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Sammanfattning 

Syftet med det här examensarbetet var att ta fram en analysmetod för att identifiera 
svällningsorsaker i EPDM gummipackningar. Metoden utvecklades för att underlätta 
haveriutredningar av havererade gummipackningar använda i plattvärmeväxlare. Kraven 
man kan ställa på en sådan metod är att den har ett brett detektionsområde där både polära 
och opolära föreningar samt lättflyktiga och svårflyktiga föreningar kan analyseras. För att 
uppnå dessa krav utvecklades en analysmetoden som bestod av en kombination av 
headspace Gas Kromatografi-Masspektrometri (GC-MS) och vätske-vätske extraktion 
Fourier Transform-Infraröd spektroskopi (FT-IR). Tre olika extraktionsvätskor testades för att 
extrahera ut de ämnena som svällt EPDM gummipackningen (2-propanol, tetrahydrofuran 
och superkritisk koldioxid). Analysmetoden testades först på EPDM packningar som svällt i 
fyra olika kända lösningsmedel med varierande kokpunkt och polaritet (hexan, ättiksyra, 1-
oktanol och pentadecane). Därefter testades metoden på EPDM packningar som svällt i 
blandningar av dessa kända lösningsmedel och slutligen testades metoden på två EPDM 
packningar som havererat i plattvärmeväxlare. 
 
Resultaten visade att analysmetoden fungerade för att identifiera ämnen som orsakat 
svällning i EPDM packningar men inte på det sätt som metoden från början var tänkt att 
fungera. FT-IR kan inte användas för att analysera de ämnen som inte detekteras med GC-
MS. Detta beror framför allt på att det är väldigt svårt att identifiera ämnen i blandningar med 
FT-IR. Det visade sig dock att resultaten från FT-IR kunde användas för att komplettera 
resultaten från GC-MS (som var för dåliga på grund av en dålig sökdatabas). Resultaten från 
vätske-vätske extraktionen gav även användbar information om hur mycket ämnen som 
absorberats av packningen. Av de tre extraktions vätskor som testades var 2-propanol och 
tetrahydrofuran mest effektiva för att få ut de ämnen som svällt EPDM packningen. Den 
superkritiska koldioxiden var inte alls lika effektiv men var och andra sidan bättre om en mer 
selektiv extraktion av opolära ämnen önskades.  
 
Analysmetoden detekterade både polära och opolära ämnen men opolära ämnen med låg 
kokpunkt detekterades inte. För att dessa ämnen ska detekteras måste en annan sorts 
kolonn med mer opolär stationärfas användas i GC-MS. Metoden detekterar även lättflyktiga 
och svårflyktiga ämnen. Men för att vara säker på att samtliga lättflyktiga ämnen som har 
orsakat svällningen i EPDM packningen detekteras måste en särskild provhanteringsmetod 
utvecklas. Detta för att säkerställa att inga ämnen lämnat packningen innan analys av EPDM 
packningen. 
 
För att förbättra analysmetoden ytterligare föreslås att metoden utvecklas så att den enbart 
kan genomföras med GC-MS. Detta bör göras genom fler GC-MS analyser med andra 
sorters kolonner samt med andra bättre sökdatabaser. Det föreslås även att metoden 
utvecklas så att den förutom kvalitativ bestämning av ämnen som orsakat svällning även 
kvantitativ bestämma sammansättningen av ämnen i EPDM packningen. På så sätt fås ett 
ännu bättre analysverktyg vid framtida haveriutredningar.  



   

 
  

Abstract 

The aim of this master thesis was to develop an analysis method which identifies the swelling 

cause of EPDM rubber gaskets. The method shall facilitate failure investigation of rubber 

gaskets used in plate heat exchangers which require both determinations of volatile and 

involatile compounds as well as polar and non-polar compounds. To achieve this goal a 

combination analysis method of Headspace Gas chromatography Mass spectrometry (GC-

MS) and liquid-liquid extraction Fourier Transform Infrared spectroscopy (FT-IR) was chosen. 

Three extraction fluids were tested to extract the compounds from the EPDM rubber: 

tetrahydrofuran, 2-propanol and supercritical carbon dioxide. The analysis method was first 

tested on EPDM rubber samples swelled in four known solvents with different volatility and 

polarity (hexane, acetic acid, 1-octanol and pentadecane). Then it was tested on EPDM 

rubber samples swelled in three different mixtures of these four solvents and finally on two 

EPDM gaskets, swelled by unknown media, that were being assessed in an actual failure 

investigations. 

The analysis method was successful in identifying compounds which caused EPDM rubber 

gaskets to swell but not in a way as it was supposed to. The FT-IR analysis could not be 

used to identify compounds in a mixture because the spectra of mixtures are very difficult to 

analyze. However the FT-IR results complimented the results from the GC-MS analysis 

which due to a poor search database was not good enough to determine the exact 

composition of the swelling agents by itself. The liquid extraction also gave useful information 

about how much swelling agents that were absorbed by the EPDM gasket. Tetrahydrofuran 

and 2-propanol were the most effective for extraction of the solvents. However, supercritical 

carbon dioxide was very good for selective extraction of non-polar compounds.  

The method detected both polar and non-polar compounds but non-polar compounds with 

low boiling point were not detected. It did not interact strongly enough with the GC-column 

used in this trials, because the polarity of the column was not sufficient. The method detects 

both volatile and involatile compounds. But to be sure that all volatile swelling agents were 

detected a special sample handling technique must be developed. 

To improve the analysis method it is suggested that the method is developed so that only 

GC-MS analysis is needed. This is accomplished by further GC-MS analysis with other GC-

columns and better search databases. It is also suggested that the method is developed so 

that it is not only a qualitative analysis method but also a quantitative analysis method.  In 

that way it can be used as a much more effective tool during failure investigations.   
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1. Introduction 
 

1.1. Background 

Alfa Laval is a leading company in production and support of heat exchangers. One of their 

products is the gasketed plate heat exchanger (PHE) which is widely used for its compact 

and efficient heat transfer. During failure investigations of PHE a failure mode is that the 

gaskets swell when they come in contact with substances within the process media. Since 

the customers are not always entirely aware of the content of incompatible media it is difficult 

to determine what causes the gasket to swell. A method that determines the composition of 

swelling media is therefore highly desired to facilitate the failure investigations.  

1.2. Objective 

The aim of this master thesis was to develop a method which identifies the swelling cause in 

EPDM rubber gaskets. The method should determine the substances that cause the swelling 

and work for both volatile and involatile compounds. 

1.3. Gasketed plate heat exchangers  

The gasketed PHE can be used in a large variety of processes from manufacturing baby 

food to processing concentrated sulphuric acid. The exchanger consists of series of 

corrugated plates which forms channels when they are put together. The channels create a 

larger surface area and a more turbulent flow which makes the heat exchange more efficient. 

Gaskets are fitted between the plates to prevent fluids from leaking out from the channels 

and to ensure that the two media in the exchanger never mix. The gaskets are either glued 

on the plates or mechanically fitted to the plate with a certain “clip on” technique.1  

There are a lot of different gasketed PHE but most of them are based on the same 

technique. Two media at different temperature enters the PHE. The media are transported 

through the channels closely together (separated only by the thin corrugated plates) so that 

one fluid either heats or cool the other by heat transfer. The fluids are transported in opposite 

directions were one fluid enters the top and exit at the bottom and the other enters at the 

bottom and exits at the top. The technique and the parts of the PHE are presented in Figure 

1 below.2  

 

 

 

 

 

 

 

 

Figure 1. Gasketed plate heat exchanger
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1.4. Gasket materials 

The gaskets in the PHE are made of different rubber materials depending on what kind of 

process the heat exchanger is used in. The most common polymers are Ethylene propylene 

diene rubber (EPDM), Nitrile rubber (NBR) and Fluorocarbon rubber (FKM). Other examples 

of materials are Chloroprene rubber (CR) and Butyl rubber (IIR).4  

The properties of the rubber materials can be varied to better suit different applications. 

Changes in the copolymers composition affect the conformation of the polymer chain which 

in turn affects the mechanical and chemical properties. Addition of additives can make the 

polymer softer, more temperature resistant and chemical resistant. For example the 

increased amount of carbon black increases the hardness of the polymer and addition of 

plasticizers decreases the stiffness of the polymer. The curing agent also affects the 

properties. If peroxide is used as curing agent the polymer becomes more temperature 

resistant and if sulphur is used the polymer achieves much better mechanical properties. To 

increase the hardness of gasket rubber materials carbon black and minerals are often added. 

However, plasticizers are never added since it decreases the hardness and increases the 

compression of the gasket. 5  

 

1.4.1. EPDM 

EPDM is a copolymer that consists of three different monomers, ethylene and propylene and 

a diene e.g. dicyclopentadiene or ethylidene norbornene (ENB). The diene is less 

represented than the other two monomers usually only 2-10% and its main purpose is to 

enable the polymer to cure with sulfur and other systems that require double bonds to 

crosslink. The ethylene content is usually around 50% but can be higher depending on what 

properties that are desired for the polymer. EPDM with 50% ethylene is amorphous but when 

the amount is increased it becomes semi-crystalline.6 Since the polymer is crosslinked it has 

good temperature resistance and can be used in temperatures from -30° to 180° C4.  

