an order that allows both adsorbent types to work at best possible conditions while 

enhancing the extraction in a way that neither of the adsorbents could do alone.13,26,33 
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The problems are the accumulation of larger molecular weight analytes on the Carboxen-PDMS and 

the weak retention of small molecular weight compounds in the DVB-PDMS. By layering the 

adsorbents, DVB-PDMS on the top and Carboxen-PDMS underneath, allows the fast migration of the 

smaller volatile compounds to the more retentive inner layer, while also retaining the larger molecular 

weight on the outer layer. Smaller analytes are not retained by the outer DVB-PDMS and migrate 

relatively fast to the inner relatively more retentive layer. The outer DVB-PDMS layer acts as a barrier 

for the larger compounds, keeping the Carboxen-PDMS layer mostly free of them. Figure 5 shows the 

layout of this fiber type. 

 

Figure 5. Illustration of the layout of a DVB-Carboxen-PDMS (DVB-CAR-PDMS) fiber coating. 

 

The effectiveness of this type of fiber coating is all down to the thickness of the two layers or rather 

the ratio of the layer thicknesses. DVB-PDMS strongly favors the smaller more volatile analytes while 

Carboxen-PDMS favors the larger analytes. The objective was to refine the thickness of the layers to 

produce a combination, where both layers had moderate affinity to either way. This way the 

extraction and desorption of both analyte types is at good level. This ensures an effective SPME fiber 

which has a wide molecular weight range.1,2,4,26 
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4. Different solid phase micro-extraction devices 
 

Multiple different types of support assemblies for SPME have been developed. Many configurations, 

such as fiber, arrow, stir bar, in-tube and thin film variations are commercially available. Different 

configurations of fiber and coating geometries have been advanced in order to achieve specific needs 

of the many research fields. Nonetheless, the principle behind the techniques is the same, while each 

configuration provides unique flexibility for case-specific requirements.13,29,34,37 

In this chapter, the technical details of the four most common variations of SPME devices are 

discussed. The discussed devices are the classical SPME fiber, SPME arrow, stir bar sorptive extraction 

and thin film SPME devices. Their general structure and operational principles are explained below. 

Table 2 displays the most common properties of the described SPME devices.6,38–40  

 

Table 2. Most typical SPME support structures and their features.20,32,41 

Type Dimensions 
Extraction 

modes 

Phase 

thickness (µm) 

Phase area 

(mm2) 

Phase volume 

(µL) 

Fiber 10 x ~ 0.1 mm HS4/DI5 30 – 100  9.4 ~ 0.62 

Arrow 
20 x 1.5 mm 

20 x 1.1 mm 
HS/DI 100 - 250 

62.8 

44 

6.3 – 15.7 

4.4 - 11 

Stir bar 10 x 0.5 mm DI 500  15.7 7.9 

Thin film 20 x 4.8 mm HS 500 96 48 

 

 

4.1. Classical solid phase micro-extraction fiber  

 

The classical SPME fiber was the first type of SPME device designed due to its simplicity and availability 

of the building material. Plain fused silica fibers are made from fused silica or quartz, which is widely 

used industrial the raw material used for manufacturing e.g. fiber optic cables and capillary columns 

 
4 HS = headspace 
5 DI = direct immersion 
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for gas chromatography. This type of fiber is essentially only a strand of solid silica, a fragile object 

without any support, which does not endure any kind of physical strain.  

 

 

Figure 6. Diagram of classical fused silica fiber assembly. A: coated fused silica, B: fiber attachment needle, C: septum piercing 

needle and D: sealing septum. 

 

SPME fiber consists of a syringe like assembly, where the fiber is housed inside a hollow needle sheath. 

The fiber is kept inside the sheath when not needed and can be extended when needed. This provides 

protection from physical damage while the fiber is in transfer. Typical structure of a classical SPME 

fiber is shown in Figure 6. As the tip of the needle is not covered while the fiber is retracted, there is 

a chance of damaging the fiber. This can happen e.g., when the needle is pushed through a sample 

vial septum and a piece of the septum material blocks the needle entrance. As the fiber itself is very 

fragile, the loose piece of the septum can be enough to damage the fiber.16,36 

In later years, there has been more development towards more robust fibers by coating flexible silica 

cores with the same type of coatings used for the traditional fibers. The flexible core greatly increases 

the durability of the fiber and allows more analyses to be performed by the same fiber. 2,8,19,25 

 

 

4.2. Solid phase micro-extraction arrow 

 

SPME arrow is a technique, which combines the trace level sensitivity of SPME with high mechanical 

strength. SPME arrow has larger diameter than a classical SPME fiber, which gives it larger sorptive 

phase volume and surface area like those of SBSE (Stir bar sorptive extraction). Advantages of the 

SPME arrow are higher sensitivity due to larger sorptive phase volume while keeping the basic 

structure the same. This allows better automation as special desorption chambers are not needed. 

Usually the larger sorptive phase volume creates problems with desorption phase of the analysis but 
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by utilizing the same type of shape as classical SPME fibers, this can be minimized. SPME arrow uses 

similar syringe like assembly as classical SPME fiber to protect the delicate sorptive material while not 

in use, shown in Figure 7. While larger than classical SPME fiber, e.g. a common GC injection port can 

be adapted to SPME arrow with little work.  

 

Figure 7. Solid phase micro-extraction arrow design. A: coated sorptive phase with inner steel core, B: fiber attachment 

needle, C: septum piercing needle and D: Sealing septum.  

 

SPME arrow is built around a solid steel core with an arrow-like tip, hence the name. Conventional 

SPME coatings are available for SPME arrow. Unlike in classical SPME fibers the sorptive phase is 

strengthened by the inner steel core, which gives it far better mechanical robustness.3,6,24 The sorptive 

phase coated steel core is directly connected to the arrow-like tip, which allows the SPME arrow to 

better pierce the sample vial and e.g. GC-MS injection port septa. This makes the sorptive phase last 

for several analyzes by eliminating the possibility of the septum material obstructing the fiber sheath 

opening and damaging the coating. The tip also conserves the pierced septa from leaking by creating 

a clearer puncture hole. The tip and the coating part of the SPME arrow can be retracted inside a 

protective sheath (Figure 7, part C) while in transfer between sampling and desorption. This uses same 

type of mechanism as in classical SPME. 3,6,41,42 

 

 

4.3. Stir bar sorptive extraction 

 

Stir bar sorptive extraction (SBSE) tries to improve the lower sensitivity of the classical SPME fiber 

caused by a smaller sorptive phase volume but to increase the robustness of the method. In SBSE, the 

extraction phase volume is in the order of 100’s of µL compared to the 1 µL of the classical SPME fiber. 

This comes at the cost of full automation of the extraction as the stir bar must be manually collected 

from the sample and desorbed in a special desorption unit.  
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Figure 8. Design of a stir bar sorptive extraction device. 

 

SBSE is made from a magnetic steel core, encased in glass shell, which is then coated with a PDMS 

layer. These extraction devices are more robust compared to classical SPME by having larger 

dimensions and no moving parts, but also by introducing special steel or glass caps at both ends of the 

stir bar, which keep it from being in direct contact with the extraction vessel during DI extractions. A 

diagram of a common SBSE can be seen in Figure 8. While having an increased extraction phase 

volume and increased robustness, SBSE has not been able to overcome the long extraction and 

desorption times the method requires. Depending on the volatility of the analytes and their molecular 

weights, extractions can take several hours to reach equilibrium.  

By having an increased sorptive phase volume compared to classical fiber the SBSE can be used for 

the analysis of very low concentration samples.42,43 This is further improved by the fact that the stir 

bar can be stirred during the extraction for better exchange of the analyte between the sample matrix 

and sorptive phase. If used in DI extraction with a liquid sample, drying of the SBSE sampler must be 

performed before desorption to remove any water and excess other liquids from entering the 

analyzer. SBSE is usually coupled with a GC-MS connected to a special desorption chamber.9,20,44 

 

 

4.4. Thin film solid phase micro-extraction 

 

The rate of extraction after the exposure to the sample is proportional to the surface area of the 

extraction phase. Thin film SPME (TF-SPME) improves the classical SPME fiber by having higher 
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sorptive phase volume and surface area to volume ratio. This allows the TF-SPME to have faster 

extractions by having larger equalization rate and improved extraction capacity. The thinness of the 

film also improves the long desorption times other methods such as SBSE (see chapter 4.3) while 

increasing surface area for better extraction. In terms of automation, the biggest problem is the need 

of special desorption chamber or manual transfer of the thin film into vial or vessel, which can be 

sampled with autosampler. There exist some automated solutions for TF-SPME.45 Figure 9 shows a 

basic structure of a type of thin film SPME device.  

