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ABSTRACT 
 
 
 
 

The lipid peroxidation of unsaturated fatty acids in cellular membranes leads to 

the formation of alkanes, aldehydes, alkanals, alk-2-enals, and hydroxyl alkenals. The 

free radicals formed during the process of lipid peroxidation can react with and damage 

cellular components. Lipid peroxidation is known to cause a number of diseases such as 

cancer, diabetes, and heart disease. Various analytical methods that include spectrometric 

assays and chromatographic analyses of derivatized products are available for the 

detection of the lipid peroxidation products. 

 
 

 The development of rapid, non-invasive monitoring of reactions occurring in 

biological systems, such as cell cultures, is highly desirable, as such analyses could yield 

reaction profiles in near-real time. In this study, the utility of a multibed sorbent trap was 

explored for potential use as a preconcentration step in the analysis of volatile products of 

lipid peroxidation in biological systems. The trap was integrated into a fully-automated 

system in which samples are drawn to the trap via vacuum and injected into the GCMS. 

Results of these studies indicate that a sorbent trap- based inlet system coupled with 

GCMS should prove useful in the near-real time detection of volatile organic compounds 

from biological samples. 
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CHAPTER 1 
 

INTRODUCTION 
 

 

1.1 Lipids and their biological function 

 

A lipid is defined as a water insoluble biomolecule that has a high solubility in 

nonpolar organic solvents such as chloroform. The simplest lipids are the fats, which 

are triesters made up of one glycerol backbone with three fatty acids. The general 

structure of fats and oils is shown in Figure 1.1.  The lipids can be classified into four 

different groups:  

1. Simple lipids such as fats, oils, and waxes 
 

2. Compound lipids such as phospholipids, sphingolipids, and glycolipids 
 

3. Sterols such as cholesterol and several hormones 
 

4. Fat-soluble vitamins A, D, E, and K 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1. General structure of fats and oils. The R can be long-chain saturated or 
 

unsaturated hydrocarbon groups. 
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Triacylglycerols are used largely for energy storage in animals. More complex 

lipids, the phospholipids, glycolipids, and cholesterol, are the major constituents of 

biological cell membranes. The classifications of common lipids are shown in Figure 1.2. 

 

Figure 1.2. Classification of common phospholipids, glycolipids, and triacylglycerides. 

In mammals, the cytoplasm of adipose cells is the major reservoir of 

triacylglycerols [1]. A mammalian fat cell consists of a small droplet of condensed 

triacylglycerols enclosed by a thin cell membrane with the cell nucleus bulging out to one 

side [2]. Most of the energy reserve of animals is stored in fat cells. The lipid bilayer of 

cellular membranes mainly consists of phosphatidylcholines. The lipid bilayer structures 

are shown in Figure 1.3. The polar head group of the layer is water soluble and contains 

the negatively charged phosphate group and positively charged nitrogen in choline and 

shapes the inner and outer surfaces of the membrane [3].The hydrophobic tail of each 

molecule points toward the middle of the bilayer [4].  
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Figure 1.3. Structure of a phosphatidylcholine [4]. 

 
Arachidonic acid in phosphatidyl choline is an important component of the cell 

[5]. The structure of a membrane lipid with arachidonic as an unsaturated group is 

shown in Figure 1.4; the arachidonic acid is a polysaturated fatty acid with four cis 

double bonds that react with the moleculat oxygen. 
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Figure 1.4. Structure of membrane lipid 
 

1.2 Lipid Peroxidation and Diseases 
 

In tissues and tissue fractions, lipid peroxidation is a major degradative process 

that occurs due to overproduction and propagation of free radical reactions primarily 

involving membrane polyunsaturated fatty acids [6]. Lipid peroxidation is thought to play 

a major role in the pathogenesis of various diseases including atherosclerosis, diabetes, 

cancer, and rheumatoid arthritis as well as in drug induced toxicity, postischemic 

reoxygenation injury, and aging [6]. 

One mechanism of the formation of lipid peroxidation products is shown in 

Figure 1.5.  Lipid peroxidation of unsaturated fatty acids in biological cell membranes 

results in the formation of alkoxy radicals that degrade into different by products such as 

hexanal, heptanal, pentanal, pentane, malondialdehyde, 4-hydroxynonenal (4-HNE), and 

the low molecular weight aldehydes [7]. These products are more stable than free radicals 

 4



that naturally initiate the process, so they can diffuse inside the cells and cause cell 

damage.  

The number of double bonds and the position of double bonds in the fatty acids play 

an important role in oxidation and the formation of oxidation products; the more the 

double bonds, then the greater the oxidation. The closer the first double bond to the 

methyl terminus, the more the oxidative products will be formed [8, 9]. The peroxidative 

breakdown of polyunsaturated fatty acids (PUFAs) has also contributed to the 

pathogenesis of many types of hepatic diseases induced by several toxic substances. 