The main chain of the polymer consists of hydrocarbons without double bonds which make it 

a saturated polymer with good resistance to ozone, oxygen and oxidizing chemicals. It also 

has a very good resistance to non-fatty food products, water, ethers and esters.6 The 

resistance for fatty food products like cream and animal fats on the other hand is very poor 

and so is the resistance to crude oil, fuel, lubricating oil, hydrocarbon solvents, strong 

sulphuric acid and paraffins.4 

Figure 2. EPDM with dicyclopentadiene 
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1.5. PHE failures 
Compared to other heat exchangers gasketed PHE is favored because they are very 

versatile and less expensive. They can also be opened and mechanically cleaned and 

regasketed. However, a drawback is that the gaskets sometimes do not seal the PHE 

properly and the exchanger starts to leak.  The leakage can be caused by several reasons 

for example; the gaskets can be oxidized in contact with air, be compressed too much or 

being affected by the media.  

1.5.1. Crushing damage 

One reason for leakage is crushing damages. This is among other things caused when the 

gasket absorbs a liquid which is due to the similarities in polarity and the solubility parameter 

(δ) between the process media and gasket material. The absorption gives a volume increase 

and the gaskets will no longer fit in the groove. It is pressed towards the space between the 

metal plates and when the elongation at break is exceeded it will break. This can be seen in 

Figure 3.  

 

 

The reason that the rubber swells is due to the fact that rubber materials absorb substances 

that have similar polarity as the polymer main chain. Normally compounds that have similar 

properties dissolve but the crosslink’s in the rubber prevent the polymer from dissolving. The 

network will instead expand which cause the rubber material to swell.  

When the gaskets swell their properties change, for example the hardness decreases and 

the mechanical properties impair. This combined with the volume increase make them 

unable to fulfill their purpose to seal the heat exchanger and to prevent the different media 

from mixing. The swelling is also affected by the temperature. A higher temperature will 

cause more crushing damage.  

 

Figure 3. Crushing damage
3
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1.6. Current methods for analyzing rubber failures 

1.6.1. Alfa Laval failure investigations of rubber gaskets 

In case of leakage a failure investigation must be initiated. The plates and gaskets are 

examined to determine which one of them that have failed and sometimes both are involved 

in the failure. 

 If it is the gaskets that caused the leakage they are closely examined and depending on the 

appearance of the gasket it can often be determined what caused the failure. Figure 3 shows 

a typical appearance of a gasket which is swelled and crush damaged. But to determine 

what caused the leakage is not the greatest challenge in failure investigations, it is what 

caused the gaskets to swell that is the difficult part. Usually the easiest way to investigate the 

swelling cause is to ask the customer what kind of media that the gaskets have been 

subjected to and then try to determine which one of the substances that the gasket does not 

resist3 But many times the customer does not know the exact composition of the process 

media which makes it impossible to determine the swelling cause. 

A method that determines the composition of swelling agents is therefore desired to 

complement the failure investigation and make it easier. The method shall identify the 

substances which cause the gasket to swell and work for both volatile and involatile 

compounds.  

A few earlier composition analyses of swelled rubber gasket materials have been made at 

Alfa Laval with FT-IR and some of them were successful and some of them not. External 

analysis of the process media that the failed gasket has been subjected to has also been 

performed. But the results have not been good enough to help the failure investigation.  

In research outside Alfa Laval no identification of rubber swelling cause has been performed. 

There are however composition analyses being performed on rubber materials in other fields 

that could be useful in this area.  

1.6.2. Research and analysis of rubber materials in other fields 

Artificial turf fields are very common in USA and lately there has been a lot of concern 

regarding substances that are being released from the crumb rubber materials (material used 

in turf fields) into the environment. It is believed that these substances harm the environment 

and public health. In the article “Characterization of substances released from crumb rubber 

materials used on artificial turf fields” substances in the rubber material are being identified 

based on solid phase micro extraction (SPME) coupled with GC-MS. Some of the 

substances were also quantified using direct vapor phase injection and a standard curve. 

The method worked very well. Ten different compounds were identified and six were 

successfully quantified.7 

In other articles liquid-liquid extraction with supercritical fluids and FT-IR has been used to 

identify different compounds. One article by Abdel et al. describes how brominated flame 

retardants from polymeric waste material are being extracted by supercritical carbon dioxide 

and analyzed with IR, GC-MS and X-ray fluorescence.8  A Supercritical fluid is any fluid that 

have a temperature and pressure that is above its critical point. In the supercritical condition 

the compound is neither a liquid nor a gas. It is more an intermediate of the two phases. It is 

very mobile with solubility behavior as a liquid and penetration behavior into a solid matrix 
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like a gas. This makes the rate of extraction and phase separation much faster than for 

conventional extraction processes.9 

Pyrolysis connected to GC-MS is also an analysis method that has been used to 

characterize different polymers and compounds in polymer solutions. In a research by F.O. 

Silvério et al. characterization analysis of polymers and speck impurities in cellulose pulp 

were prepared with Pyrolysis-GC-MS.10 The method was very useful for analysis of polymeric 

materials and gives a better identification than FT-IR analysis.  

Analysis with a thermogravimetric analysis (TGA) has also been done to characterize the 

composition of the elastomer. But this method only gives the amount of polymer and 

additives in weight% and does not give any information about the composition of substances. 

The method can also be used to determine if there are any inorganic compounds in the 

rubber gasket. In the article “Characterization of elastomer compounds by thermal analysis” 

by Milena, et al. the composition of elastomers is being determined by TGA and the inorganic 

compounds that were found was identified by x-ray in scanning electron microscopy (SEM-

EDX).11  

In a Chinese article by Robert Shanks et al natural rubber additives were analyzed with 

middle pressure chromatography separation and FT-IR. The additives were extracted from 

the natural rubber by submerging a 1 mm3 sample in a mixture of acetone and chloroform at 

80 °C for 16 hours. The extraction liquid was then evaporated leaving the additives as a dry 

sample. 100 mg of the dried sample was then used for the middle pressure chromatography 

where the sample was put in the column together with the positive or reversed phase. The 

sample and column was then washed with four different solvents (methanol, ether, acetone 

and toluene). Each solvent was collected from the column, evaporated and analyzed with 

FT-IR. 

The different solvents extracted different compounds from the dried sample. The FT-IR 

showed that ether extracted a mineral oil, acetone extracted a promoter or curing agent, 

toluene extracted phthalates and methanol extracted vegetable oil. The same method was 

repeated with another column phase and mixtures (methanol and water, methanol and 

toluene and pure methanol) as extraction liquid. The mixture of methanol and water extracted 

a curing agent, the mixture of methanol and toluene extracted a mineral oil and the methanol 

extracted an anti ageing additive. To analyze the active additives (which were very little of 

compared to e.g. the mineral oil) the compounds were separated with SPE and then 

analyzed with GC-MS. The method worked well and five compounds were determined.12 

1.7. Suggested analysis method 

It is difficult to suggest a good analysis method for identifications of substances in EPDM 

rubber gaskets without knowing what kind of substances to look for. At first, the process that 

the PHE has been used in has to be investigated. Secondly, a good guess has to be made 

on what kind of substances the gaskets have been subjected to. Still this does not give 

enough reliable information and probably a combination of different analysis methods have to 

be used to get the best result.  

Based on research in other fields the best way to analyze the substances within the EPDM 

rubber is with FT-IR or GC-MS. Since the extract from the EPDM probably will be mixes of 

different organic compounds GC-MS would be the best analysis method to separate and 

identify the substances. In research articles mentioned above two different ways of preparing 
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the sample for GC-MS are mentioned, SPME and thermal desorption (i.e. headspace). Both 

extraction methods are very good and effective though the latter one is better if the 

substances in the rubber are unknown. However, the GC-MS does not work for substances 

with very high boiling points and therefore it has to be supplemented with a method that can 

detect these compounds. 

FT-IR can be used if the compounds are less volatile and the easiest way to extract the 

analyte is with liquid-liquid extraction. The hard part is to find a good extraction solvent. It 

must not react with the polymer or the analyte. It should not absorb IR-light and should be 

much more volatile than the analyte. Supercritical carbon dioxide or an extraction solvent 

with a solubility parameter close to EPDM’s solubility parameter could be an option.  

Another drawback with FT-IR analysis is that it is very difficult to distinguish substances in a 

spectrum from a mixture of several substances. Either the mixture has to be known and 

compared to a reference sample or the mixture has to be separated into its components 

before the FT-IR analysis. One example of separation method is presented in the Chinese 

article by Robert Shanks et al where columns with different stationary phases and solvents 

were used to separate the substances. 

In order to be sure to detect all substances in EPDM a combination method of GC-MS 

analysis and FT-IR analysis should be the best analysis method. The swelled EPDM rubber 

sample should first be prepared for headspace and GC-MS analysis to extract and detect all 

volatile substances in the sample. Thenceforth, the involatile substances left in the sample is 

extracted with liquid-liquid extraction and analyzed with FT-IR.  

To determine if the method works and gives reliable results gaskets which are swelled in 

known media should be analyzed. If the methods identify the given compounds that caused 

the swelling, the method is approved and can be tested on gaskets swelled by unknown 

compounds. 

1.8. Analysis methods 

1.8.1. Gas Chromatography- Mass Spectrometry (GC-MS) 

Gas chromatography 

Gas chromatography is an analytical separation technique where a gaseous analyte is being 

transported by a gaseous mobile phase and separated by the interactions between the 

substances in the analyte and a stationary phase in a column.  The stationary phase is either 

a solid phase or a liquid phase. When a solid phase is used the chromatography is called 

gas-solid adsorption chromatography and when a liquid phase is used it is called gas-liquid 

partition chromatography.  