 

 

Figure 9. Thin film solid phase micro-extraction sheet. A: Thin film carbon mesh. B: Attached support steel rod, this can be 

mounted on various auto samplers and other devices. 

 

The geometry of the TF-SPME and the increased sorptive phase volume increase the bleed from the 

phase material itself. TF-SPME has typically been a PDMS mesh coated with the selected sorptive 

phase material(s) but new carbon mesh-based films have been developed. The mesh is then 

connected to a desired holder for better control of the extraction geometry. 2,37 
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5. Applications 
 

The application dictates what kind of SPME devices and coatings are best suited for the method. The 

questions what the analyzed sample matrix is made of, what are the compounds of interest in the 

sample matrix and whether the analysis is qualitative and/or quantitative. There are multiple aspects 

to consider such as the molecular weight of the analyte and effective molecular radius. Also, a very 

important information to consider is the expected concentration of the analyte in sample matrix, as 

this might have a large effect on how the sample preparation should be performed.13,18,29,46 

For the analyte the key features to consider are the molecular weight, the radius of the molecule, 

polarity and level of branching; the structural isomerism has a great effect on the melting and boiling 

point of compounds. If multiple isomers of the same analyte are present in the sample, this is usually 

seen as multiple consecutive peaks in GC-MS analysis, where the compounds are ordered based on 

their volatility. For example, nitrotoluene, which has three forms:  o-, m- and p-nitrotoluene. 

Compounds with the same retention time is one of the main reasons for method development. 

Evaluation of the sample matrix should also be done to avoid unnecessary damage to sampling device. 

The typical analysis categories common for SPME are the analysis of VOCs, persistent organic 

pollutants, pesticides and pharmaceutical compounds in natural- and wastewater.13,29,36 In addition to 

this type of analyses, there is an ever-increasing interest in the use of SPME in food analysis.6,29,39 Food 

analysis is a broad category containing different types of requirements for the extraction device and 

method as food items have very complex and diverse types of matrices. Food analysis is important for 

the monitoring of the nutritional value and quality of the products as well as for tracking the level of 

food additives and possible toxic compound concentrations. 2,3,13,29 

 

 

5.1. Volatile organic compounds 

 

VOCs exist everywhere and are produced by both natural and man-made processes. In more 

developed times the man-made VOCs have been having a bigger effect on the lives of humans and on 

the environment. This means increased need for the monitoring and analysis of VOCs to ensure and 

maintain safe level for human lives and for the environment. VOCs have a high vapor pressure and 

low boiling point in the room temperature and pressure. Large fraction of VOCs are also water-soluble.  
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VOCs, according to their name are at least moderately volatile and can be in almost every case 

analyzed using GC-MS combination. If due to ionization or other problems the detection of the 

selected compound is not at desirable level, FID or NPD detectors can be used. This is rarely the case 

and GC-MS should be the first choice for unknown analysis. 2,3,13,25,34 

Sample preparation techniques other than SPME are usually very time-consuming, labor intensive, 

require solvents or other chemicals and are multiple step procedures. In turn, SPME is relatively fast 

to perform, usually require no solvents, can be performed in a single step and can be automated. A 

single step process helps to minimize error when analyzing very volatile compounds as each extra step 

in the process introduces more error into the system especially when analyzing low concentration 

compounds.  

The optimal extraction phase is mainly analyte depended and the selection process should involve the 

polarity and volatility of the desired compound, Table 1 should be referenced. Extraction phases such 

as Carboxen/PDMS and DVB/carboxen/PDMS fibers have been successfully used to extract volatile 

amines from both wastewater and from atmosphere.3 In these extractions, the wastewater headspace 

was extracted with standard SPME fiber with the addition of sufficient amount of KOH to adjust the 

pH.  

From extraction and analysis point of view, chemical warfare agents (CWAs) and pheromone 

compounds share many common features such as high volatility and specific functionality. High 

volatility allows the use of headspace extraction for analysis but also suggests that the analytes are 

prone to loss in transport. This means that if the sample is collectable material such as soil or water, 

measures for preserving the integrity of the sample should be taken. If the sample is analyzed on-site, 

these sample preservation measures can be partially avoided. For the analysis of analytes such as 

CWAs and pheromones, the samples are usually unique and destructive sample analysis should be 

avoided at all cost. 

Table 3 shows the combined table of similar studies, which was used to more closely define what the 

best materials would be for the task at hand. With this the commercial availability of the different 

materials could be investigated as there was no capability to produce the phase materials or to obtain 

uncoated SPME devices. This meant that the commercial availability of the different phase materials 

would in the end determine what materials could be used. 
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Table 3. Summary of extraction conditions and compounds analyzed in studies specializing in the analytics of CWA6s. in other studies. 

Compounds Matrix Sorptive material 
Sampling 

type 
Solvent 

Analysis 
technique 

Extraction 
time 

Extraction 
temperature 

Ref. 

Amiton "VG" and derivatives sand, grass, 
foliage + STD 

PDMS/DVB HS, DI water for DI GC-MS/MS 
30 min HS, 10 

min DI 
60, 80 °C 46 

Tabun, other 
organosphosphorous 

compounds 

office material, 
fabric, paper + 

STD 
PDMS/DVB HS 

water as 
reference 
material 

DESI-Q-ToF-
MS/MS 

10 min 50 °C 47 

Sarin hexane + STD BSP3, PDMS HS hexane GC-MS 20 min 20 °C 48 

DIMP, DEMP, DMMP 
soil reference 
material + STD 

PDMS, 
PDMS/DVB 

HS no IMS 
1, 5, 10, 15, 20 

min 
 23 

O-ethyl-S-(2-
diisopropylaminoethyl) 

methylphosphonothiolate 
(VX) 

fabric reference 
material + STD 

PDMS, PA, 
CW/DVB, 

CAR/PDMS, 
PDMS/DVB 

HS no GC-MS 1, 20, 60 min 50 °C 9 

Sarin, soman, tabun, 
cyclohexyl sarin, VX 

DCM + STD, 
office supplies 

CW/DVB HS no 
GC-DESI-MSn, 

IMS 
1 min 40 °C 49 

VX 
reference soil 

material + STD, 
soil sample + STD 

PDMS, PA, 
CW/DVB, 

CAR/PDMS, 
PDMS/DVB 

HS 
DCM and 1:1 
NaOH-MeOH 

GC-MS-CI and 
GC-MS-EI 

10, 30 min 50, 100 °C 10 

Sarin, soman, tabun and VX 
tap-, river-, sea- 
and wastewater 

PDMS, CW/DVB, 
PDMS/DVB 

DI acetonitrile 
GC-SIM ja GC-

NPD 
30 min 20 °C 17 

Sarin methanol + STD PDMS/DVB HS methanol GC-MS 5 min 20 °C 22 

Sarin, soman, tabun, sulfur 
mustard and VX 

DCM + STD, 
office supplies 

PA, PDMS/DVB DI, HS 
DCM for HS, 
water for DI 

GC-MS 5 min 20 °C 7 

Lewisite and hydrolysis 
products 

soil reference 
sample 

PDMS HS 
ascorbic acid in 

water 
GC-MS, GC-FPD 20 min  50 

 
6 CWA = chemical weapon compound 



32 
 

Compounds Matrix Sorptive material 
Sampling 

type 
Solvent 

Analysis 
technique 

Extraction 
time 

Extraction 
temperature 

Ref. 

Triphenyl-, diphenylchloro-, 
phenyldichloro- and 

methyldichloroarsine, 
lewisite 

water sample + 
STD 

MA, MMA, 
MA/MMA, EA, 
EMA, BA, BMA, 
PA, PDMS/DVB 

HS water 
GC-AED, GC-

MS/MS 
10 - 130 min 20 - 60 °C 21 

Lewisite decomposition 
compounds, CVAA 

STD + HCl 
PDMS, PA, CW-

DVB 
DI 

water + HCl, 
toluene for 
extraction 

GC-IT-MS 25 – 80 min 
20, 40, 60, 80 

°C 
51 

Bis(2-chloroethyl) sulfide 
(sulfur mustard) 

reference 
material + STD 

PDMS, PA, 
CW/DVB, 

CAR/PDMS, 
PDMS/DVB 

HS 
sample 

"wetting" 
GC-MS 30 min 

20, 25,  
50, 75 °C 

36 

Sulfur mustard + degradation 
products, 

Diphenylchlorarsine, 
chloroacetophenone, lewisite 

C 

water and 
sediment 

material + STD 

MA, MMA, 
MA/MMA, EA, 
EMA, EA/EMA, 

BA, BMA, 
BA/BMA 

HS 
water, sediment 

moisturized 
with water 

GC-MS/MS 30 min 40 °C 26 

 
STD = standard chemical compound 
BA = butyl acrylate 
BMA = butyl methacrylate 
CW = Carbowax, trademark polyethylene glycol (PEG) based product 
CAR/C-WR = Carboxen/Carbon wide-range, trademark activated carbon-based products 
EA = ethyl acrylate 
EMA = ethyl methacrylate 
EGDMA = ethylene glycol dimethacrylate 
HEMA = hydroxyethyl methacrylate 
MA = methyl acrylate 
MMA = methyl methacrylate 
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From Table 3, the most common phase materials used are PDMS, DVB/PDMS, (CW|CAR)/PDMS and 

PA/PDMS materials. These and similar combination materials are also the commercially most 

commonly available ones.  