Haloalkanes, carbon tetrachloride, trichlorobromomethane, chloroform, dibromoethane, 

halothane, and in some instances ethanol have been shown to trigger lipid peroxidation 

[10]. 

There is growing evidence that aldehydes generated endogenously during the process 

of lipid peroxidation are usually involved in most of the pathophysiological effects 

associated with oxidative stress in cell and tissues [11]. Lipid peroxidation derived 

aldehydes are relatively stable when compared with free radicals and can escape easily 

from the cell and attack targets far from the site of the original free radical initiated event. 

For that reason they are not only end products and remnants of the lipid peroxidation 

process, but also act as mediators for the primary free radicals that initiated lipid 

peroxidation. Among the lipid peroxidation derived aldehydes, 4-HNE can be produced 

in large concentrations from arachidonic acid, linoleic acid, or from their hydroperoxides 

and is primarly responsible for the cytopathological effects observed during the in vivo 

oxidative stress studies [11]. 
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Figure 1.5. Mechanism of the formation of lipid peroxidation products [8]. 
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1.3 Methods to Assess Lipid Peroxidation 
 

Various methods of analysis for lipid peroxidation productus have been developed 

and are shown in Figure 1.6. Each method has its own advantages and disadvantages 

under given circumstances. Sometimes a combination of these methods is desirable for 

better sensitivity [12]. 

Figure 1.6. Outline of the different methods for the measurement of lipid peroxidation 

products [13]. 
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It was in 1944 that the thiobarbituric acid – reactive substances (TBARS) test was 

first introduced by Kohn and Liversedge, and even to date it is one of the most popular 

tests used for the detection of volatile aldehydes due to its simplicity [14, 15]. In the 

TBARS assay, the samples are heated in an acid buffer with thiobarbituric acid at a very 

low pH. During this reaction process, a pink chromogen, which is a thiobarbituric acid- 

malendialdehyde (TBA-MDA) adduct, is formed. The absorbance of this adduct can be 

measured by UV spectrometry at 532 nm or by fluorescence at 553 nm [16, 17]. This test 

is relatively simple and inexpensive. However, in the recent literature the TBARS test has 

been a topic of criticism from many authors because it is destructive to the sample. 

Moreover, in the TBARS assay, the overall analysis is run in a non-specific fashion, and  

only a general measure of the overall extent of lipid peroxidation is possible rather than 

the identification or quantification of particular aldehyde species. It has also been shown 

that some aldehydes, especially MDA, can be produced by the reaction conditions rather 

than by the actual process of lipid peroxidation in the sample [18]. 

Gas chromatography-mass spectrometry provides a number of other methods for 

the determination of aldehydes and other lipid peroxidation products in biological 

samples. One such method described by Luo et al.  includes the use of o-(2,3,4,5,6-

pentafluorobenzyl) hydroxylamine hydrochloride (PFBHA.HCL)  to form the o-

pentafluorobenzyl-oxime (PFB-oxime) derivatives of both saturated and unsaturated 

aldehydes (C2-C12) including hexanal, 4-HNE, and MDA, followed by trimethylsilylation 

of the hydroxyl group to trimethylsilyl (TMS) esters. The PFB-oxime-TMS derivatives 

are then analyzed by capillary column gas chromatography-negative-ion chemical 

ionization mass spectrometry (GC-NICIMS) with ammonia as reagent gas [19]. The 
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quantitation of the aldehydes can be done using benzaldehyde-ring-D5 as an internal 

standard in selected ion monitoring (SIM) mode. With this it is possible to achieve a 

detection limit between 50 and 100 fmol/ µl injected aldehyde. The high sensitivity of 

this method allows the measurement of physiological aldehyde levels in biological 

samples and also the products of aldehyde metabolism as well. But with this method, the 

accurate and simultaneous measurement of HNE and some unsaturated aldehydes in 

biologicals samples (plasma and tissue homogenates) is difficult because of losses during 

sample preparation. To solve the accuracy problem, the use of specific, stable isotopic 

internal standards is recommended [20]. 

Simultaneous analysis of various aldehydes that are produced due to lipid 

peroxidation is possible by reducing the aldehydes to stable alcohols [21]. The reduction 

process is carried out under neutral conditions at room temperature or at 4° C with either 

sodium borodeuteride (NaBD4) or sodium borohydride (NaBH4 ). After the extraction 

process the alcohols are converted to t-butyldimethylsilyl ethers and are analyzed by 

selected ion monitoring gas chromatography-mass spectrometry in the positive chemical 

ionization mode (GC-PICIMS) for malendialdehyde and 4-HNE and electron impact 

mode for all other aldehydes. Quantitation is achieved using internal standards of 1,3-

[2H8] propanediol for MDA, of 4-[2-2H]hydroxynonenal for 4-HNE, and of the 

corresponding saturated per-dueterated alcohols for all saturated aldehydes, for example 

[2H3] hexanol for hexanal. The main advantage of using saturated per-deuterated alcohols 

is they serve as external standards for their unsaturated aldehydes with the same chain 

length. With this method it is possible to achieve the detection limits as low as 0.5 nmol 

in a given sample. The method is not only highly sensitive and selective but also can be 
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used to verify the identity of each aldehyde by observing a mass shift when aldehydes are 

reduced with either NaB2H4 or  NaBH4.  The only drawback of this method is control of 

assay conditions; it is very difficult to control the assay conditions for aldehydes and 

biological samples, including plasma. 