The volatile liquid or gaseous sample is injected into the GC through a septum (a rubber 

disk) and rapidly evaporates. The gaseous analyte is then transported by the mobile phase 

(N2, He, or O2) through the column and separates in contact with the stationary phase. The 

analyte then enters a detector and the result is displayed on a computer. A GC-MS is gas 

chromatography in series with a Mass spectrometry detector. 
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To get a good result it is important to; prepare the sample so that it is suited for GC, to 

choose a column with the right stationary phase and to choose a detector that detects the 

right kind of compounds. 

Sample preparation 

The sample can be prepared in three different ways, Solid phase microextraction (SPME), 

“Purge and trap” and “Thermal desorption” or “Headspace”.  

SPME is used to extract compounds from liquids, air or sludge. It consists of a syringe with 

an extendable- and retractable fused-silica fiber fixed on a small metal needle. The fiber is 

coated with a 10 to 100 µm thick stationary phase similar to those used in gas 

chromatography. The fiber is submerged in the analyte and when it is saturated it is being 

retracted into the needle. Only a small fraction of the analyte is being absorbed. The syringe 

is then inserted into the GC and the fiber is exerted from the needle and the analyte is 

thermally desorbed from the fiber.  

The Purge and trap method removes the whole analyte instead of a small fraction. Helium 

gas is bubbled through the sample vial which is heated. Purged gas rises to an absorption 

tube which consists of three layers with absorbent compounds. When all analyte has been 

purified and absorbed in the tube the gas flow is being reversed to remove as much water or 

other solvents as possible. The adsorption tube is then connected to the injection port of the 

GC and desorbed analyte flows into the chromatography column. This method is more 

difficult to perform compared to SPME but a larger amount of the analyte can be analyzed. 

Thermal desorption (also called headspace) is used to release volatile compounds from a 

solid sample. A sample is put in a glass or steel tube and prior to being heated it is cleaned 

with carrier gas to remove oxygen. The tube is then connected to the GC and heated, 

making the volatile compounds move directly in to the column. 

Column  

There are a lot of different columns that can be used in GC. The most common are long 

narrow open tubular columns made of fused-silica which gives high resolution, are more 

sensitive and have shorter analysis time. The column inner diameter is usually between 0.10 

and 0.53 mm. A narrow column gives a better resolution (a too large diameter overloads the 

gas-handling system). The length of the column can be from 15 to 100 m but 30 m is the 

most common. The longer the column gets the better the resolution is achieved on the GC 

but on the other hand the analysis time gets much longer. 

To choose the right stationary phase it is important to choose the same polarity on the phase 

as on the analyte. Non polar stationary phases are often the most useful and intermediate 

stationary phase handles most separations that the non polar column cannot. If the analyte is 

highly polar the intermediate stationary phase might not work. A strongly polar stationary 

phase can be used instead.13  

Detectors 

There are two types of detectors, universal and specific detectors. The universal detector is 

designed to detect all kinds of compounds and is very good for qualitative analysis. The 

specific detector only detects a particular element or compound and is much more sensitive 

compared to the universal detector. It is therefore very good for quantitative analysis.  
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Some examples of universal detectors are the Thermal Conductivity Detector, the Mass 

spectrometer and Fourier Transform infrared spectrometer. Common specific detectors are 

the Electron capture detector, the nitrogen-phosphorus detector and photoionization 

detector. If both a qualitative and quantitative analysis is desired the Mass spectrometry 

detector is the detector of choice.14  

Mass spectrometry detector  

A mass spectrometer separates ions after their mass-to-charge ratio (m/z). It is a very 

versatile analysis instrument that can either be used as a direct analysis instrument or as a 

detector connected to GC. The sample can be gaseous, liquid or solid and is ionized and 

then separated with a magnetic or electric field. The different ions are then measured and 

displayed in a mass spectrum.  

When different samples are being ionized they do not only form ions, they often fall apart into 

smaller more energetically stable particles. This is called fragmentation. The fragmentation 

for every compound is unique and therefore the mass spectra show a unique pattern for 

every compound. Just like a fingerprint. This makes it suitable for qualitative analysis.  

Quantitative analysis can also be performed. This is called selective ion monitoring (SIM) 

where one or few special fragment are analyzed.15 This technique lowers the detection limit 

by a factor 102-103 which makes it much more sensitive than the qualitative analysis16. 

1.8.2. Fourier Transform Infrared Analysis (FT-IR) 

Fourier Transform Infrared Spectroscopy 

In infrared spectroscopy (IR) molecules’ vibration and rotation energies are being analyzed. 

An IR spectrum appears when the molecules absorb IR-light and rotation and vibration 

transitions cause a change in their dipole moment. An IR analysis only measures one 

spectrum at a time and it takes several minutes. With a Fourier Transform Infrared 

instrument a spectrum only takes seconds to measure and several spectra can be added to 

reduce the noise. The instrument uses an interferometer with a moving mirror to change the 

intensity as a function of the movement of the mirror to the intensity as a function of the wave 

length. This gives a complete spectrum every time the mirror has moved. FT-IR analysis 

gives compared to IR analysis a better signal to noise (S/N) and the measurement can be 

prepared with higher radiation intensity.17 

Sample preparation 

The samples can be analyzed as vapor phase, liquids or in their solid state. The vapor is 

analyzed in a special cell often around 10 cm long. The cell is then placed directly in the FT-

IR instrument and analyzed. For a liquid the easiest preparation is to introduce the liquid to a 

cell (0.025 - 1 mm thick) made of two crystal plates (e.g. KBr, NaCl or ZnSe).The cell is then 

placed in the sample holder and analyzed in the FT-IR. If the liquid has a low viscosity it can 

also be put directly on a crystal and analyzed in the FT-IR. To analyze a solid sample less 

than 1 g is finely ground and then pressed between flat plates or by a disk using a special 

mold and hydraulic press. The sample can also directly be put in a special sample holder 

called a Golden Gate and analyzed in the FT-IR.18  

To extract the substances that are to be analyzed different liquid extraction technique can be 

used. 
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Liquid-liquid extraction (Soxhlet extraction) 

In liquid-liquid extraction compounds in a sample are extracted by an extraction liquid which 

has a lower boiling point than the extracted compounds. The extraction is a continuous 

extraction technique and is best suited for involatile compounds. However, the limit of the 

volatility for a compound to be extracted is set by the extraction liquid (i.e. the lower the 

boiling point it has the more volatile compounds can be extracted). Figure 4 shows the 

glassware of a soxhlet extraction. The extraction solvent is put in the round flask (receiver 

flask) at the bottom of the extraction equipment. The solvent boils from the flask and 

condenses in the cooler. It then dribbles down in the soxhlet extractor and washes through 

the sample (which is put in a siphon cup) and extracts the analyte. When liquid level of the 

extraction solvent is high enough it pushes through the return tube and returns to the 

receiver flask. The analyte follows the extraction liquid down in the receiver flask but will not 

evaporate up to the soxhlet extractor due to its higher boiling point. Instead the analyte will 

be collected in the flask and can easily be taken out and analyzed.19 

 

Figure 4. Soxhlet extraction apparatus
20

 

 

Supercritical fluid extraction (SFE) with carbon dioxide 

The extraction with supercritical fluid has been used for a long time in a lot of different areas 

for its excellent elution and diffusion properties. A supercritical fluid is any fluid above its 

critical temperature and critical pressure. At this state it is neither a liquid nor as gas. It is 

rather an intermediate between the two phases obtaining the best properties from each 

phase (i.e. good diffusion like a gas and good solubility like a liquid)9. Supercritical carbon 

dioxide (scCO2) is mostly used in SFE because of it is low cost, readily availability, safety 

and inert properties.21 It is a very good extraction solvent for aliphatic hydrocarbons up to at 

least 20 carbons but does not dissolve polar compounds such as ureas, amides, phenols 

1. 

2. 

1. Receiver flask 

2. Siphon cup 

3. Soxhlet extractor 

 

 

3. 
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and urethanes.22 To enhance the solubility of scCO2 in polar compounds the CO2 can be 

mixed with a polar solvent like methanol. The scCO2 then acts as a carrier gas for the other 

solvent which is able to extract the polar compounds in the same way as the scCO2 does.  

A typical way that the extraction can be carried out is with pressurized CO2 which is pumped 

though a heated extraction vessel. The CO2 can either be left in contact with the sample for 

some time (static flow) or pumped though continuously (dynamic flow). From the extraction 

vessel the analyte and the scCO2 flows though a heated capillary tube and exit in a collection 

tube. The analyte is collected in the tube while the CO2 evaporates to the atmosphere.19 An 

example of a SFE apparatus can be seen in Figure 5. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. SEF apparatus
23

 

 

 

2. Experimental 

2.1. Procedure 

The experimental section was divided into two parts.  Firstly, the analysis instruments were 

tested separately on EPDM gaskets swelled in four known solvents with different volatility 

and polarity (presented in Table 1). Secondly, a combination analysis method, where the 

samples were first analyzed with GC-MS and then FT-IR, was tested. The method was first 

performed on EPDM gaskets swelled in mixtures of the known swelling solvents and then on 

EPDM gaskets swelled by unknown substances. The composition of the mixtures is 

presented in Table 2. 