 

 

5.2. Persistent organic pollutants 

 

Persistent organic pollutants (POPs) are chemicals, which persist in the environment, bioaccumulate 

and risk causing health issues to humans, animals and to the environment. These compounds include 

pesticides, chemicals in industrial use and unintentional byproducts created by industrial processes. 

Depending on the sample matrix, HS-SPME with GC-MS is a very good choice for the extraction and 

analysis of such compounds. Commercially available DVB/PDMS fiber coatings have been successfully 

used to extract polyaromatic hydrocarbons (PAHs) and other polluting organic compounds such as 

common plasticizer, vulcanizing and antioxidating compounds.13,39,52 These extractions were 

performed above rubber tire playgrounds and other sport surfaces such as synthetic football field turf. 

The analysis with GC-MS allowed a single run to extract and analyze over 40 different compounds.  

GC-FID or GC with nitrogen-phosphorus detector (NPD) has been used to detect pesticide residues 

from wine and juice samples.13,29,53 This was a DI-SPME method performed on an autosampler system, 

which required no operator input during the extraction and analysis of the sample. This was an 

autosampler specifically designed for SPME use and could perform every step of the sequence from 

sample preconditioning, extraction to desorption of the fiber. The use of autosampler greatly 

increased the daily analysis capacity and helped to increase the precision and repeatability of the 

analysis substantially. DI-SPME-GC-electron-capture detection (ECD) has been used to analyze 21 

different pesticide families from honey.2,29,37,42 

 

 

5.3. Food analysis 

 

The versatility of the SPME in terms of the range of extraction phase materials, device geometries and 

automation make the technique suitable for food analysis as food items have such as a variable range 

of matrices. SPME is commonly used for scent/aroma profiling, determination of contamination, 
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compound metabolite investigation and chemical fingerprinting. SPME is also used for the analysis of 

the packaging material intended for food material use, as many additives in these materials are semi 

volatile. SPME in food analysis is mostly restricted to HS mode as there is a lack of robust and 

compatible extraction phases. HS-SPME is mostly used in combination of GC or GC-MS but for more 

thermally labile or less volatile compounds, the analysis is usually done by HPLC or LC-MS.  

Food analysis is a very broad category, which can be further divided to subcategories and is commonly 

divided into the following categories: flavor and aroma, vegetable and fruit, juices and soft drinks, 

alcoholic beverages and dairy. This division is common and is based on the types of compounds usually 

found in these products as similar compounds can usually be analyzed with the same method and 

exist in the same concentration range in the samples. For food analysis, it is important to account for 

the heterogeneity of most food items, such as fruits and vegetables, as the molecular composition on 

the surface and inside the product usually differs and other unique challenges linked to the sample 

matrix.2,4,12,13,25,29 
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6. Aim of the study 
  

The main emphasis of the literature review was on the different SPME coatings and the different SPME 

devices and their applications. The effect of the extraction parameters on the extraction efficiency is 

depended on multitude of attributes such as the polarity of the used SPME coating and analyte(s). The 

SPME sampling device plays a major role in the effectiveness of the extraction as a proper device 

allows simple and reliable single-step sample extraction and preparation. 

Focus was put on evaluation different coating materials and how the coatings and coating 

combinations affect the extraction efficiency. It was understood that the proper coating material 

played a key role in a good extraction, as the optimal extraction conditions only would not guarantee 

a good extraction if the coating material was not compatible with the analyte(s) in question.  

It was decided that the thesis would focus on using the SPME arrows. The main reasons were extent 

of the availability of the SPME arrow materials and the little work needed to modify a common GC-

MS for the analysis of the extractions. The SPME arrows are essentially enhanced version of the 

original SPME fibers, where the SPME arrow has higher robustness and lower detection limits. Based 

on the availability of the SPME arrow materials and research16,20,22,51,54, three different SPME arrow 

materials were selected. The selected were DVB/PDMS, DVB/C-WR/PDMS and PA/PDMS as these 

materials showed the best results in literature for similar sample matrices and situations and would 

most probably produce the best results. 

The aim of the experimental study was to develop a SPME arrow sample extraction and preparation 

method for GC-MS analysis. The emphasis was put on the analysis of unknown pheromone 

compounds from a received butterfly specimen, but also for the method to be applicable for the 

analysis of CWAs. The experimentation focused on testing the effect of different extraction conditions 

such as extraction time and temperature. The parameters would be optimized for each SPME arrow 

material tested. The matrix effect would be briefly tested before the final analysis. The results would 

be evaluated and the material with best results would be used to perform the extraction on the 

butterfly specimen.  
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II. EXPERIMENTAL 

 

7. Material and methods 
 

7.1. Sample preparation 

 

Testing during this thesis was mostly performed on a standard mixture of different analytes called 

quality control test solution (QC test). This solution was made in-house at VERIFIN and consisted of 16 

analytes with differing chemical and physical properties. The broad range of different analytes allowed 

an easy way to determine the performance of the GC-MS and the used GC-MS program. These 

compounds can be seen in Table 4. This premade solution had a concentration of 10 µg/mL of all the 

compounds in dichloromethane (DCM).  

 

Table 4. Reference compounds in the QC test solution. 

# Compound CAS 

1 Octane 111-65-9 

2 Trimethyl phosphate 512-56-1 

3 Decane 124-18-5 

4 1,4-Dithiane (added later) 505-29-3 

5 2,6-dimethylphenol 576-26-1 

6 Dodecane 112-40-3 

7 5-Chloro-2-methylaniline 95-79-4 

8 Tetradecane 629-59-4 

9 Hexadecane 544-76-3 

10 Tributyl phosphate 126-73-8 

11 Dibenzothiophene 132-65-0 

12 Octadecane 593-45-3 

13 Malathion 121-75-5 

14 Eicosane 112-95-8 

15 Methyl stearate 112-61-8 

16 Docosane 629-97-0 
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# Compound CAS 

17 Tetracosane 646-31-1 

 

Table 4 contains 17 compounds, as #4 1,4-dithiane was added to the existing QC test solution. As the 

practical portion of this thesis was performed at VERIFIN, the usability of SPME as a possible sample 

preparation technique for chemical weapon samples was of great interest. 1,4-dithiane is a persistent 

degradation product of mustard gas and was added as a substitute for an actual chemical weapon 

compound. The 1,4-dithiane used was synthesized at VERIFIN.  

Before the 1,4-dithiane was added to the pre-existing QC test solution, a solvent exchange had to be 

performed as water  samples were to be tested and the solvent, DCM was not water-soluble. This was 

performed by evaporating the existing QC test solution to almost complete dryness and dissolving into 

acetone with measured amount of 1,4-dithiane to achieve approximately the concentration of  10 

µg/mL of all compounds. Later analysis of the QC test solution revealed that significant fraction of the 

more volatile compounds were lost during the solvent exchange.  

This modified version of the QC test solution with added 1,4-dithiane was used as such for the 

optimization of the chromatographic parameters and to create the water and soil samples. Water 

samples were made from purified water by adding the modified QC test solution to achieve wanted 

concentration range. Both soil and sand were collected from Haukivuori, Finland in 07.05.2011. Soil 

samples were made by mixing two separate samples of soil and sand in 1:1 ratio (v/v) to create a soil 

mixture closely resembling typical Finnish moraine.  

All samples were extracted using 10 mL headspace vials. Samples made from QC test solution were 

always filled with 5 mL of the solution to keep the sample headspace ratio constant. 3 grams and 5 mL 

were used respectively for standard soil and water samples. The correct concentration was achieved 

for soil samples by measuring 5 g of the standard soil and the calculated amount of the QC test 

solution. For water samples, the correct amount of the QC test solution was diluted with purified 

water into 5 mL in the HS vial. Both sample types were mixed for 10 min using vortex mixer. The soil 

sample was then left to evaporate until almost completely dry. This was done to remove most of the 

acetone used as solvent as excess acetone would most likely give false results. This also meant that 

there would be some analyte losses due to evaporation, but this was not deemed a problem as only 

qualitative testing was performed.  