1.4 Gas chromatography (GC) 
 

For more than two decades, GC has been a very useful tool for the separation, 

detection, and identification of both semi-volatile and volatile organic compounds [22]. 

The main advantage of GC is its simplicity and ruggedness for rapid, yet complete 

analysis of mixtures of compounds over a wide range of concentrations with excellent 

accuracy and Precision [22]. A typical commercially available GC is shown in Figure 1.7, 

which consists of carrier gas (CG), flow regulator (FR), a sample injector (SI), a column 

(C), an oven (O) in which the column is placed, an injection port (IP), a detector (D), and 

a processor (P). In a gas chromatograpic analysis, minute amounts of sample are injected 

into a stream of continuously moving carrier gas, which is the mobile phase. Nitrogen, 

helium, and hydrogen are generally used. The sample is carried by the stream through a 

column that consists of a tube containing a stationary phase, which can be a solid or a 

liquid [23]. Separation of a sample mixture into its individual components is achieved 

due to differences in the affinity of the stationary phase for each component and by 

optimizing column temperature and the carrier gas flow rate. A bypass valve allows 

carrier gas to flow to the detector in order to minimize dead volume [22]. 
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Figure 1.7. Schematic of a gas chromatograph. 

 The columns used in the separation of compounds by GC are of two types, packed 

and capillary columns. Column materials, internal diameter, and film thickness are 

important factors. Packed GC columns are fabricated from glass, metal, or Teflon tubes 

that have lengths of 2 to 3 m and inside diameters of 2 to 4 mm. Packed columns separate 

simple mixtures rapidly, but the resolving power for complex mixtures is limited. 

Resolution of peaks can be improved with an increase in the column length, but the 

analysis time increases proportionally. 

 Capillary columns made of fused silica are widely used for the separation and 

analysis of low molecular weight compounds [24]. There are two basic types of capillary 

columns available, wall coated open tubular (WCOT) and support coated open tubular 

(SCOT). The WCOT are capillary tubes that are coated with a thin layer of stationary 

phase. In SCOT, the inner surface of the capillary is lined with a thin film of a support 

material coated with stationary phase, greatly increasing the surface area and hence the 

volume of the stationary phase. With SCOT larger samples can be analyzed in trace 

analysis without saturating the stationary phase. The disadavantages of SCOT include 

that it is less efficient than WCOT. With WCOT, large volume of samples can be 

 11



analyzed but the limitations of using WCOT GC is the prolonged analysis time for certain 

applications. Typical analysis time is 20 to 30 minutes, which restricts the use of WCOT 

GC in important areas such as environmental monitoring in which rapid sample analysis 

is desired. A decrease in analysis time can be achieved by using a short column, high 

carrier gas flow rate, and a fast detector and injection technique. Sacks et al. used a 

combination of a tandom column ensemble and an on-line microsorption trap for the 

analysis of organic compounds in biological samples; with this method low detection 

limits can be obtained for several volatile compounds in biological samples [25, 26]. Gas-

cooled and electrically heated cryofocusing inlet systems with a miniature incubator have 

been extensively used with fast GC to analyze compounds under high-speed conditions 

[27].  

Static and dynamic headspace techniques have also been used for the analysis of 

volatile organic compounds [28-30]. In static headspace sampling, the sample containing 

volatile organic compounds is allowed to equilibrate with its headspace gas in a sealed 

container at a constant temperature. This technique is limited because of high detection 

limits and also requires thermodynamic equilibrium of the sample with its headspace [31]. 

In dynamic headspace analysis, also known as purge and trap, the sample is drawn to a 

sorbent bed prior to injection to the GC. The sample is desorbed by heating the trap and 

then transferring the vapor plug to the GC system. This technique offers better sensitivity 

and solvent free operation [32]. With this technique, most of the volatile organic 

compounds can be quantitatively determined, but the method is limited because of 

lengthy sample preparation and analysis times [16].  
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Frankel et al. used static headspace GC for the determination of volatile organic 

compounds such as hexanal as an indicator of n-6 PUFA peroxidation in rat liver samples 

and red blood cell membranes of humans. This method can separate and identify complex 

mixtures in one tenth of time of conventional GC. Also, differentiation of n-6 PUFA 

(hexanal and pentane) and n-3 PUFA (propanal) peroxidation products is possible [15]. 