Pump  Optional 

solvent 
Pump  

Liquid 

CO2 

Collection 

tube 

Extraction vessel 

Oven  

Capillary 

restrictor 
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Table 1. Solvents which were chosen to swell EPDM gaskets 

Solvent Boiling point
*
 

Hexane 69°C 

50% Acetic acid 118°C 

1-Octanol 196°C 

Pentadecane 270°C 

 

Table 2. Mixtures which were prepared to swell EPDM gaskets 

Mixture Composition Amount 

1. Hexane, Acetic acid and 1-Octanol 1:1:1 

2. Acetic acid and pentadecane 1:1 

3. Hexane, acetic acid, 1-octanol and pentadecane 1:1:1:1 

 

The volatility of the swelling solvents determined which analysis method that was used on 

the swelled EPDM samples. Hexane cannot be detected by liquid-liquid extraction and FT-IR 

since it will evaporate before it can be detected. Pentadecane cannot be analyzed by GC-MS 

since it was assumed to have a too high boiling temperature and will require a too high 

temperature for the GC-MS to be gaseous. Therefore the gasket swelled in hexane was only 

analyzed with GC-MS and the gasket swelled in pentadecane was only analyzed with FT-IR. 

The samples swelled in acetic acid and 1-octanol were analyzed with both GC-MS and FT-IR 

separately. All mixtures were analyzed with both GC-MS and FT-IR except for mixture 1. The 

solvents in mixture 1 could all be analyzed with GC-MS and therefore the FT-IR analysis was 

not needed. 

Reference samples of virgin EPDM were analyzed in the same way as the samples swelled 

in the known swelling solvents and the mixtures. The curing agent in EPDM I was also 

analyzed but only with FT-IR. 

2.2. Material 

EPDM rubber I was used for the swelling test with the known swelling solvents and the 

known mixtures. The solvents were provided by Alfa Laval and ordered from Sigma Aldrich 

and VWR with a purity of circa 99%.  EPDM gaskets swelled by unknown swelling agents 

were delivered from failure investigations performed by Alfa Laval. They are named Gasket A 

and Gasket B in this report. Gasket A consists of EPDM II and Gasket B consists of EPDM 

III. 

2.3. Sample preparation 

Samples of EPDM rubber gaskets, swelled in known solvents were prepared according to 

swelling tests at Alfa Laval. Each sample was 3 mm thick and cut to a circle with a 30 mm 

diameter. The gaskets, which were swelled in unknown substances (Gasket A and B) were 

delivered from two different actual failure investigations. Gasket A was 4.77 mm in height 

and 8.7 in width. Gasket B was 4.89 mm in height and 8.16 in width.  

                                                           
*
 Sigma-Aldrich, www.sigmaaldrich.com  
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2.3.1. Swelling test 

Three test pieces of EPDM I were prepared and subjected to four different solvents (50% 

acetic acid, hexane, 1-octanol and pentadecane). Test pieces were also prepared and 

submerged in the three different mixtures.  

Prior to putting the pieces in the solvents or mixtures  they were weighed in air and water 

with a density scale (Mettler AE 200).The test pieces were fitted in sample holders to ensure 

that the they were completely immersed and all surfaces were exposed to the solvent. The 

sample holders with the test pieces were then put into four 150 ml beakers which were filled 

with approximately 120ml of the solvents.   

The beakers were then placed in heating cabinets with different temperatures depending on 

the boiling point of the solvents. They were then allowed to swell for 7 days. The samples 

which were put in the mixtures swelled for 14 days in room temperature. After the duration 

time had been reached the samples were taken out from the solutions and weighed ones 

again. The samples that had been subjected to hexane, 1-octanol and pentadecane were not 

possible to weigh in water and the weight was therefore determined in ethanol. The 

percentage change in volume was then calculated using equation 1 according to ISO 

1817:2005.  

 

       
            

            
        

 

m0= the initial mass of the test piece 

mi= the mass of the test piece after immersion 

m0,w= the initial mass of the test piece (plus sinker if used) in water 

mi,w= the mass of the test piece (plus sinker if used) after immersion in water 

ms,w= the mass of the sinker (if used) in water 

 

2.3.2. Preparation of curing agent tablet 

Less than 1 g of the curing agent was finely ground with a powder of KBr. The mixture was 

pressed to a tablet between two flat plates in a special mold for 15 minutes under a pressure 

of approximately 15 tons. The tablet was then placed in a sample holder and analyzed with 

FT-IR. 

 

2.4. Soxhlet extraction with 2-propanol and tetrahydrofuran 

Prior to the extraction a 250 ml round flask with a flat bottom and glass pearls were heated in 

a heating cabinet for 1 hour at 105°C, cooled in desiccators for 30 minutes and weighed. 

Approximately 2 g of EPDM rubber swelled in 1-octanol, acetic acid and pentadecane were 

cut into small pieces and put in a siphon cup and sealed with a cotton ball. The sample 

holder was then put in the extraction apparatus and the round flask was half-filled with the 

extraction solvent. 

 

(1.) 
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Two different extractions solvents were used, 2-propanol (IPA) with a boiling 

point of 89°C and Tetrahydrofuran (THF) with a boiling point of 69°C. IPA is a 

standard extraction solvent for extraction of rubber gaskets at Alfa Laval and is 

therefore chosen. THF was chosen because it has a solubility parameter close 

to EPDM and has also been used in other research as extraction solvent for 

EPDM. The round flask was fitted to the extraction apparatus and heated so 

that the quantity of the extraction solvent filled the extraction cup 10-20 times 

per hour. The extraction was kept for circa 16 hours. 

After the duration time had been reached the siphon cup was taken out from 

the extraction apparatus and dried for 2 hours in a heating cabinet at 105°C. It 

then cooled for 30 minutes in a desiccator and was finally weighed. The 

receiver flask was kept on the heater and the extraction solvent was distilled of 

into a suitable flask. The round flask was then dried in heating cabinet for 2 

hours to distill off the last remains of the solvent. The temperature was set to 

the boiling point off the extraction solvent. After the heating, the extract was 

cooled in desiccators for 30 minutes and weighed. Figure 6 shows the soxhlet 

extraction apparatus which was used in the analysis. 

 

2.5. Extraction with super critical carbon dioxide (scCO2)  

1 g of EPDM rubber swelled in 50 % acetic acid, 1-octanol and pentadecane were cut into 

small pieces, put in an extraction vessel (Figure 7), which was connected to the extraction 

apparatus, and placed in a heating cabinet at 60°C. Carbon dioxide was compressed to 350 

bar and transported to the extraction vessel. At this pressure and temperature the carbon 

dioxide is above its super critical point and achieves excellent extraction properties. The 

sample was exerted to the carbon dioxide for 5 minutes and thereafter exerted to a dynamic 

flow of the carbon dioxide for another 5 minutes. The extracted compounds were transported 

from the extraction vessel out of the heating cabinet via a heated capillary tube into a 

collection tube. Gasket A and a reference sample were also analyzed in the same way as the 

gaskets swelled in known solvents. The SEF apparatus can be seen in Figure 8 and Figure 

9. 

 

 

 

Figure 7. Extraction vessel 

Figure 6. 
Soxhlet 
extraction 

glassware 
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Figure 8. SFE apparatus (in front: CO2 tubes and pump, behind: heating cabinet) 

 

Figure 9. SFE apparatus (heating cabinet with extraction vessel and collection tube) 

 

2.6. FT-IR 

The extract was put on a 2 mm thick ZnSe crystal and analyzed with a Perkin Elmer 2000 

FT-IR. The sample was detected in the scan range of 500-6000cm-1. The FT-IR apparatus is 

presented in Figure 10. 

 

Figure 10. FT-IR apparatus 
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Heating cabinet 
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2.7. GC-MS 

Approximately 3 * 0.5 g of EPDM swelled in hexane, 1-octanol and 50%acetic acid were cut 

into small pieces and put in 20 ml headspace vials. The vials were sealed with 20 mm 

magnetic crimp cups with 8 mm hole and 3mm thick septum. The samples were then put in 

an auto sampler (Gerstel multipurpose sampler) coupled to a Finnigan MAT GCQ GC-MS 

with a WCOT CP-SIL 8 CB low bleed/MS column (0.25 mm * 0.25 µm *30 m) from Varian. 

The samples were incubated for 60 minutes at a temperature of 140°C. The temperature of 

the GC had an initial temperature of 40°C which was held for 4 minutes. It was then 

increased with 4°C/minute to a final temperature of 250°C. The total analysis time was 56.5 

minutes. The GC-MS apparatus can be seen in Figure 11. 

 

Figure 11. GC-MS and autosampler apparatus 

2.8. Combination method of headspace GC-MS and soxhlet extraction with 

FT-IR 

Approximately 0.5 g of EPDM swelled in mixture 1 and 2 g of EPDM swelled in mixture 2 and 

3 were cut into small pieces and put in headspace vials. In order to analyze all swelling 

solvents in the sample the analysis method had to be adjusted to the volatility of the solvents. 

Mixture 1 contains swelling solvents which all have a boiling point below 200°C and therefore 

only needs to be analyzed with GC-MS. Mixture 2 and mixture 3 contained pentadecane 

which has a boiling point above 200°C and must be analyzed both with GC-MS and FT-IR. 

When the soxhlet extraction was used larger amounts of the samples were required and 

therefore 2 g of mixture 2 and 3 are used instead of 0.5 g.  

The samples which were swelled in mixture 2 and mixture 3 were analyzed with GC-MS 

according to section 2.7. After the analysis the samples were weighed and put in sealed 

vials. The samples were then put in siphon cups and extracted with both THF and IPA in 

soxhlet extraction. The extracts were analyzed with FT-IR according to section 2.6. The 

samples from Gasket A and B were prepared and analyzed in the same way as the samples 

from mixture 2 and 3. 