The analysis of the butterfly sample for potential pheromone compounds was one of the goals of this 

optimization of SPME extraction and GC-MS analysis. The butterfly, a female specimen of the species 
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Menetries' tiger moth (lat. Borearctia menetriesii) was acquired from a customer of VERIFIN. The 

specimen was kept in a deep freeze in -80 °C to minimize any kind of spoilage and/or contamination. 

The analysis of the butterfly specimen is further explained in chapter 8.5.  

 

 

7.2. Selection of the solid phase micro-extraction arrows 
 

Multiple SPME arrow materials were to be tested to obtain a comprehensive image of the capabilities 

of the SPME arrows as a sample preparation technique. This would be valuable information at the 

VERIFIN for a potential future routine sample preparation technique. VERIFIN specializes in the 

analysis and research of CWAs, compounds which are mostly polar or semi-polar by nature.  

For this thesis, the SPME arrow materials selected would have to be compatible for the analysis of 

CWAs as well as for the analysis of the butterfly pheromone compounds. Based on research38,40,54,55, 

the butterfly compounds are by nature polar to semi-polar compounds and SPME arrow materials 

suitable for the pheromone compounds should also work well for the analysis of CWAs.  

Based on research3,5,24,26, 3 different SPME arrows were selected, shown in Table 5. The selected fiber 

DVB/PDMS arrow specialized in analysis of volatiles, amines and nitro-aromatic compounds with 

molecular weight of 50-300. DVB/C-WR/PDMS arrow was designed for the analysis of flavor 

compounds; volatiles and semi-volatiles C3 – C20 with molecular weight of 40 – 275. PA arrow 

specialized in polar semi-volatile compounds with molecular weight of 80 – 300 and was the most 

different of the three selected materials as the material was polar in contrary to the other two 

materials. 

 

Table 5. The selected materials 

Fiber coatings Polarity Max temp (°C) Technique Target compounds 

 DVB/PDMS7 Bipolar 270 GC Polar volatiles 

DVB/C-WR/PDMS8 Bipolar 270 GC Odor and flavor 

PA/PDMS9 Polar 320 GC/HPLC Polar semi volatiles 

 
7 DVB/PDMS = divinylbenzene/polydimethylsiloxane 
8 DVB/C-WR/PDMS = divinylbenzene/carbon-wide range/polydimethylsiloxane 
9 PA/PDMS = polyacrylate/polydimethylsiloxane 
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DVB/PDMS was selected as the material was the most commonly available coating with a lot of results 

from similar studies. As such, DVB/PDMS could be used as a kind of a benchmark for the other two 

selected arrow materials. DVB/C-WR/PDMS was selected for its apparent affinity to pheromone type 

flavor compounds and other volatiles and semi-volatiles. PA was selected for its high affinity to polar 

compounds for its application on extracting chemical warfare agents and other compounds with high 

polarity. The different types of SPME arrows were also selected for the purpose of method 

development to see how each material fared at extracting the compounds in QC test in different 

conditions. The SPME arrows were ordered from BGB Analytik Vertrieb GmbH, Lörrach,Germany.20 

The SPME arrow extractions made in this thesis were performed manually by hand and required the 

usage of a special SPME arrow fiber holder. The SPME arrow holder used in this thesis was CUSTODION 

SPME Syringe by Torion Technologies Inc, American Fork, USA.56 The CUSTODION SPME syringe allows 

easy use of the SPME arrow while protecting both sample and fiber from damage during transport.  

As shown in Figure 10, the CUSTODION SPME arrow Syringe has a retractable “ballpoint pen style” tip 

design. This design allows easy extension and retraction of the extraction tip which helps to avoid 

anything from physically interacting with the sorptive material.  

 

 

Figure 10. CUSTODION SPME arrow Syringe.  
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7.3. Sample analysis and data handling 
 

Most of the optimization in this thesis focused on the extraction conditions with the SPME and there 

was little need for the development of the GC-MS program used. Table 6 lists all the parameters of 

the used GC-MS program. This was a pre-existing method at the VERIFIN used previously for the 

analysis of real samples. The samples were analyzed using an Agilent 6890N-5975B GC-MS with 

electron ionization quadrupole mass spectrometer (EI-MS). For the SPME arrow, a 2 mm straight liner 

was installed onto the GC and the hole in the GC injector septum cap nut was enlarged to fit the wider 

SPME arrow. A cold trap was used in the GC column and consisted of dewar flask filled with liquid 

nitrogen. The injector side of the GC column was kept submerged in the liquid nitrogen for the first 5 

minutes of the GC-MS analysis with no oven heating. After the 5 minutes, the column was put back 

into the GC oven and the run continued as described in Table 6. 

 

Table 6. All the parameters for the used GC-MS method. 

Parameter Value 

Split mode Splitless 

Splitless time 5 min 

Initial temperature 40 °C 

Initial time 6 min 

Temperature ramp 10 °C /min 

Final temperature 280 °C 

Final time 4 min 

Run time 34.00 min 

Inlet temperature 250 °C 

Inlet mode Splitless 

Gas type Helium 

Nominal initial flow 1.0 mL/min 

Pressure 0.436 bar 

Splitless time 5 min 

Split flow 100 mL/min 

Gas saver time 7 min 

Gas saver flow 20 mL/min 

Gas chromatography column J&W 122-5532UI 
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Parameter Value 

Phase DB-5MS UI 

Length 28 m 

Diameter 250 µm 

Film thickness 0.25 µm 

Max temperature 325 °C 

Transfer line 290 °C 

Mass spectrometer solvent delay 7 min 

Gain factor 1.00 

Electron multiplier voltage 1788 

Low mass 40 

High mass 400 

Threshold 150 

Mass spectrometer source temperature 230 °C 

Mass spectrometer quadrupole temperature 150 °C 

 

The results were analyzed using Agilent MassHunter mass spectrometry software (ver. E.02.02.1431), 

Santa Clara, California, United States. The data analysis was started with the checking of the daily 

blank and QC test run made with autosampler to detect anything out of ordinary e.g. missing or extra 

compound peaks in the spectrum. The compound identification was done by using match-factors 

provided by the program. These were values ranging from 0-999, corresponding to how well the 

measured spectrum compared to the used library. For this thesis and for the identification of unknown 

compounds match-factor of 850 was considered a poor match and anything higher was accepted. For 

the analysis of the test results, only the visual verification of the spectrum was performed, as the 

analyte peaks were orders of magnitude larger than any background peaks. As a guideline, peaks less 

than 50 000 units high above background were not analyzed.  

The analysis of the butterfly specimen data was done with background subtraction where blank 

sample containing no analytes of interest was analyzed in the same manner as the real samples. Blank 

samples were 10 mL headspace vials either empty or filled with 5 mL of acetone, depending on the 

real sample. The peaks present in the blank sample chromatogram were removed from the 

corresponding real sample chromatograms. This ensured that only peaks originating from the sample 

were analyzed.  
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8. Method development 
 

8.1. Starting conditions 

 

The purpose of preliminary testing was to investigate the overall workflow of a SPME extraction and 

analysis and resolve all possible problems originating from execution of the process. This would ensure 

that no problems should arise during the method development and would allow a simple and 

straightforward continuation of the development of the method. 

The workflow of the SPME arrow analysis was tested by performing multiple extractions and analyzes 

of 1,4-dithiane in acetone to determine good sample concentrations and overall performance of the 

process. There was also no information about if there was any need for bigger changes such as 

changing the GC-MS injector split mode from splitless to a split if there was problems with desorption 

of the relatively big SPME arrow. The uniformity of the desorption of the SPME arrow in the GC-MS 

injector port was also a concern as this could lead to broadening of the peaks in the chromatogram 

and decrease of the signal to noise ratio (S/N). This could ruin possible identification of unknown 

compounds.  

Simple 30 min 40 °C extractions were performed using 10 mL headspace vial with no sample agitation. 

5 mL of the QC test solution described in the chapter 7.1 was added to each vial. The concentration of 

the solution was kept at approximately 1 µg/mL. After the addition and sealing of the HS-vials, the 

vials were left to equalize at 40 °C for at least 30 minutes before extraction. Similar conditions had 

been in use in similar studies 3,6,19,21,34 with similar type of compounds and sample matrices.  
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Figure 11. The configuration of the cold trap used in the GC-MS column. 