 The dynamic headspace capillary GC method is a very rapid and sensitive technique 

for the simultaneous analysis of low molecular weight volatile organic compounds, 

especially hexanal and pentanal [34]. With this method it is possible to make up to 15 

determinations per one hour. This method has been extensively used to determine 

hexanal as a lipid peroxidation product in oil and oil-based foods that have spoiled due to 

improper storage. 

Jiankang et al. compared the GC-MS/NCI (Negative Chemical Ionization) method 

and TBARS test for the analysis of malondialdehyde with 13 unsaturated fatty acids and 

biological samples such as heart, liver, kidney, plasma, and neural cells. The results of 

the study indicated that these two methods gave almost parallel results, but the GC-

MS/NCI ensured better sensitivity and selectivity than the TBARS assay. The GC-MS/ 

NCI also offered additional advantage of efficient processing of large number of samples 

and the elimination of recovery errors because of the inclusion of internal standard [35]. 
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1.5 Gas Chromatography (GC)Time-of-Flight (TOF) Mass Spectrometry (MS) 

Mass spectrometry is an analytical technique that measures the mass-to-charge 

ratio (m/z) of ions generated by the fragmentation of molecules. The generated mass 

spectrum is a plot of the ion abundance as a function of m/z. It is a very specific and 

widely used technique to achieve low detection limits of the compounds [36].  

Typical analysis times for standard GC-MS measurements can easily range from 

30 minutes to well over 1 hour. In an effort to reduce the analysis time and at the same 

time maintain the superior qualitative information of a mass spectrometric measurement, 

analytical chemists have looked at the applicability of faster GC separations in 

combination with swift MS detection.  

In a TOFMS, the m/z ratio of an ion is determined by measuring an ion’s travel 

time from the ion source to the detector. A typical schematic of a TOFMS is shown in 

Figure 1.8. Ions arrive at the detector at different times depending on their masses. Ions 

created in the source travel through the push pulse electrode. Electric potential 

differences between the push pulse electrode and the accelerator electrode create an 

electrical force that accelerates the ions to the same kinetic energy. Since the ions have 

very close to the kinetic energy, their velocities depend only on m/z ratio; thus the 

heavier the ion, the longer its time-of-flight. 
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Figure 1.8. Schematic of a time of flight mass spectrometer. 

 

Time-of-flight mass spectrometers have a number of advantages such as the 

dramatic reduction of analysis time and improved quality of the analytical results [37]. A 

TOFMS with a high-speed recorder and an optimized ion extraction technique offers the 

fastest way to acquire a mass spectrum [38, 39].  In TOFMS, the highest mass under 

analysis limits the time to acquire a mass spectrum because of the longest flight time. For 

GC-TOFMS purposes, a full spectrum can be collected in under 100 µs. However, a 

single spectrum will not possess the required signal-to-noise ratio (S/N). In order to 

improve the S/N, a number of spectra must be averaged. A time array detection scheme 

with an integrating transient recorder has been developed for spectral acquisition on a 

rapid scale [40-42]. 
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1.6 Research Goal 
 

The goal of this research was the development of a rapid and non-invasive 

sampling method for biological samples (i.e., cell cultures) in order to observe the 

reactions and measure the resulting products in near-real time. In this study, the utility of 

a multibed sorbent trap was explored for potential use as a preconcentration step in the 

analysis of volatile products of lipid peroxidation in biological systems. The sorbent trap 

was integrated into a fully-automated system in which samples are drawn to the trap via 

vacuum and injected to the GCMS.  
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CHAPTER 2 

EXPERIMENTAL 
 
 
2.1 Instrumentation 
 
 
2.1.1 Sorbent trap development 
 
  Sorbent traps have been developed as automatic sampling and injection devices 

for continuous, on-line GC analysis of VOCs for biological and other applications [43-

46]. Sorbent traps are small capillary tubes with an internal diameter of around 0.5 mm 

packed with adsorbents such as graphitized carbon. As VOCs are drawn through the trap 

they are adsorbed by the packing material. The adsorbed VOCs can be rapidly desorbed 

by resistive heating using a pulse of electric current to make an injection for a GC 

separation. The major advantage of using a sorbent trap as an injection device for the 

analysis of VOCs is that it acts as a sample preconcentrator, which allows larger volumes 

of gaseous samples to be analyzed for trace measurements.  

 The sorbent trap can retain low heat capacity and can be heated or cooled very 

rapidly. The trap is heated resistively, so heat can transfer from the external tube wall into 

the sorbent bed.  Fast desorption is very important to achieve high resolution separation 

by the generation of narrow injection bands. The transfer in larger diameter traps takes a 

longer time and desorption of VOCs is slower, causing wider injection bandwidths. 