2.9. Analysis of rubber swelling cause of EPDM by an external company 

Gasket A and Gasket B were extracted with THF in soxhlet extraction and the analytes were 

sent to an external analysis company. They were asked to perform a VOC-screening of the 

analytes and search for non-polar compounds which could have caused the gasket to swell. 

Autosampler 

GC-MS 
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3. Results and discussion  

3.1. Soxhlet extraction and FT-IR 

Acetic acid, 1-octanol and pentadecane were soxhlet extracted and analyzed with FT-IR. It 

was desired to extract all of the solvents from the EPDM gasket samples and to achieve this; 

two different extraction fluids were used (THF and IPA). 

All of the acetic acid, 1-octanol and pentadecane were successfully extracted with both IPA 

and THF. This was confirmed by the weight loss of the samples after liquid extraction and by 

analysis with FT-IR (figures 1 to 6 in Appendix 2). The acetic acid was very difficult to 

analyze with FT-IR both when the acetic acid had been extracted with THF and with IPA. It 

either evaporated together with the extraction solvent or evaporated directly on the ZnSe 

crystal in the instrument. The best results were achieved when THF was used because the 

boiling temperature difference was larger and hence they were easier to separate. A cell 

could be used to prevent the acetic acid from evaporating from the ZnSe crystal in the 

analysis. Unfortunately such cell was not available during this analysis. 

It can be seen in Table 3 that more than 100 wt% was extracted from some of the samples. 

This implies that the extraction liquids not only extracted the swelling solvents but also some 

of the additives from the EPDM rubber. When the sample swelled in acetic acid was 

extracted with THF 113 wt% was obtained from the sample while only 89 wt% was obtained 

when it was extracted with IPA. This large difference was strange since there was little 

difference between pentadecane and 1-octanol when they were extracted with THF and IPA. 

An explanation could be that the samples were not dried enough after the soxhlet extraction 

and there was still IPA left.  The fact that THF extracts more of the swelling solvents than IPA 

could be explained by the difference in solubility parameters between THF and EPDM and 

IPA and EPDM. Two fluids dissolve better the more similar solubility parameters they have.  

The difference between the solubility parameter of THF and the EPDM rubber is smaller than 

the difference between IPA and EPDM rubber and therefore THF more efficiently extract 

swelling agents from the rubber.  

 

Table 3. Comparison of THF and IPA as extraction fluids in soxhlet extraction 

Swelling agents 
Extracted with IPA 

[weight%] 
Extracted with THF 

 [weight%] 

Pentadecane 95±1 97±0 

1-Octanol 107±0.1 107±0 

Acetic acid 89±1 113±1 

 

The results from the FT-IR spectra from the samples extracted with THF were compared with 

the results from the FT-IR spectra from samples extracted with IPA. The spectra were very 

similar but in the spectra where pentadecane and 1-octanol have been extracted a few small 

peaks at 3652, 1794, and 1738 cm-1 for pentadecane and at 1768 cm-1 for 1-octanol differed. 

The comparison can be seen in Figure 12 and in Figure 13.  
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Figure 12. Comparison between the spectra of pentadecane extracted with THF (blue graph), with IPA 
(pink graph) and with the reference of pentadecane (green graph) 

 

 

Figure 13. Comparison between the spectra of 1-octanol extracted with THF (blue graph), with IPA (pink 
graph) and with the reference of 1-octanol (green graph). 

 

It could be seen that the marked peaks in Figure 12 and Figure 13 do not come from the 

pentadecane or the 1-octanol.  To investigate if the peaks could come from the EPDM rubber 

a reference sample of EPDM I was extracted with both IPA and THF and analyzed with FT-

IR. The THF extracts (just as for the swelling solvents) more from the EPDM rubber than IPA. 

1.3 wt% of the EPDM I was extracted with THF and 0.9 wt% was extracted with IPA. The 

spectrum of the curing agent in EPDM I was also analyzed to investigate if any of the 

deviation could have been caused by non-reacted curing agents. When the spectra of the 

samples were compared to the spectra of the reference and curing agent some of the peaks 

matched with the virgin EPDM. The comparison can be seen in Figure 14 and Figure 15.  

Date: 2010-12-06 Time: 15:15:32 

  2pentadekan extr med THF2.sp - 2010-11-19 - pentadekan extr med THF2prov 2 ZnSe kristall enkel 101118 

  4pentadekan extr med IPA2.sp - 2010-11-19 - pentadekan extr med IPA2prov 4 ZnSe kristall enkel 101118 

  pentadekan.sp - 2010-09-22 - pentadekan på 0.025mm cell 

4500.0 4000 3000 2000 1500 1000 500.0

Wavenumber,  cm-1

%T 

3652 17951738

Date: 2010-12-06 Time: 15:15:32 

  2oktanol extr med THF prov 2.sp - 2010-11-23 - 2oktanol extr med THF prov 2 på  2mm ZnSe kristal 

  4oktanol extr med IPA prov 2.sp - 2010-11-23 - 4oktanol extr med IPA prov 2 på  2mm ZnSe kristal 

  oktanol .sp - 2010-10-27 - ref oktanol på ZnSe fönster 

4500.0 4000 3000 2000 1500 1000 500.0

Wavenumber,  cm-1
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Figure 14. Comparison between pentadecane extracted with THF (blue graph), the reference of EPDM I 
(pink graph) and the curing agent (green graph).  

 

 

Figure 15. Comparison between 1-octanol extracted with THF (blue graph), the reference of EPDM I (pink 
graph) and the curing agent (green graph).  

The spectra in Figure 14 and Figure 15 show that the marked peaks could have been caused 

by substances in the EPDM rubber but not by the curing agent. Still the spectrum of EPDM I 

has not been adjusted to the extracted amount which is much smaller than the extracted 

amounts from the samples. In order to adjust the spectrum so that the amount is taken into 

consideration the spectra must be changed from transmittance to absorbance. The spectral 

calculation is presented in Appendix 1. In Figure 16 and Figure 17 the result from the spectral 

calculation of spectra can be seen. The peaks in the reference sample became very small 

and could not be the only reason for the marked peaks to appear. Since the sample only 

consist of the solvent (which was used to swell EPDM) and the EPDM I rubber it is very 

difficult to explain where the peaks come from. One reason could be that some substances 

are more efficiently extracted from a rubber which is swelled, compared to a non-swelled 

rubber.   

Date: 2010-12-15 Time: 16:10:54 

  2pentadekan extr med THF2.sp - 2010-11-19 - pentadekan extr med THF2prov 2 ZnSe kristall enkel 101118 

  1_EPDM E242 extr med THF prov 1_2 rak linje.sp - 2010-11-30 - 1_EPDM E242 extr med THF prov 1_2 på 2mm ZnSe 

  Harts gislaved.sp - 2010-12-10 - Harts gislaved på KBr tablett 

4000.0 3000 2000 1500 1000 500.0

Wavenumber,  cm-1

%T 

3649 17101740

3649
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Date: 2010-12-17 Time: 14:39:12 

  2oktanol extr med THF prov 2.sp - 2010-11-23 - 2oktanol extr med THF prov 2 på  2mm ZnSe kristal 

  1_EPDM E242 extr med THF prov 1_2 rak linje.sp - 2010-11-30 - 1_EPDM E242 extr med THF prov 1_2 på 2mm ZnSe 

  Harts gislaved.sp - 2010-12-10 - Harts gislaved på KBr tablett 
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Wavenumber,  cm-1
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Figure 16. Comparison between the spectra after the amount had been considered. The blue graph 
represents pentadecane extracted with THF, the pink graph represents the reference of EPDM I.  

 

 

 

Figure 17. Comparison between the spectra after the amount had been considered. The blue graph 
represents 1-octanol extracted with THF, the green graph represents the reference of EPDM I.  

 

The spectra of acetic acid extracted with THF and IPA were compared and they differed 

much more than the spectra of 1-octanol and pentadecane. The main reason for this was 

that there still was IPA left in the analyte which caused a lot of the deviation. The spectra are 

shown in Figure 18. The peaks circled in red come from the acetic acid and the peaks circled 

blue comes from the IPA. Attempt to remove the IPA to get a better spectrum was performed 

but the acetic acid evaporated when the sample was dried longer.  
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Figure 18. Comparison between the spectra of acetic acid extracted with THF (blue graph) and with IPA 
(pink graph). The green graph is the reference for acetic acid and the brown graph is the reference for 
IPA. 

 

3.2. Extraction with supercritical carbon dioxide (scCO2) and FT-IR 

EPDM gaskets swelled in pentadecane, acetic acid and 1-octanol were extracted with 

supercritical carbon dioxide and the analyte was then analyzed with FT-IR. The supercritical 

fluid extraction was also tested on Gasket A and virgin EPDM II. The analyte from Gasket A 

was analyzed with FT-IR 

SFE with CO2 was tested as an alternative extraction method to soxhlet extraction and it was 

desired to extract all of the solvents from the EPDM gasket. The SFE was performed at Lund 

Technical University and the FT-IR analysis was performed at Alfa Laval in Tumba. 

The scCO2 extracted pentadecane, 1- octanol and acetic acid from the EPDM gaskets. The 

samples which were swelled in hexane were not analyzed since it is too volatile to be 

collected in a test tube. The extraction of acetic acid was not possible to analyze with FT-IR 

because the solvent evaporated together with the CO2 as soon as it left the heated capillary 

tube. However, the smell of acetic acid and the weight loss of the sample after the liquid 

extraction confirmed that the solvent had been extracted. The results from the extraction with 

scCO2 are presented in Table 4. The results from the FT-IR analysis are presented in Figure 

7 and Figure 8 in Appendix 2. 