 

Along with the initial concentration range testing the need for cold trapping in the GC-MS analysis was 

tested. This was done to determine if desorption of the SPME arrows was uniform in the injector port. 

Uneven desorption would cause the bulk of the analytes to spend longer time in the injector leading 

to broader analyte peaks and lower signal to noise ratio (S/N ratio). The cold trap was positioned near 

the injector port in the GC oven at the start of the column. The configuration of the cold trap can be 

seen in Figure 11. The cold trap was used for the first 5 minutes of the extraction, after that the column 

was removed from the dewar flask and the run continue as specified in the GC-MS program.  

 

 

8.2. Optimization of extraction time and temperature 
 

The method development was started with the optimization of the extraction time and temperature. 

They were optimized first, as they are the easiest and simplest parameters, that can be influenced. As 

the extraction and analysis was performed without an autosampler, the optimization of the extraction 

time as soon as possible helped to save working hours.  
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To maximize labor efficiency, the optimal extraction time for each SPME arrow material was 

investigated first and the best times for each material were used afterwards for all other tests to keep 

the amount of manual labor to minimum. Otherwise, the same conditions as in the preliminary testing 

described in chapter 8.1 were used. 

6 different extraction times were tested, selected from literature, where similar conditions were used. 

The tested temperatures are listed in Table 7. Each extraction time was tested three times with all 

three SPME arrow materials. After the optimal extraction times had been found, the optimal 

extraction times were used to determine the optimal extraction temperatures. Four different 

temperatures were tested three times each.  

 

Table 7. Tested extraction times and temperatures 

SPME material 
Tested extraction 

times (min) 

Tested extraction 

temperatures (°C) 

Optimized 

time (min) 

Optimized 

temperature (°C) 

DVB/PDMS 
1, 5, 10,  

15, 30, 60 

20, 40,  

60, 80 

10 40 

DVB/C-WR/PDMS 15 40 

PA/PDMS 10 40 

 

The tested extraction temperatures are listed in Table 7. These tests were performed using the 

otherwise the same conditions as in the preliminary testing described in chapter 8.1. Results were 

monitored in-between samples and if clear signs of errors in the performance were detected, the 

sample was redone. 

 

 

8.3. Determination of the performance of the Arrow materials 
 

As a preparation for the butterfly analysis, the linearity of the extraction efficiency of the different 

SPME arrow materials was to be tested. This acted as a validation to better determine the most 

suitable SPME arrow material for the butterfly analysis. Better linearity corresponds to a good 

response independent of the sample concentration. This is a good property when analyzing a sample 

with unknown compounds and concentrations. 
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For validation, the calibration curves were made for DVB/PDMS and DVB/C-WR/PDMS SPME arrows 

using the best extraction conditions for each SPME arrow. Further testing with PA/PDMS arrow was 

stopped due to damage received during the other tests. Five-point calibration curves were made using 

1000, 500, 250, 100 and 50 ng/ml concentrations. Two duplicates were made for each concentration, 

totaling 30 samples. The samples were made using the modified QC test solution described in chapter 

7.1. The extractions were performed using the optimal extraction conditions for each fiber selected 

based on the results from the testing detailed in chapter 8.2. 

 

 

8.4. Analysis of matrix effect 
 

Standard soil and water samples were tested to investigate what type of matrix effects would be 

present in an SPME extraction of a generic environmental sample and if there was any need for 

adjustment to correct these effects. The matrix effect was tested with the optimal extraction 

conditions for all tested SPME arrows, determined by the results from the testing described in chapter 

8.2. The testing was performed for both soil and water samples in HS-mode as well as for DI-mode for 

water samples. DVB/PDMS and DVB/C-WR/PDMS arrow materials were tested. Duplicate extractions 

and analyzes were performed for each sample type for both SPME arrow materials.  

 

Table 8. List of tested water and soil samples. 

Sample type Final10 sample 

Concentration 

Soil HS 5 µg/g 

 1 µg/g 

Water HS 5 µg/ml 

 1 µg/ml 

Water DI 1 µg/ml 

 500 ng/ml 

 100 ng/ml 

 

 
10 Final = calculated final ”dry” sample concentration for soil samples 
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The extracted samples were analyzed with the GC-MS method described in chapter 7.3. 

 

 

8.5. Analysis of the butterfly compounds 
 

Butterfly specimen, Menetries' tiger moth (Figure 12) was assigned as an authentic test sample for 

the so far developed SPME method. The objective was to discover potential sex pheromone 

compounds from the specimen. One of the reasons this sample was assigned for the SPME was the 

techniques nondestructive nature, which would allow multiple analyzes without destroying the 

specimen. The nature of possible pheromone compounds were investigated based on similar 

studies.38,40,55 

 

Figure 12. The butterfly Menetries' tiger moth (lat. Borearctia menetriesii) measured during these tests. 

 

Based on the literature38,40,55, the butterfly pheromone compounds relating to the butterfly in 

question mostly seem to be C8 – C12, alcohol, aldehyde, and/or carboxyl acid groups containing 

compounds with one or more double bonds. The position of the functional groups and the double 

bond(s) seem to be species specific feature.  

The analysis of the butterfly specimen was planned to start with least intrusive sample extraction 

possible and progressively increase the intrusiveness of the sample extraction in the case that the 
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sample starts showing signs of degradation. The plan consisted of 5 different types of sample 

extraction including both HS and DI extraction. This was finished with a single injection analysis of the 

acetone used for the DI extractions. Duplicate extractions were performed. Table 9 shows the exact 

details of the extractions. Analysis with the GC-MS was performed with the parameters in Table 6. 

 

Table 9. Schedule of the butterfly sample extractions. 

Extraction # Extraction type temperature (°C) time (min) 

1, 2 HS 20 15 

Addition of 5 ml of acetone into the HS-vial 

3, 4 HS 20 15 

5, 6 DI 20 15 

HS-vial heated to 40 °C for the rest of the measurements 

7, 8 HS 40 15 

9, 10 DI 40 15 

11 injection 40 - 

 

Due to time constraints blank sample runs were performed on the day before the analysis of the 

specimen sample. Blank sample was analyzed for each of the 6 different sampling setups in Table 9. 
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9. Results and discussion 
 

9.1. Starting conditions 

 

Three problems arose during the preliminary testing, both involving SPME arrow retraction 

mechanism. While removing the SPME arrow from the GC-MS injector, the arrow would sometimes 

get stuck in the septum of the injector. This was due to the seam between the arrow-tip and the 

protective sheath catching onto the septum and forcibly extending the SPME arrow, while the tip was 

still inside the injector. This had a high risk of damaging the sorptive phase by abrasion with the 

injector septum. This could be solved by loosening the GC-MS injector nut, which is holding the septum 

and keeping the pressure inside the injector. Loosening of the injector nut allowed more space for the 

septum rubber to expand lessening the grip on the SPME arrow, allowing it to be removed. Later in 

the development it became a daily checkup to check the tightness of the injector nut to ensure, that 

the SPME arrow would not get stuck during a test sequence.  

The second problem was fundamentally the same and involved the HS-vial septa used for the test 

samples. The HS-vial septa were made of Teflon rubber. The same problem arose and the removal of 

the SPME arrow was difficult without unintentionally extending the SPME arrow. This was fixed by 

rotating and tilting the SPME arrow while it was still inside the HS-vial to soften the plastic enough to 

allow removal. Third problem involved the piercing of the HS-vial septum. As the thick Teflon rubber 

was hard, it became difficult to pierce the septum without bending of SPME arrow. There was no good 

remedy for this problem and the problem could only be lessened by ensuring that the SPME arrow is 

perpendicular to the HS-vial septum and by applying the pressure steadily. 

All the problems could be fixed by changing the extension mechanism of the SPME arrow. With the 

Custodion manual SPME holder (Figure 10), the connection between the steel SPME arrow core and 

the holder was accomplished by a spring mechanism. Spring attachment is a soft connection and 

allows the extension of the SPME arrow by pulling the arrow-tip, without using the mechanism itself. 

A hard connector would not allow the extension of the SPME arrow without the use of the mechanism 

and would remove all these problems. At the time of this thesis , no other SPME arrow holder was 

available. 

The need of cold trapping during the sample introduction to the GC-MS was also investigated during 

this preliminary testing. Figure 13 shows the effects of the cold trap in analysis of 1 mg/ml of 1,4-

dithiane in acetone. As seen in Figure 13 the use of cold trap greatly reduced the background of the 

measurement. The high background is caused by the relatively slow desorption of the compounds 
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from the SPME arrow and the compounds spending longer period in the injector. The cold trap causes 

condensation of the sample compounds into a very tight band on the column and when the cold trap 

is removed, the compounds enter the column in a very tight band. The cold trap was in place for the 

first 5 minutes of the GC-MS analysis which can be seen in slight increase of the retention time (RT) of 

the 1,4-dithiane (from 11.28 to 11.51 minutes). Based on the results it was decided that cold trapping 

would be used for following tests with the SPME arrows.  