However, due to its microdimensions, a trap can only be packed with a small quantity of 

sorbent. The ideal sorbent would be the one that has large sampling capacity or 

breakthrough volume for the very VOCs and at the same time provides rapid, quantitative 

desorption of the large molecular compounds. It is necessary to accumulate as much 
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sample as possible in the sorbent trap prior to making an injection in order to make trace 

analysis possible. If a component in the trap breaks through (i.e., the retaining power of 

the sorbent is insufficient or overwhelmed by sample such that sample is lost during the 

trapping process), only a fraction of the sample is desorbed during injection, generating a 

smaller signal at the detector. As the sorbent trap contains only a small quantity of 

sorbents, it can be prone to breakthrough problems. The breakthrough volume for the 

sorbent trap is a function of the amount of the adsorbent and its strength. Increasing the 

mass of sorbent in the trap can result in the larger breakthrough time of the trap at a given 

flow rate. A larger diameter trap can hold more adsorbent but requires longer desorption 

times than smaller diameter traps due to the slower heat transfer in larger traps compared 

to smaller traps. 

 
2.1.2 Sorbent trap assembly 
 
 Figure 2.1 shows the experimental setup developed for this research. The setup 

consists of a sampling system, the sorbent trap coupled with a GC-MS. The flow of the 

the analytes to the system is controlled by a 4-port valve (V1). Valve (V2) opens in order 

to draw the sample (S) on to the sorbent trap. Valve (V3) is used to control the carrier gas 

(CG) that is necessary to send the absorbed components on to the GC column. During the 

sampling mode (Fig. 2.1a), sample (from S) is drawn to the trap through V1 via vacuum 

while V2 is open and V3 is closed. After the sampling period (Fig. 2.1b), valve V3 is 

opened and valve V2 is closed, allowing carrier gas to sweep through the trap to the GC-

MS by V1 while the connection to the sorbent trap is closed. The sample is connected to 

ambient pressure air and the connection to the sorbent trap is closed by switching V1. 
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Figure 2.1. Schematic representation of sorbent trap assembly. (a) Sampling mode: 

Sample S is drawn to the sobent trap via vacuum*. (b) Analysis mode: Carrier gas CG 

moves sample from sorbent trap through column C to the mass spectrometer when the 

trap is rapidly heated**. 

* Through valves V1 and V2, valve V3 is closed.  

** Valve V3 is open, while valve V2 is closed 

After an equilibration period, the trap is heated rapidly using AC current, and the 

analytes are injected onto the separation column and MS. The main reason for 

equilibrating the system is that during the sampling mode there is influx of air that enters 

into the system, and the oxygen in the air is thought to be the main source of background 

noise as well as causing rapid filament burnout in the MS. The equilibration period is 

intended to clear oxygen from the MS before the analysis mode.  
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2.1.3 Sorbent trap characteristics 
 
    The sorbent trap developed for this research was modeled after Sacks et al [48]. 

The design and inner compartments of the trap are shown in Figure 2.2.  The trap is 80-

mm-long, 1.35-mm-I.D. tube made of Inconel 600, a Nickel-Copper (Ni-Cu) alloy (Accu-

Tube Corp., Englewood.CO). Adsorption beds labeled B, X, and Y correspond to the 

three commercially available adsorption materials (Supelco., Bellefonte, PA) described in 

Table 2.1.  

 

Table 2.1. Adsorbents used in the multibed sorbent trap and their properties. 

 

Symbol Adsorbent Mesh size Surface area 
(m2 g-1) 

 

Density  
(g mL-1) 

Application

B 

X 

Y 

Carbopack B 

Carbopack X 

Carbopack Y 

60/80 

40/60 

40/60 

100 

250 

25 

0.36 

0.41 

0.42 

C5-C12 

C3-C5 

C12-C20 

 

 

About 2.2 mg of each material was used to form the beds. This quantity has been 

shown to prevent breakthrough of a number of volatile and semi-volatile compounds at 

the concentrations used in this work. [47,48].  
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Figure 2.2. Sorbent trap components. SB: sorbent beds; GW: glass wool; SSM: stainless 

steel mesh; F: stainless steel fitting; CT: connecting tubing. 

The adsorption strength of the beds as shown in Table 2.1 reveals X as the 

strongest, B as the intermediate, and Y as the weakest.  During the sample collection, or 

preconcentration, the sample flow is from left to right through the trap tube as shown in 

Figure 2.3. The highest boiling point components are trapped in the first and weakest 

adsorbent. Sorbent bed B, a somewhat stronger adsorbent, retains medium-sized 

molecules, while sorbent bed X (the strongest) retains the more volatile analytes. During 

the analysis mode, the sample flow is from right to left, and the higher boiling point 

compounds are quantitatively removed by the first bed(s) and, thus, they never reach the 

strongest bed (i.e., X), from which they would be very difficult to desorb as a narrow 

vapor plug. Each bed is separated by glass wool plugs to prevent mixing, and stainless 

steel mesh is used to lock up the ends of the three bed assembly. 
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Figure 2.3. Sorbent bed characterstics. High molecular weight compounds are trapped 

on the weakest bed, Y. Because the flow is reversed prior to desorption, high 

molecular weight compounds do not contact the stronger beds B and X from which 

they might not quantitatively desorbed. 