 

Table 4. Results from extraction with scCO2  

Swelling agent 
Extracted with scCO2 
[wt% swelling agent] 

Pentadecane 65 

1-Octanol 45 

50% Acetic acid 12 
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The results in Table 4 show that the scCO2 has not extracted all of the swelling solvents from 

the samples. The extraction of pentadecane was most efficient and the extraction of acetic 

acid was less efficient. This confirms that the scCO2 extract non-polar swelling media better 

than polar swelling media. The reason for this is that CO2 is a non-polar compound and 

therefore dissolves better in non-polar compounds. To extract all of the swelling solvent in 

the sample it probably has to be subjected longer to the scCO2 or the extraction should be 

repeated at least two times. 

The results from the extraction of Gasket A and virgin EPDM II is presented in Table 5. 

Table 5. Results from extraction of Gasket A 

Sample 
Extracted with scCO2 

[wt% from sample] 

Gasket A 4 

EPDM II -1 

  

The results show that the scCO2 was not able to extract anything from the reference sample 

but 4 wt% of a liquid was extracted from Gasket A. The results from the FT-IR analysis was 

analyzed with an FT-IR search program and it suggested that the extract was some kind of 

paraffin oil. The marked peaks are very typical for large aliphatic hydrocarbon chain 

compounds. The comparison of the extract from Gasket A and the paraffin oil (from the 

search program) can be seen in Figure 19. In the figure a spectrum of pentadecane is also 

added to compare the peaks. It shows that the spectra are very similar and only a few small 

peaks differ. The analyte is probably a mixture of different long hydro carbons. The small 

peaks at 1738 and 1607 cm-1 indicates that some of the hydrocarbons could be chains up to 

44 carbons long. This was assumed after studying FT-IR spectra of long aliphatic 

hydrocarbon chains from a spectral database of organic compounds from the National 

Institute of Advanced Industrial Science and Technology (AIST)24. 

 

Figure 19. FT-IR analysis of the extract from Gasket A (blue graph) compared with search result from FT-
IR search database (a paraffin oil) (green graph) and the reference of pentadecane (pink graph) 
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3.3. Headspace GC-MS 

1-octanol and acetic acid were extracted with headspace and detected in GC-MS. This was 

confirmed by comparison with the mass spectra from the references of the swelling solvents. 

The peaks of the samples matched the peaks of the references very well which proved that 

the swelling agents had been successfully extracted. The spectra can be seen in Figure 20 

to Figure 23. Hexane was not detected because it was too volatile for the column in the GC. 

It was transported through the GC column much faster than acetic acid and a peak 

representing hexane should appear after only a few seconds in the retention spectrum. 

However, the mass spectrometer starts detecting after 4 min in order to protect the system 

from water and oxygen and therefore hexane was never detected.  

 

 

 

Figure 20. Mass spectrum of acetic acid extracted from EPDM I 

 

 

 

 

Figure 21. Mass spectrum of the reference for acetic acid 
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Figure 22. Mass spectrum of 1-octanol extracted from EPDM I 

 

Figure 23. Mass spectrum of the reference for 1-octanol 

 

3.4. Combination method of headspace GC-MS and soxhlet extraction with 

FT-IR 

3.4.1. Known mixtures  
 

Table 6. Composition of Mixtures which were prepared to swell EPDM gaskets 

Mixture Composition Amount 

1. Hexane, Acetic acid and 1-Octanol 1:1:1 

2. Acetic acid and pentadecane 1:1 

3. Hexane, acetic acid, 1-octanol and pentadecane 1:1:1:1 

 

3.4.1.1. Step 1 headspace GC-MS 

The samples that swelled in mixture 1 were separated by the GC-MS but only 1-octanol and 

acetic acid were detected. Hexane was (as in the analysis of the single swelling solvents) not 

detected since it is too volatile for the GC column. In Figure 24 the retention spectrum of 

mixture 1 can be seen. The peak circled in blue represents the acetic acid and the wide peak 

circled in green represents the 1-octanol.  
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Figure 24. Retention spectrum of mixture 1 

The peak circled in red represents a compound which was not added to the mixture. The 
mass spectrum was analyzed with the search database program and it suggested that the 
compound was an acetate. Since there was one alcohol and one acid present in the mixture 
it was believed that these compounds had reacted with each other and formed octyl acetate. 
To confirm the hypothesis a reference sample of octyl acetate was analyzed in the same way 
as the mixtures. The mass spectrum of the peak circled in red (Figure 25) comports with the 
mass spectrum of the octyl acetate (Figure 26) and the hypothesis was proven to be correct. 
The peak circled in red at 22.54 min represents octyl acetate.  

 Figure 25. Mass spectrum of the peak at 22.54 min in the retention spectrum of mixture 1 
 

 

Figure 26. Mass spectrum of the reference sample of octyl acetate 
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Mixture 2 was successfully separated by the GC-MS and both the acetic acid and the 
pentadecane were detected. It was expected that only the acetic acid should be detected but 
enough of the pentadecane evaporated at 140°C and was detected as well. The retention 
spectrum of Mixture 2 can be seen in Figure 27. The peak circled in blue represents acetic 
acid and the peak circled in purple represents pentadecane. The mass spectra of the circled 
peaks were confirmed to be the swelling media through by comparison with mass spectra of 
the references of the swelling media. The mass spectrum of the peaks can be seen in 
Appendix 2. It can also be seen that the peak circled in red in the retention spectrum for 
Mixture 1 is missing. This confirms that the peak probably comes from the reaction between 
acetic acid and 1-octanol and since the 1-octanol is not added to Mixture 2 no reaction will 
occur.  

 

 

  

 

 

 

 

 

 

 

 

 

 

 Figure 27. Retention spectrum of mixture 2 

 

All solvents in mixture 3 were also separated by the GC-MS and analyzed, except for 

hexane. Pentadecane was detected in the same way as in mixture 2. The retention spectrum 

is shown in Figure 28. The blue circle represents the acetic acid; the wide peak circled in 

green represents 1-octanol and the peak circled in purple represents pentadecane. All 

swelling media were confirmed by their references. The mass spectra of the circled peaks 

are presented in Appendix 2. The peak circled in red is the same compound as in Mixture 1. 

This shows that a reaction between the acetic acid and 1-octanol also occured in this 

mixture. 
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Figure 28. Retention spectrum of mixture 3 

The amount extracted from the samples when headspace is used is very small. The total 

amount extracted from the samples is presented in Table 7. The content extracted from the 

samples were the same for all mixtures but the percental amount extracted of mixture 1 was 

much higher because the sample amount was less than the sample amount for mixture 2 

and 3. 

Table 7. Extracted amount of the mixtures from the GC-MS analysis 

Sample Extracted from sample with GC-MS [%] 

Mixture 1 14 

Mixture 2 2 

Mixture 3 3 

 

3.4.1.2. Step 2 Soxhlet extraction FT-IR 

The results of the soxhlet extraction with IPA and THF are presented in Table 8. Mixture 1 

was not analyzed with FT-IR since all the swelling solvents in the mixture were identified with 

GC-MS. 

Table 8. Amount extracted from the samples after soxhlet extraction with IPA and THF 

Sample Extracted with IPA [%] Extracted with THF [%] 

Mixture 2 92 97 

Mixture 3 84 89 

 

It can be seen in Table 8 that not all of the mixtures have been extracted from the sample 

and that THF was more efficient than IPA as extraction fluid.  
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When the extracted amount from mixture 2 was analyzed with FT-IR it was expected to show 

a spectrum where both peaks from bonds in the pentadecane and the acetic acid were 

present. However, the spectra from both extraction with THF and IPA showed only the peaks 

of pentadecane. The absence of the acetic acid implies as previous FT-IR analysis of acetic 

acid that it either evaporated from the mixture together with the extraction solvent or directly 

from the crystal. The results from the FT-IR can be seen in Figure 29 and Figure 30. 

 

Figure 29. Comparison between the spectrum from Mixture 2 extracted with IPA (blue graph), reference 
spectrum of pentadecane (pink graph) and reference spectrum of acetic acid (green graph). 

 

Figure 30. Comparison between the spectrum from Mixture 2 extracted with THF (blue graph), reference 
spectrum of pentadecane (pink graph) and reference spectrum of acetic acid (green graph). 

The results from the FT-IR of Mixture 3 extracted with IPA and THF is presented in Figure 31 

and Figure 32. It can be seen in Figure 31 that the spectrum from Mixture 3 extracted with 

IPA had peaks from both 1-octanol and pentadecane. However, there were no visible peaks 

from the acetic acid or hexane. They both evaporated when the extraction solvent was 

separated from the analyte. When Mixture 3 was extracted with THF, peaks from all of the 
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solvents were present except for hexane which was too volatile to be separated from the 

THF. Several of the peaks from pentadecane and 1-octanol were easy to determine since 

they were very strong. The peaks that represented the acetic acid were on the other hand 

not easily identified. The amount of acetic acid compared to the other swelling medium in the 

mixture was small hence a lot of the peaks were hidden under the peaks from pentadecane 

and 1-octanol. At wavelengths where no peak from the other swelling solvents were present 

(e.g. 1717 cm-1) the peaks from acetic acid was easily determined. The presence of the 

formed octyl acetate was not possible to see in any of the spectra. However, the peak circled 

in red in Figure 31 and Figure 32 could represent a C=O (carbonyl) bond from the octyl 

acetate.  