 

Figure 13. Chromatogram showing the effects of cold trapping. Showcasing the peak of 1,4-dithiane with and without cold 
trapping. Observe the shift of retention time from 11.28 minutes to 11.51 minutes. The GC-MS method described in Table 
6. 

 

 

9.2. Optimization of extraction time 

 

Extraction time was the first parameter to be optimized individually for each of the selected SPME 

arrows. This was decided because both extraction and analysis were performed manually and the 

faster the testing could be finished the better. For both the user and the reliability of the results as, 

the longer the tests took to perform, the more prone the results would be to user error from long 

work durations. 6 different temperatures were tested with each of the SPME arrows as per described 

in chapter 8.2. 
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It was also considered that the effects of extraction time and temperature would not be linked, i.e. 

the best extraction time would not be different for different extraction temperature as for simplified 

system the temperature only affected the distribution of the compounds in the sample vial. This would 

also prove impractical and too time consuming to test every possible combination and based on the 

preliminary testing results discussed in chapter 9.1, the used extraction temperature of 40 °C proved 

to give good response for starting conditions.  

Results from extraction time testing for DVB/PDMS coating (Figure 14), suggest that the solvent 

exchange performed for the QC test solution (see chapter 7.1 for details) show significant loss of the 

more volatile compounds, the effect mostly seen with octane, which could not be detected from any 

of the extractions. Trimethyl- and tributyl phosphate nor malathion were detected from any of the 

analyzed samples (see Table 4 for analytes in QC test solution) and thus are not present on Figure 14. 

This was most likely due to the analytes less volatile nature and was expected behavior for headspace 

extractions.  

DVB/PDMS coating showed the best trend among the selected SPME arrows for all the analytes in 

regards of the most optimal extraction time. This can be seen in Figure 14, where the 10-minute 

extraction has the best response for all the compounds detected. Based on the results, 10 minutes 

was chosen as the optimal extraction time for DVB/PDMS.  

DVB/C-WR/PDMS did not show as good of a trend as DVB/PDMS in regards of the optimal extraction 

time and high variation can be seen in Figure 15. The optimization of the extraction parameters in this 

thesis has a higher weight on the suitability for the extraction and analysis of compounds similar to 

those of the potential butterfly pheromone compounds (discussed in chapter 8.5) and thus, more 

value is given on the extraction efficiency of compounds of high to medium volatility (compounds 1,4-

dithiane to hexadecane in Table 4). Trimethyl- and tributyl phosphate, dibenzothiophene or malathion 

were not detected. Compared to DVB/PDMS, DVB/C-WR/PDMS was able to collect octane in the 30- 

and 60-min extractions. However, as seen in Figure 15 the results have a lot of variation and there was 

not a single optimal extraction time for all compounds. The 1-minute extraction seemed to have a 

much higher response for most compounds than the other extraction times. The longer extraction 

times seemed to promote competitive adsorption as 1-minute seemed to be enough to collect good 

amount of analyte. The results indicate unstable extraction system as the amount of compound can 

be seen increasing on the longer extraction times and stabilizes on 5 - 10-minute extraction time. 15-

minute extraction shows a good response for the more volatile compounds in the QC test solution 

while still giving good signal for other compounds. As the volatile compounds correspond well to the 
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potential butterfly pheromone compounds, the 15 minutes was chosen as the optimal extraction time 

for DVB/C-WR/PDMS. 

 

Figure 14. . Extraction time testing with DVB/PDMS arrow. 

 

Figure 15. Extraction time testing with DVB/C-WR/PDMS arrow. 
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Figure 16. . Extraction time testing with PA/PDMS arrow. 

 

PA/PDMS arrow displayed a much smaller response among the tested SPME arrows. PA/PDMS also 

had the least amount of trending towards any single extraction time and the less compounds detected. 

This might be explained by the PA/PDMS having completely different coating material than the other 

two. PA/PDMS has higher affinity towards more polar compounds which can be seen Figure 16, as a 

lack of C8, C10, C22 alkanes and larger hydrocarbons methyl stearate and docosane, as they are too 

volatile and nonpolar. 

PA/PDMS suffered from a much higher background than the other SPME arrows tested. This is possibly 

due to damage detected later in this study. Signs of degradation can be seen in Figure 17, where the 

background measurements shows high baseline with large peaks. During the preconditioning of the 

SPME arrows, it was noted that the background measurements of the PA/PDMS arrow were 

substantially higher than the other two and it took multiple desorption’s to get the background close 

to the same level with the other two SPME arrow materials. This was different from DVB/PDMS and 

DVB/C-WR/PDMS arrows where low background was achieved with a single desorption. 
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Figure 17. Comparison of the SPME arrow background desorption’s. 

 

Multiple background desorption’s were needed to lower the baseline near the same level as with the 

other materials, but the baseline was still notably higher. As the results did not reveal a single good 

extraction time, 15 minutes was selected for the PA/PDMS as to go in-line with the other two 

extraction times. 

 

 

9.3. Optimization of extraction temperature 

 

The effects of different extraction temperatures were tested after optimal extraction times were 

selected in chapter 9.2. The extraction temperatures were tested in similar manner as the extraction 

times, using 5 mL of the 1 µg/mL QC test solution in 10 mL HS vials with 3 duplicates for each test 

setup. All three of the selected SPME arrow materials were tested, despite the PA/PDMS showing 

signs of degradation. Extraction temperature testing was performed in a similar fashion as the 

extraction time detailed in chapter 8.2. Extraction performed with optimal extraction time with 

selected temperatures. Analysis was performed as described in chapter 7.3. All the extractions were 

performed in HS-mode. 

The results for the extraction temperature testing for DVB/PDMS can be seen in Figure 18. The tests 

were performed with the optimal extraction time selected in chapter 9.2, 10 minutes. DVB/PDMS was 

the material with the most predictable results. Results show high extraction efficiency of the high 

volatility compounds at the lower temperatures (decane - octadecane in Figure 18) and lower for the 
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compounds with lower volatility (eicosane – tetracosane). The lower volatility compounds also 

experience higher extraction efficiency at higher temperature. This is in line with the theory discussed 

in chapter 2.1 and 2.2.1, where the increase in temperature increases the fraction of the compound 

in the headspace but also decreases the retaining capability of the SPME coating. For high volatility 

compounds this is a net decrease in extraction efficiency, as the retaining capability of the arrow 

decreases faster than the distribution of the compound in the headspace increases. For low volatility 

compounds the effect is opposite; higher temperatures yield net increase in extraction efficiency, as 

higher temperatures increase the fraction of the compound in the headspace substantially, while the 

retaining capability of the material decreases only slightly. Based on the results seen in Figure 18, 40 

°C was selected as the optimal extraction temperature. This results in the best extraction efficiency 

for high to medium volatility and molecular weight compounds which should correspond well to the 

analysis of butterfly pheromones.  

 

Figure 18. Graph of the extraction temperature analysis for DVB/PDMS. 

 

DVB/C-WR/PDMS arrow showed better extraction efficiency at higher extraction temperatures than 

DVB/PDMS, as seen in Figure 19. This might be explained by the more heat resistive properties of the 

double coating with the C-WR. From Figure 19 it can be seen that there is less clear trend between 

the extraction efficiency and temperature, where the highest signals generally occur between the 40 

°C and 60 °C extractions, for most compounds. Some differences between the detected compounds 
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exists as there is little to no dibenzothiophene or tetracosane (C24) detected with the DVB/C-

WR/PDMS arrow compared to DVB/PDMS. It seems that while the DVB/C-WR/PDMS does not have as 

precise optimal extraction temperature, it comes at the cost of lower extraction efficiency of high 

boiling point (low volatility) compounds. 

This could imply that higher yields could be possible with even higher extraction temperatures. This 

was not studied further as the practical issues started arising after exceeding 60 °C extraction 

temperatures, where reproducibility of the sample extraction and analysis was endangered. The 

samples were heated by aluminum heating mantle filled with water and the evaporation of the water 

started to become a problem as well as the handling of the HS vial became a problem without the use 

of autosampler. This was due to difficulty of handling small HS vials with bulky heat resistant gloves. 

The evaporating water also made it harder to keep the HS vial at constant temperature due to the 

mantle occasionally needing to be filled with water. 40 °C was decided as the optimal extraction 

temperature as it was the same as with DVB/PDMS allowing for simpler testing across all SPME arrows.  