The trap was terminated at both ends with 0.25 mm-I.D fused silica tubing by 

means of low dead volume metal fittings. During the sample analysis, the flow rate of 

sample gas through the trap was typically 45-85 cm3 /min, as determined by the vacuum 

pump and pneumatic restriction between the pump and atmospheric pressure sample. A 

type-J thermocouple using 0.127 mm-I.D. wire (36 AWG, Omega Engineering, Stamford, 

CT) attached to the outer wall of the tube was used to monitor the trap temperature. To 

maintain a constant operating temperature for several seconds, the trap tube was 

resistively heated by a two- step heating process using a moderately high current and a 

short duration pulse for rapid heating and a longer duration, lower current pulse to 

maintain the maximum temperature.  For the trap automation, a separate program in 

LABVIEW was used on a different computer.  Both systems were connected by using a 

16-bit A/D board (CIO-DAS16/F, Measurement Computing Corp., Middleboro, MA). 

Two adjustable autotransformers were used to supply ac power for trap heating, since the 

very low resistance of the trap tube made the use of a dc supply more difficult. 
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Approximately 12V  current was  applied for 0.25 s for very rapid heating with minimal 

overshoot, and 2V current was applied to maintain the trap temperature for approximately 

5 s to ensure complete desorption of the sample and to minimize the contamination of the 

trap by traces of high boiling point impurities in the analyte mixture.  

 

2.1.4 Typical Automation Parameters 
 
 

Figure 2.4 shows an example of the input screen developed using LABVIEW 

software for the automation of the sorbent trap inlet system. During mode 1, the system is 

in “standby” between analysis, configured such that carrier gas flow is in the forward 

direction through the system as shown in Fig 2.3. When the signal input is given for the 

analysis to begin, a  standby (mode 1) occur prior to sampling (mode 2), from then 

onwards equilibration (mode 3), high voltage (mode 4), low voltage (mode 5), and 

analysis/standby (mode 6) are followed. 
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Mode 1: Standby 
 
 
 
 
 
 
Mode 2: Sampling 
 
 
 
 
 
 
Mode 3: Equilibration 
 
 
 
 
 
 
Mode 4: High Voltage 
 
 
 
 
 
 
Mode 5: Low Voltage 
 
 
 
 
 
 
Mode 6: Analysis/Standby 

HV 
LV 

 
 
 
 
Figure 2.4. Summary of the Automation Program and Typical Parameters 
 

Entered  
Parameters: 

0.00 

60.00

90.00 

90.25 

91.00 

Sampling 
occurs for 
60.00 s 

Equilibration 
occurs for 
30.00 s 

High Voltage is 
applied for 0.25 s 

Low Voltage is 
applied for 0.75 s 

S 

M  

CG

VP S
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2.2 Materials and Procedures 

2.2.1 Compounds of interest 
 
 Table 2.2 shows the test compounds and their boiling points. Samples were 

prepared in 1-L, 5-L, and 100-L Tedler gas sampling bags by injecting microliter 

quantities of a mixture or individual components and diluting with nitrogen. For all the 

studies, sample collection times in the range of 15-60 s were used with different sample 

gas flow rates ranging from 40 to 50 cm3/min.  

Table 2.2. Volatile compounds used in test mixtures 

 

Compound Name 
 

Structural Formula Molecular Weight Boiling Point, °C 

Hexane 

Heptane 

Octane 

Nonane 

Hexanal 

Heptanal 

Pentanal 
 

C6 H14 
 
C7H16 
 
C8H18 
 
C9H20 
 
C6H12O 
 
C7H14O 
 
C5H10O 

86.18 
 
100.2 
 
114.23 
 
128.26 
 
100.16 
 
114.19 
 
86.14 

69 

98.4 

125-127 

150.8 

131 

153 

103 

 

Hydrogen carrier gas was purified with filters for moisture, hydrocarbons, and 

oxygen. The pressure was varied depending on the gas bag volume, but the typical inlet 

pressure was between 40-70 psi. Care was taken to maintain the equilibration time in 

between the sampling and analysis modes to get rid of the oxygen that entered during the 

sampling.  
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2.2.2 Standard Solutions  
 
  Sodium acetate buffer, pH 6.5 (Mallinckrodt, Paris, KY, U.S.A.) was prepared by 

diluting the required mass of anhydrous sodium acetate (NaAc, FW  82.03 g/mol) in 

distilled, deionized (DI) water.  The desired pH was attained by adding concentrated HCl, 

while monitoring with a pH meter. Standard solutions of hexanal were made by mixing 1 

µL of hexanal (98%, Sigma Aldrich Co., Saint Louis, MO.) with 10 mL of 0.1 M sodium 

acetate buffer, pH 6.5. Several vials of this 100 ppm v/v standard solution were stored at 

–20 ºC. This was the only standard that was stored. The 100 ppm solution was wrapped 

in foil and kept on ice at all times after removal from the freezer.  Standard solutions of 

10 ppm v/v in sodium acetate buffer with pH 6.5 were prepared fresh whenever needed 

from the 100 ppm v/v stock.  Table 2.3 shows the dilution scheme for hexanal in the 

range of 1 to 5 ppm v/v. 