 

Figure 31. Comparison between the spectrum from Mixture 3 extracted with IPA, reference spectrum of 
pentadecane, 1-octanol and reference spectrum of acetic acid. 

 

Figure 32. Comparison between the spectrum from Mixture 3 extracted with THF, reference spectrum of 
pentadecane, 1-octanol and reference spectrum of acetic acid. 

From the results of the mixtures it can be seen that GC-MS separate and analyze the content 

of mixtures.  On the other hand it was much more difficult to analyze mixtures with FT-IR 
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where the peaks from each solvent overlapped each other. This made the spectrum very 
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difficult to analyze.  It was only possible to determine the composition of the mixture due to 

the fact that the swelling solvents were known.  

The combination analysis method used for mixture 2 and 3 worked well to determine all 

compounds (except for hexane) even though the FT-IR analysis was not really needed since 

the GC-MS identified all swelling solvents including pentadecane. The FT-IR also did not 

complement the analysis method as it was expected to. It was much more difficult to 

determine the composition of the mixtures (due to the overlapping of the peaks) than 

expected and therefore it was much more difficult to detect involatile compounds in mixtures 

since they could not be detected by GC-MS. 

The fact that pentadecane was detected with GC-MS even though it has a boiling point much 

higher than the incubation temperature showed that the GC-MS is much more sensitive than 

expected. It might be possible to detect even more involatile compounds.  

To be able to use the combination analysis method for hexane or other compounds with the 

same or higher volatility a longer column with a thicker stationary phase film must be used in 

the GC. It can also an advantage to use a more non-polar column. The column used in this 

analysis contains 5% phenyl groups which makes it slightly polar.  A column where no phenyl 

groups are present is much better (e.g. the RTx-1column (0.32 mm* 1µm* 60m)). It should 

be mentioned though that the CP-SIL C8 column that was used in this analysis is preferred if 

the compounds that are to be analyzed are unknown. 25  The column detects a large variety 

of compounds and is especially good for detection of aromatic compounds. It is also said to 

be the best of choice when developing an analysis method.26  

3.4.2. Unknown samples 

3.4.2.1. Step 1 headspace GC-MS 

The retention spectrum for Gasket A is shown in Figure 33. In order to determine which of 

the peaks that corresponds to the substances that caused the gasket to swell; the retention 

spectrum of Gasket A was compared to a retention spectrum of virgin EPDM II (i.e. a gasket 

of the same rubber material as Gasket A). The circled peaks are the ones that differed. The 

peaks circled in blue are according to the search program long aliphatic hydrocarbon 

compounds. Every peak is separated with the same distance from each other which implies 

that the length of the hydrocarbon increases with one or two carbon atom for each peak. The 

peaks circled in red are according to the search program different amine compounds. Gasket 

A was used in a process where a lot of amine compounds are present and it is possible that 

some of these compounds could be found in the EPDM gasket. It is however strange to find 

these compounds in the EPDM rubber. Normally amines are polar and would not cause the 

EPDM rubber to swell but if the amine compound is substituted with long hydrocarbon chains 

it becomes more non-polar and could easily migrate in to rubber gaskets.  
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Figure 33. Retention spectrum of Gasket A 

 

Table 9 shows the result from the search database. The probability that the suggested 

compounds are correct can also be seen in the table. The suggestions do not have a very 

high probability and an explanation for this could be that the search data base does not 

include exact matches or that the GC-MS used in this analysis does not detect mass 

fractions below 35 m/z. This will make the search less precise especially for smaller 

compounds (e.g. ethanol). They often have most of their fractions below 35 m/z and when 

these are missing the search will not find as exact matches as if all fractions were present.  

The search result is also affected by the amount of the different compounds. The long 

hydrocarbon molecules have high boiling points and the amount that leaves the sample is 

very small. This will affect the amount of fractionized ions of the compound and in turn result 

in smaller peaks in the mass spectrum. The smaller peaks will deviate from the peaks in the 

database and the results of probability in the search program will be very low. With a larger 

search database and the ability to detect fraction below 35 m/z the probability result of the 

search database would be much higher. Hence the determination of what compounds that 

caused the gasket to swell would be much more exact and much more certain. 
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Table 9. Suggested compounds corresponding to the red and blue circled peaks in the retention 
spectrum of Gasket A 

Peak [min] Suggested compound Probability 

4.06 3-methyl-Oxazolidine,  22 

4.41 N,N Dimethylethylenediamine 32 

4.83 DL Alanine 17 

4.96 (R)-(-)-2-Amino-1-propanol 19 

8.21 1-methylpiperazine 15 

8.30 
2-methylpiperazine  31 

Piperazine 11 

17.51 Urea 53 

17.73-18.06 Methyldiethanolamine (MDEA) 58 

22.67 N,N,N’,N’-tetraethylethylenediamine 12 

34.39 Heptadecane 2 

37.25 Nonadecane 4 

39.96 Eicosane 3 

42.52 Heneicosane 4 

44.97 Dodocosane 2 

47.33 Tricosane 4 

49.57 Pentacosane 4 

51.73 Heptacosane 7 

53.79 Octacosane 5 

55.78 Nonacosane 5 

The retention spectrum for Gasket B is shown in Figure 34. The peaks circled in red 

represents the compounds that differed from the peaks in the reference sample of virgin 

EPDM III. The results from the search in the database program of these peaks listed in Table 

10. It can be seen in the table that the probability of most suggested compounds are low and 

some of the peaks are also suggested to be the same compounds which is not possible.  

It is clear that this search database is not good enough (since the probability is very low) to 

determine the exact composition of the swelling medium. To achieve a better result reference 

samples of the suggested compounds have to be analyzed and compared to the mass 

spectra of the peaks in the sample. However, the database does suggest what kind of 

compounds that migrated into the gasket. The circled peaks from 5.31 to 29.90 indicate that 

different kind of aliphatic hydrocarbons caused the gasket to swell. The peaks which yield 

matches with the highest probability are the two last peaks at 38.77 min and 51.50 min. 

These are suggested to be amines compounds with long aliphatic hydrocarbons chains. As 

mentioned for Gasket A amines would normally not migrate into EPDM rubber since they are 

polar. But when long hydrocarbon chains are attached they become non-polar and can easily 

be absorbed by the EPDM rubber. 

Gasket B was used in a process where it was said that no oils or non-polar compounds were 

present so it is strange to find all these hydrocarbons in the gasket. Ammonia was also 

present in the process which might explain the presence of the two amine compounds that 

the search program suggested.  An explanation for the swelling could be that the ammonia 

reacts with compounds in the process and non-polar amines are formed but that does not 

explain the presence of all the different hydrocarbon compounds. 
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Figure 34. Retention spectrum of Gasket B 

Table 10. Suggested compounds corresponding to the red circled peaks in the retention spectrum of 
Gasket B 

Peak [min] Suggested compound Probability 

5.31 3,3-dimethylene-1-hexene 39 

9.52 Heptyl-hydroperoxide 6 

13.12 3,3-dimethyl-1-hexene 15 

13.70 1-undecyne 10 

16.12 Vinylcyclohexene dioxide 9 

19.37 E-2-Octadecadecen-1-ol 7 
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24.04 2,6,10-trimethyl-dodecane 12 
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25.74 2-Butyl-2,7-octadiene-1-ol 7 

26.15 Phytol 8 
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27.20 2,6,10-trimethyl-dodecane 11 

27.57 2,6,10-trimethyl-dodecane 16 

28.06 9-Eicosyne 4 

28.53 3methyl-pentadecane 9 

29.90 E-2-hexadecacen-1-ol 6 

38.77 1-octamine 64 

51.50 Trioctylamine 61 
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The amount extracted from the samples after the GC-MS analysis was negligibly small. The 

largest amount extracted was from one of the samples from Gasket A which was 0.1 %. 

3.4.2.2. Step 2 Soxhlet extraction FT-IR 

From the results in Table 11 it can be seen that THF extracts more from the EPDM gaskets 

than IPA. It can also be seen that much more was extracted from Gasket A compared to 

Gasket B. When Gasket B was extracted with THF 7 wt% was obtained from the sample 

where approximately 4 wt% came from the virgin EPDM rubber as additives. When IPA was 

used as extraction solvent 5 wt% was extracted where 2 wt% came from the virgin EPDM 

rubber. This implied that only 3 wt% was unknown swelling agents which were too little to 

cause crush damage and PHE failure. The volume increase of Gasket B could have been 

caused by volatile compounds that left the sample before the analysis started. Gasket A on 

the other hand contains 18 wt% of swelling agents which is more than enough to cause 

crush damage and PHE failure. 

Table 11. Result from soxhlet extraction with IPA and THF 

Sample 
Extracted with IPA 

[weight%] 
Extracted with THF 

[weight%] 

Gasket A 19 22 

Virgin EPDM II 1 4 

Swelling agents 18 18 

Gasket B 5 7 

Virgin EPDM III 2 4 

Swelling agents 3 3 

 

The results from the FT-IR analysis of the extract of Gasket A are presented in Figure 36. 

They were, just like the results of the mixtures, difficult to analyze because the spectra of 

Gasket A shows a combination of all compounds that were extracted. It was therefore also 

impossible to determine if the FT-IR detected any compounds that were not detected by GC-

MS. It was however possible to see peaks which were very typical for long aliphatic 

hydrocarbon compounds, peaks which could be hydroxide groups (3179 cm-1 ,circled in 

green in the figure) and peaks which could be amine groups (1656 and 1659 cm-1 ,circled in 

green in the figure) which were all suggested by the GC-MS search database. 