 

Figure 19. Graph of the extraction temperature analysis for DVB/C-WR/PDMS. 

 

In comparison to the other two SPME arrows, the PA/PDMS arrow showed the most unique features 

of them all. This was somewhat expected as it also has the most different sorptive phase of them all. 

From Figure 20 PA/PDMS has almost exclusively highest extraction efficiency at the lowest extraction 
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temperature for all compounds. PA/PDMS is also the arrow with the least number of compounds 

detected. The lower extraction efficiency of the low volatility, high molecular mass compounds might 

be explained by the higher background noise of the PA/PDMS arrow. As the arrow had the overall 

highest background of all the tested SPME arrows, but also the background was the highest towards 

the end of the GC-MS run where most of these compounds were detected.  

 

Figure 20. Graph of the effects of the extraction temperature on the extraction efficiency with PA/PDMS. 

 

After the temperature testing of the PA/PDMS arrow, it was noted that the sorptive phase showed 

visible cracks as the phase had been damaged during the testing. It was not clear why the damage had 

occurred, no erroneous handling of the PA/PDMS material was detected. This does not exclude 

damage caused by the user, as the extractions were performed manually, but no mishaps were 

detected during the testing. The damage was deemed too extensive and it was decided that further 

testing with the PA/PDMS arrow would be stopped. 
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9.4. Determination of the performance of the Arrow materials 

 

One of the best ways to determine the working condition of a method is to verify the linearity of the 

method used. This can be used to confirm that the detector response is linear relative to the sample 

concentration in the concentration range analyzed. This is mostly accomplished by constructing 

calibration curves. Most common calibration curves are made of 5 to 8 different points along the 

desired concentration range. To increase the accuracy of the calibration curve, usually at least 3 

measurements are taken from each point to achieve average for each concentration point.  

5-point calibration curves were made for both DVB/PDMS and DVB/C-WR/PDMS arrows, the 

PA/PDMS was left out of the testing as it had received damage during or after the extraction 

temperature testing. The concentration range was set to a broad 1000 ng/mL to 50 ng/mL with 500, 

250 and 100 ng/mL measurements in-between. 

Linearity was tested in the same manner as extraction time and temperature testing. For both 

materials the optimal values for extraction time and temperature were selected in chapters 9.2 and 

9.3. For DVB/PDMS the optimal extraction conditions selected were 10-minute extractions at 40 °C. 

The optimal conditions for DVB/C-WR/PDMS were 15-minute extractions at 40 °C. 

The calibration curves for both DVB/PDMS and DVB/C-WR/PDMS can be seen in Figure 21 and Figure 

22, respectively. Octane or malathion was not detected in any measurement by either arrow, 

indicating that neither of the compounds was present in the samples. Based on the results gained 

from chapter 9.2 and 9.3, these were probably lost during the solvent exchange performed during the 

modification of the standard solution described in chapter 7.1. This was not deemed a problem as all 

the other 15 compounds had been transferred properly.  
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Figure 21. Linearity tests for the DVB/PDMS SPME arrow. 

 

 

Figure 22. Linearity tests for the DVB/C-WR/PDMS SPME arrow. 
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From gathered calibration curve data, the limit of detection (LOD) and limit of quantification (LOQ) 

could be calculated. Linearity is assumed for all compounds in the calibration and should follow a 

linear function y = mx + n, where y is the peak area, m the average slope of the function and n is the 

intercept point of the function. The limit of detection and quantification (LOD and LOQ) can be 

calculated using equations 1-4. STDEV (n) used in the equations is the standard deviation of the 

intercept. 

𝐿𝑂𝐷 =  
3∗𝑆𝑇𝐷𝐸𝑉(𝑛)

𝑚
, 𝑖𝑓 𝑛 > 0      (1) 

𝐿𝑂𝐷 =  
3∗𝑆𝑇𝐷𝐸𝑉(𝑛)−𝑛

𝑚
, 𝑖𝑓 𝑛 < 0      (2) 

 

𝐿𝑂𝑄 =  
10∗𝑆𝑇𝐷𝐸𝑉(𝑛)

𝑚
, 𝑖𝑓 𝑛 > 0      (3) 

𝐿𝑂𝑄 =  
10∗𝑆𝑇𝐷𝐸𝑉(𝑛)−𝑛

𝑚
, 𝑖𝑓 𝑛 < 0     (4) 

 

The lowest calculated LOD and LOQ for 1,4-dithiane was 21 and 71 pg/ml, respectively  for DVB/PDMS 

arrow. The highest values were calculated for Tributyl phosphate with DVB/C-WR/PDMS at 457.2 

ng/ml and 1320.9 ng/ml respectively. As discussed in chapters 9.2 and 9.3, DVB/PDMS showed 

increased sensitivity. This can be seen quantified as lower LOD and LOQ limits for DVB/PDMS. 

Correlation coefficients were calculated for all compounds for both SPME arrows tested. The same 

data was used as shown in Figure 21 and Figure 22. The calculations can be seen in Table 10. 

 

Table 10. Determination of LOD and LOQ for each analyte for both SPME arrows. 

Compound 
DVB/PDMS DVB/C-WR/PDMS 

LOD 
[ng/ml] 

LOQ 
[ng/ml] 

R2 (11)  
LOD 

[ng/ml] 
LOQ 

[ng/ml] 
R2 

Trimethyl phosphate 
(TMP) 

270.2 271.5 0.932 348.8 434.9 0.906 

Decane (C10) 0.054 0.18 0.990 52.9 176.4 0.993 

1,4-Dithiane 0.02 0.07 0.998 55.8 185.8 0.997 

2,6-dimethylphenol 45.8 45.9 0.993 63.2 115.8 0.994 

Dodecane (C10) 12.9 12.9 0.999 21.8 72.5 1.000 

5-Chloro-2-methylaniline 73.6 73.8 0.982 300.0 823.1 0.973 

Tetradecane (C14) 3.2 3.2 1.000 10.1 33.6 0.999 

 
11 N = 5 
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Compound 
DVB/PDMS DVB/C-WR/PDMS 

LOD 
[ng/ml] 

LOQ 
[ng/ml] 

R2 (11)  
LOD 

[ng/ml] 
LOQ 

[ng/ml] 
R2 

Hexadecane (C16) 8.6 8.7 0.999 27.3 70.1 0.999 

Tributyl phosphate 124.7 124.9 0.973 457.2 1320.9 0.950 

Dibenzothiophene 45.9 45.9 0.996 130.6 353.0 0.989 

Octadecane (C18) 20.5 20.6 0.999 70.1 159.5 0.997 

Eicosane (C20) 25.1 25.2 0.999 121.7 263.6 0.987 

Methyl stearate 32.7 32.8 0.999 169.1 363.5 0.970 

Docosane (C22) 33.0 33.1 0.998 150.7 312.5 0.973 

Tetracosane (C24) 52.0 52.2 0.996 275.2 692.4 0.951 

 

The correlation coefficients in Table 10, R2 are calculated from a 5-point calibration curve, where each 

point is an average of three different measurements. R2 value over 0.95 is considered good, where as 

a value over 0.99 can be considered excellent. Summary of the results can be seen in Table 11. 

DVB/PDMS has more compounds with excellent R2 value. This indicates better suitability for analysis 

of samples with unknown compounds. 

 

 

Table 11. Summary of the correlation coefficients of the Arrow materials 

Number of compounds DVB/PDMS DVB/C-WR/PDMS 

R2 values over 0.99: 12 7 

R2 values over 0.95: 14 14 

 

 

 

9.5. Analysis of the matrix effect 

 

Standard soil and water samples were tested to determine what type of effects the presence of 

realistic sample matrix would have on the efficiency of the extraction and if there was any need for 

change in procedure for realistic samples later. This was performed as an experiment before the 

analysis of the butterfly specimen.  

Matrix effect was tested on soil and water HS samples as well as water DI samples. Details shown in 

Table 8. These tests were performed with both DVB/PDMS and DVB/C-WR/PDMS materials. 
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The extraction of the standard samples functioned flawlessly for most compounds without a need for 

modification. Compounds like dibenzothiophene and trimethyl- and tributyl phosphates had loss in 

the extraction efficiency at the higher 5 ppm (µg/mL) concentration. This is could be an error in the 

sample preparation, as not enough repetitions were performed to pinpoint the cause of the problem. 

Unlike the extraction condition testing performed on the QC test solution, all the analytes in the soil 

and water samples were detected. This might be due to the soil and water particles transporting the 

sample analytes over to the SPME arrow. More compounds were detected with DVB/C-WR/PDMS 

arrow than DVB/PDMS from both soil and water standard samples. 