 
 
Table 2.3. Dilution scheme for standards of hexanal in the range of 5 to 1 ppm v/v  

prepared from 10 ppm hexanal solution. 

 
 

Hexanal  
Concentration (ppm) 

Amount of 10 ppm 
(µL) 

Amount of buffer 
(µL) 

5 

4 

3 

2 

1 

 

125 

100 

75 

50 

25 

125 

150 

175 

200 

225 
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CHAPTER 3  

RESULTS AND DISCUSSION 

 

3.1 Measurement of Blanks 

 

 In order to assess the quality and reproducibility of the measurements with bag 

sampling, three types of blank measurements were run prior to collecting data each day. 

These included ambient air (room blank), sampling bag containing only nitrogen (bag 

blank), and assessment of trap degradation (trap blank). 

Room blanks were run using a sampling time of 1 minute to allow the air to enter 

into the trap system. Chromatograms were collected for 5 minutes. A representative for a 

room blank is shown in Figure 3.1. Chromatograms from room blanks showed a small 

peak at 95 seconds and a cluster of peaks near 150 seconds. While the room blank did 

vary somewhat from day to day, the maximum peak height for room blanks was typically 

less than 60,000 ion counts, as shown in Figure 3.1. 

Bag blanks were run by filling a 5 L Tedler bag with nitrogen and sampling it for 

1 minute chromatograms were collected for 5 minutes. A representative chromatogram 

for a bag blank is shown in Figure 3.2.  The resulting chromatograms from the bag blanks 

also showed only peaks at 95 seconds the peaks near 150 seconds and some background 

noise. 
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Figure 3.1.  Chromatogram for room blank 

Trap blanks were run by closing the sampling system and desorbing the trap 

contents into the GC-MS systems. Chromatograms were collected for 3 minutes. A 

representative chromatogram for a trap blank is shown in Figure 3.3. The resulting 

chromatograms from the trap blanks showed only a large peak at 65 seconds and a few 

smaller peaks. It is notable that in the absence of sampling, the peaks at 95 and 150 

seconds were not present. 
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Figure 3.2.  Chromatogram for bag blank 

 

 

Figure 3.3.  Chromatogram for trap blank 
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3.2. Bag sampling 

 A 0.05 µL volume of the mixture of four straight chain alkanes (hexane, heptane, 

octane, and nonane) and two straight chain aldehydes was injected into 1L Tedler bags 

that were washed and filled with nitrogen. The bags were attached to the sampling system 

of the sorbent trap, and sampling was accomplished using at different time intervals. The 

same procedure was also used for 5L and 100L bag sampling. The layout of the sampling 

system is shown in Figure 3.4. 

  

 

Figure 3.4.  Bag sampling of the mixture 
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3.2.1. Data for 1L bag sampling 

  

 Chromatograms for the mixture at 15 sec, 20 sec, 25 sec, 30 sec, 40 sec, and 60 

sec sampling times in 1L bag are shown in Figure 3.5 through 3.10, respectively. Straight 

chain alkanes were the first compounds to appear, followed by straight chain aldehydes.  

The alkanes show gaussian peaks and were separated with good peak resolution at 15 and 

25 second sampling times. As the sampling time increased, the aldehydes begin to appear, 

though there is partial collection with alkanes. Additionally the peak shapes of the 

alkanes become distorted. It appears that the low molecular weight compounds did not 

retain well on the trap as the sampling time increased. In the case of 1L bag sampling, the 

optimum sampling time for alkanes was 25 seconds where all the compounds were 

retained well on the trap. Aldehydes required longer sampling times, optimizing at 40 

seconds for this concentration. The peak near 100 seconds in all of these chromatograms 

is the sampling peak that was observed in both room and bag blanks. 
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Figure 3.5.  Chromatogram for the mixture at 15 sec sampling time. 

 

 

Figure 3.6.  Chromatogram for the mixture at 20 sec sampling time. 
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Figure 3.7.  Chromatogram for the mixture at 25 sec sampling time. 

 

 

Figure 3.8.  Chromatogram for the mixture at 30 sec sampling time. 
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Figure 3.9.  Chromatogram for the mixture at 40 sec sampling time. 