The spectra of THF extract from Gasket A were also compared to the spectrum of the 

process media that was present in the PHE. It can be seen that the peak (circled in red) at 

3365 cm-1 in the spectra of the sample is very close to the peak (circled in red) at 3366 in the 

spectra from the process media which implies that it might come from the same compound. 

The spectra were also compared to the spectrum of virgin EPDM II and the peaks at 1771 

cm-1 and 1737 cm-1 (circled in blue) in the sample extracted with THF could come the EPDM 

rubber. 
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Figure 35. Comparison between Gasket A extracted with THF (blue graph), extracted with IPA (pink 
graph), the process media found in the PHE (green graph) and reference of EPDM II (brown graph) 

The GC-MS search database also suggested that N-methyldiethanolamine (MDEA) was 

present in Gasket A. The spectrum of MDEA was compared to the FT-IR spectra of the 

sample and process media and it can be seen that the peak at 3358 cm-1 could come from 

the MDEA. Still the peak in the sample is very small compared to the peak in the process 

media which implies that it must have been a very low content (if any) of the MDEA 

presented in the sample. The comparison can be seen in Figure 36. 

 

 

Figure 36. Comparison between Gasket A extracted with THF (blue graph), the process media found in the 
PHE (pink graph) and N-methyldiethanolamine (green graph) 

 

The FT-IR result of the analyte extracted from Gasket B can be seen in Figure 37.  The 

extraction with THF and IPA showed that Gasket B contained very little swelling agents and 
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that the analyte consisted mainly of additives from the EPDM rubber. This was also seen in 

the FT-IR spectrum. To easier determine which peaks that correspond of to the additives and 

which peaks that could come from the swelling agents a spectrum of extract from virgin 

EPDM III was added to Figure 37. It can be seen in Figure 37 that a lot of the peaks in the 

spectra of the analyte extracted from Gasket B comes from the virgin EPDM III but it was 

difficult to determine where the other peaks came from. As in the FT-IR spectrum of Gasket 

A it was also difficult to determine if any compounds had been detected which were not 

detected by the GC-MS.   

 

Figure 37. The FT-IR results from Gasket B extracted with THF (blue graph), extracted with IPA (pink 
graph) and the FT-IR result of virgin EPDM III extracted with THF (green graph) 

Evaluating the results from the combination analysis method of Gasket A and Gasket B it 

shows that the method works well to identify the swelling cause for Gasket A but not for 

Gasket B. The main reasons for this were that the GC-column had poor ability to detect 

volatile compounds and most of the compounds that caused Gasket B to swell probably left 

the gasket before the analysis. 

Swelling agents were found in both Gasket A and Gasket B by the GC-MS analysis but since 

the search database program suggests compounds with very poor reliability it was only 

possible to determine what kind of compounds that caused the gasket to swell. It was difficult 

to identify the swelling agents by FT-IR analysis and therefore it cannot be used to determine 

involatile compounds that the GC-MS could not detect. However the FT-IR results from 

Gasket A could be used to verify the GC-MS results which made the determination of 

swelling cause more certain. This did not work for Gasket B since it failed due to much more 

volatile compounds that could not be analyzed by FT-IR. 

3.4.3. Results from analysis by external analysis company 

Extracts from Gasket A and Gasket B were analyzed by an external company. They 

analyzed the gaskets with VOC-screening and were asked to look for non-polar compounds 

that could have caused the gasket to swell. Results showed that extract form Gaskets A 

contained various long aliphatic compounds which were suggested to be some kind of 

residue oil. They also found small traces of non-polar amine compounds but the amount was 

too small to have caused the gasket to swell.  
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Gasket B contained according to the external company a lot of different amine compounds 

substituted with aliphatic hydrocarbon groups (e.g. triisooctylamine, hexadecaneamine and 

dodecaneamine). There were also a lot of unidentified hydrocarbon compounds with a chain 

length between 6 and 20 carbons.  It is very hard to tell which ones of these compounds that 

have caused the gasket to swell. Considering the low extracted amount of analyte obtained 

from the soxhlet extraction most of them are probably additives from the EPDM rubber. An 

extract from a reference sample of the same EPDM rubber as Gasket B should also be sent 

for analysis so that the results can be compared to results from Gasket B. This will make it 

easier to determine which compounds that were swelling agents. 

The complete results from the analysis of the two gaskets can be seen in Appendix 3.  

4. Result summary 
GC-MS worked well to identify 1-octanol and acetic acid. However, hexane was not detected 

by the GC-MS since it was too volatile and did not interact strong enough with the stationary 

phase in the GC column. Pentadecane, 1-octanol and acetic acid were all possible to 

analyze with FT-IR but it was difficult to get good results for the acetic acid. The main 

reasons for this were that it was difficult to separate from the extraction fluids and that it 

evaporated from the crystal in the FT-IR instrument.  

When the mixtures were analyzed they were all possible to separate and identify with GC-

MS. Even pentadecane was identified despite the fact that it had a boiling point much higher 

than the incubation temperature. The reason for this was that the GC-MS is a sensitive 

analysis instrument which requires a very small amount of the substances to detect it. 

Therefore enough of the pentadecane evaporated at 140°C to be detected by the GC-MS. It 

also showed that a new compound had formed (in Mixture 1 and 3) from the reaction 

between the 1-octanol and the acetic acid.  

The FT-IR did not work to identify the compounds in the mixtures. The spectrum was too 

difficult to interpret since the peaks in the spectrum overlapped. It was impossible to 

distinguish which peak that corresponds to what solvent in the mixture. It was also very 

difficult to see that 1-octanol and acetic acid had formed a new compound in the mixture. 

From these results it can be concluded that GC-MS is preferred if mixtures are to be 

analyzed.  

Both THF and IPA worked to extract all of the swelling solvents from the EPDM gasket. 

However, scCO2 did not work as well as the other extraction fluids. It dissolved very poorly in 

slightly polar compounds and it was probably not exposed long enough to the sample. The 

difference in extraction efficiency between THF and IPA was very small. However, THF was 

considered to be a better extraction solvent since it was most efficient and has a lower 

boiling temperature than IPA. On the other hand IPA more selective as extraction fluid since 

fewer additives were extracted from the samples. 

The combination analysis method gave results which showed that it worked to identify the 

swelling cause of EPDM rubber gaskets but not as it was expected to. The FT-IR did not 

work as a complement to the identification method as it was supposed to do. It was expected 

that the FT-IR would identify the compound in mixtures that the GC-MS was not able to 

detect. Since it was difficult to identify the compounds (due to the overlapping of the peaks in 
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the spectra) this was not possible. Still the FT-IR complemented the combination method. 

Since the GC-MS search database was not so reliable the results from the FT-IR helped to 

verify the suggested compounds. The liquid extraction also showed how much that was 

absorbed by the EPDM gaskets. 

Based on the results from Gasket A and Gasket B it can be seen that the identification of 

swelling agents worked best when results from the FT-IR and information about the process 

which the gasket had been used in was available. Therefore the swelling cause was 

identified for Gasket A but not for Gasket B. Gasket B probably swelled mainly due to volatile 

compounds which were not possible to detect by FT-IR and there were very little information 

about the process it was used in. Therefore it was very difficult to determine the content of 

the swelling agents.  

5. Conclusions 
From the results of Gasket A and Gasket B it can be seen that the analysis method work to 

identify the swelling cause of EPDM rubber if the compounds are not too volatile and if there 

are enough information about the gasket to complement the results from the GC-MS. The 

swelling cause of Gasket B was not possible to determine since the GC-column did not 

detect volatile compounds so well and most of the compounds that caused the gasket to 

swell probably left the gasket before it was analyzed.  

The FT-IR analysis did not complement the analysis method as it was supposed to do. It 

cannot be used to detect the compound that was undetectable by the GC-MS because the 

analysis instrument does not work for analysis of mixtures. The result becomes too hard to 

interpret. However the FT-IR results could instead be used to verify the suggested 

compounds from the GC-MS.  
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6. Further investigations 
To improve the analysis method it should be developed so that only GC-MS analysis needs 

to be used. This should be possible to accomplish by testing other types of GC-columns 

which work better for volatile compounds and by using better search databases. 

The sample preparation for GC-MS should also be replaced with a pyrolysis instead of 

headspace. With Pyrolysis-GCMS the samples can be heated to higher temperatures than 

was used in this method and compounds with very high boiling temperature can easier be 

analyzed. TA instrument has developed an analysis technique where TGA is connected to a 

GCMS and a FT-IR. The TGA work in the same way as pyrolysis but it also determines the 

amount of the content of the rubber gasket (i.e. it measures the amount of the additives and 

the amount of polymer). This technique should be a very promising analysis method for 

identifications of swelling agent in rubber gaskets. 

To be sure that no swelling agents have left the sample before analysis a special sample 

handling technique should also be developed and used when a failed gasket is sent from 

customer for analysis. In that way even the most volatile compounds can be analyzed and 

cases like Gasket B will be easier to investigate. 

This master thesis only focused on developing a method that identified swelling agents but to 

facilitate the failure investigation even more the amount of the different swelling agent should 

be determined as well. The method should also work for any kind of rubber gaskets in PHE 

not only for EPDM rubber. 

Since the extraction with scCO2 was tested very briefly more investigation on using scCO2 as 

a method to extract the swelling agents should be performed. It is a very promising method 

for more selective extractions and it is much faster and more environmentally friendly.  
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