The water direct immersion tests proved more successful than the headspace tests. The correlation 

coefficients for DI water testing of DVB/PDMS and DVB/C-WR/PDMS arrows can be seen in Table 12. 

Based on the correlation coefficients, DVB/PDMS had good overall correlation, where 10 of the 15 

detected compounds had a “good” R2 value of over 0.95 and the R2 value for all compounds was over 

0.90. Only one of the compounds had a “excellent” R2 value of over 0.99. DVB/C-WR/PDMS had a R2 

value of over 0.95 for 8 of the 15 compounds. 5 of these compounds had a “excellent” R2 value of over 

0.99, whereas 7 of the 15 compounds did not reach R2 value of 0.90. This told that depending on the 

compounds DVB/C-WR/PDMS could be very good sorptive material or very bad. 

 

Table 12. Water sample DI extraction correlation coefficients for DVB|PDMS and DVB|C-WR|PDMS fibers. 

Compound 
R2 (12) 

DVB|PDMS DVB|C-WR|PDMS 

Octane (C8)    ND13 ND 

Trimethyl phosphate (TMP) ND ND 

Decane (C10) 0.958 0.996 

1,4-Dithiane 0.988 0.545 

2,6-dimethylphenol 0.917 0.685 

Dodecane (C10) 0.943 0.977 

5-Chloro-2-methylaniline 0.918 0.960 

Tetradecane (C14) 0.912 0.991 

Hexadecane (C16) 0.916 0.996 

Tributyl phosphate 0.978 0.991 

Dibenzothiophene 0.973 0.995 

Octadecane (C18) 0.986 0.860 

Malathion 0.998 0.987 

Eicosane (C20) 0.979 0.686 

Methyl stearate 0.983 0.864 

 
12 N = 3 
13 ND = not detected 



62 
 

Docosane (C22) 0.958 0.682 

Tetracosane (C24) 0.960 0.414 

# of R2 values over 0.99: 1 5 

# of R2 values over 0.95: 10 8 

# of R2 values over 0.90: 15 8 

 

For the analysis of essentially unknown compounds, it would be more secure to select the sorptive 

phase material with better overall correlation as this would maximize the chances of obtaining the 

best available data with the butterfly specimen analysis. Thus, DVB/PDMS was selected for use in the 

analysis of the butterfly specimen. 

 

 

9.6. Analysis of the butterfly compounds 
 

On the day of the analysis, the butterfly was removed from the freezer and immediately moved to HS 

vial and sealed. The vial was left to thaw and equalize for 45 min before first analysis in room 

temperature. 6 different types of extractions were performed with duplicates for the first 5 types of 

extractions, totaling in 11 consecutive extractions. After each extraction, the desorption and analysis 

of the SPME arrow was performed as detailed in chapter 7.3.  

The butterfly specimen was extracted using the DVB/PDMS fiber with method described in chapter 

8.5. The analysis of the extractions with GC-MS was performed as detailed in chapter 7.3. 

Criteria for detection was decided as a peak height of at minimum 50,000 units above the background 

with good mass spectral identification. As detailed in chapter 7.3, a match number of 850 or higher 

was considered a good match. This yielded 42 different compounds found over the 11 performed 

extractions.  
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Figure 23. The total number of compounds detected from each measurement. Please note that duplicate compounds have 
not been removed. 

 

As per the request of the employer of this work, the exact details of the discovered compounds are 

not discussed in this thesis. Instead, the distribution of these compounds can be shown in Figure 23. 

This figure shows all detected compounds from each measurement.  

It was possible to detect compounds called tetrachloroethane and trichloroethylene from the first and 

second measurement (Table 9, extractions # 1 and 2). Both can be seen in Figure 24, peaks marked 

7.81 (trichloroethane) and 11.19 (tetrachloroethane). Tetrachloroethane is used as a trapping agent 

for the butterfly traps and trichloroethylene is a degradation product of the compound. According to 

the source of the butterfly specimen, the butterfly should not have been in contact with any 

tetrachloroethane, but it was still detected, in large amounts as well.  
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Figure 24. Spectrum of #3 extraction of the butterfly specimen. Retention times marked on the spectrum are: 7.81 
trichloroethylene, 10.29 m-xylene, 10.68 p-xylene, 11.19 tetrachloroethane, 11.52 butoxy-2-propanol, 12.71 a-phellandrene 
and 13.04 2-ethyl-hexanol. 

 

 

Figure 25. Spectrum of #3 extraction of the butterfly specimen. The Compounds marked on the spectrum are: 8.96 1-octene, 
9.06 4-methyl-3-penten-2-one and 9.74 4-hydroxymethyl-2-pentanone. 

 

When comparing the results after the addition of the acetone into the HS vial, it can be seen from 

Figure 25, where the amount of compounds observed in the headspace volume of the vial decreased 

substantially. This indicates a high affinity of the compounds for acetone. Acetone has logP value of a 

-0.16, which means that acetone is neither lipophilic nor hydrophilic and can dissolve both polar and 

nonpolar compounds. This is one of the reasons as why acetone was selected as the used solvent as 

it can dissolve wide range of compounds. 
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Based on the prior research38,40,55, the expected type of the pheromone compounds was known. Based 

on this knowledge the full list of compounds could be reviewed to contain only pheromone-like 

compounds. Criteria for pheromone compounds were expected functional groups and structures 

described in chapter 8.5. These criteria were only considered if the mass spectral identification was 

good, compounds with match factor less than 850 were removed immediately. The  reviewed list of 

compounds contained 11 potential pheromone compounds distributed over the first 4 

measurements. The distribution of these compounds can be seen from Table 13. 

 

Table 13. Filtered list of compounds found on the first 4 analysis of the butterfly specimen 

Extraction # Extraction type Number of filtered compounds 

1 HS 7 

2 HS 9 

3 HS (with acetone in the HS vial) 2 

4 HS (with acetone in the HS vial) 2 

 

These compounds consisted mostly of primary alcohols, ketones and carboxylic acids with one to two 

double bonds. The compounds detected were corresponding those found on other pheromone 

compounds studies. Also compounds such as terpenes were detected, most  likely from spruce trees, 

which the butterfly feeds on during larval state. 
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10. Summary and conclusions 
 

Groundwork for a completely new HS/DI-SPME sample extraction method was developed for CWA 

and pheromone type volatile compounds. This thesis created a good baseline for possible future 

development, where following studies should focus more on the method validation with a clear 

overview of the whole process. SPME arrow as a sample preparation technique showed great linearity 

with very little adjusting.  

The method was being developed for three different SPME arrow phase materials: DVB/PDMS, DVB/C-

WR/PDMS and PA/PDMS, which all were selected based on the results from similar studies3,6,19,29. The 

testing was mainly performed on quality control test solution produced in-house. Most of the work 

done in this thesis focused on fine-tuning the main extraction conditions, extraction temperature and 

time for each of the three phase materials. Testing performed with the soil and water samples showed 

that a good linearity and reproducibility should be easily obtainable.  

One of the major problems encountered in the execution of the extraction and analysis was the 

insertion of the SPME arrow through HS vial septum and the removal of the arrow from the GC-MS 

injector after desorption. As both were done manually, it became clear that the angle of entry was 

very important; the SPME arrow had to be inserted vertical to avoid bending the arrow. It was 

discovered that rotating the vial while piercing the septum helped softening the material as the used 

HS vial septa were made from a relatively stiff material. For future expansion on this research, an auto 

sampler for the handling of the SPME arrow is advised, it would increase the accuracy and 

reproducibility of the results by removing user error from sample extraction. This would also lessen 

the load on the user, reducing the error produced in other areas of the analysis as well. The use of 

SPME arrow manually for routine analysis is very labor intensive and would not be recommended for 

longer periods. 

Butterfly compounds were identified using background subtraction with blank samples.  The 

combination of HS and DI extractions was used to produce better understanding of what type of 

compounds are present. The presence of different compounds in different extractions also revealed 

information on the compound properties, such as their volatility and polarity. This produced 

comprehensive list of compounds. With help of similar studies performed38,40,54,55, the list of 

compounds could be cleared to contain only compounds with similar functional groups and structures. 
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Despite the problems faced during the experimentation and labor intensity of routine use, SPME 

arrow proved to be capable of a simple, reliable and robust single-step sample extraction and 

preparation technique. The developed method was brought to the point of it being usable for most 

sample types, but further development is recommended. The method development could be 

continued by focusing on improving the reproducibility of the soil sample extractions, as samples of 

this nature would be the most common for this type sample preparation technique.  
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