 

 

Figure 3.10.  Chromatogram for the mixture at 60 sec sampling time. 
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3.2.2. Data for 5L bag sampling 

Chromatograms for the mixture at 15 sec, 20 sec, 30 sec, 40 sec, 50 sec, and 60 

sec sampling times in 5L bag are shown in Figures 3.11-3.16, respectively. The lower 

concentration is reflected in smaller peak areas than those in Figures 3.5 -3.10. The 

general progression is similar; with a 15- seconds sampling time, all alkanes are present 

and Gaussian in shape. With a 20- seconds sampling time, the peak for hexane begins to 

distort, growing worse as the sampling time increases. In contrast, heptane remains 

Gaussian, distorting at 60- seconds sampling time. The peak for heptanal grew steadily as 

expected. Peaks for octane and nonane were Gaussian and grew steadily as before. 

 

 

 

Figure 3.11.  Chromatogram for the mixture at 15 sec sampling time. 
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Figure 3.12.  Chromatogram for the mixture at 20 sec sampling time. 

Figure 3.13.  Chromatogram for the mixture at 30 sec sampling time. 
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Figure 3.14.  Chromatogram for the mixture at 40 sec sampling time. 

 

Figure 3.15.  Chromatogram for the mixture at 50 sec sampling time. 
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Figure 3.16.  Chromatogram for the mixture at 60 sec sampling time. 

 

3.2.3. Data for 100L bag sampling 

Chromatograms for the mixture at 20- sec, 30- sec, 40- sec, and 60- sec sampling 

times in 100L bag are shown in Figures 3.14 - 3.17, respectively. At a 20- seconds 

sampling time, hexane is Gaussian. With a 30- seconds sampling time and longer, the 

peaks for hexane are distorted. Heptane begins to distort at 40 seconds, which is earlier 

than with the 5L bag. Octane and nonane remain Gaussian throughout and grow steadily. 

Heptanal grows steadily, but does show tailing. 
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Figure 3.14.  Chromatogram for the mixture at 20 sec sampling time. 

 

 

 

Figure 3.15. Chromatogram for the mixture at 30 sec sampling time 
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Figure 3.16.  Chromatogram for the mixture at 40 sec sampling time. 

 

 

Figure 3.17.  Chromatogram for the mixture at 60 sec sampling time. 
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 A very important consideration in trap design was the amount of sample vapor 

that could be held by the trap and the amount of time that the sample could spend before 

the sample loss from the trap because of the breakthrough effect. Sample breakthrough 

volumes are dependent on temperature during sample analysis. Mitra et al. [44] used sub- 

ambient temperatures during their analysis of VOCs and, using sorbent traps, found that 

low temperatures would reduce the risk of breakthrough 

The mass of analytes collected in the sorbent trap can be changed by changing the 

sample collection time. As the sampling time increased, the low moleculat weight 

compounds or highly volatile compounds that did not retain well on the trap entered into 

the GC column. This resulted in saturatin of the column as well as irregular peak areas 

and shapes.  
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CHAPTER 4 
 

      CONCLUSIONS 
 

In recent years GC-MS has become one of the most popular and widely used 

analytical methods for the determination of volatile aldehydes that are produced due to 

lipid peroxidation.  Various derivatization methods along with GC-MS have proven to be 

very useful for the identification and quantification of lipid peroxidation products, but the 

real time analysis of lipid peroxidation products is not possible with these techniques.  

Multibed sorbent trap coupled with GC-MS can be a very useful and effective 

online preconcentration device for the analysis of VOCs that are generated due to lipid 

peroxidation. Due to the strength of the sorbents used to construct the traps used in these 

studies, the compound volatility range was limited to about C9 alkanes and C7 aldehydes. 

The optimum sampling time (and therefore the level of pre concentration) is governed by 

the concentration of sample being drawn to the trap, and the volatility of the compounds, 

necessitation optimization for each application. 

An additional consideration is that currently, traps must be constructed by hand 

until the builder has experience; reproducibility is not typically acceptable. A more robust 

method for construction is required. 

A major advantage of the preconcentration described in this work is that it is 

operated online without the need for a conventional GC inlet. This creates the need for 

additional focusing devices, inlet splitters, and temperature automation. The online 

sorbent trap should be useful for a variety of applications, including VOCs analysis of 

lipid peroxidation. 
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CHAPTER 5 

DESIGN OF A METAL CLOSING  
 
 
5.1 Design of a Metal Closure for the Use of Multibed Sorbent Traps with Gas 

Chromatography–Time of Flight Mass Spectrometry (GC-TOFMS) 

 

  To improve the sensitivity of the sorbent trap that is coupled with GC-MS, there 

is a great need to design a metal closure that would connect the four port valve system 

and sorbent trap directly to the GC column. The metal closure placement and the cross 

section of the metal closure are described in Figures 1 and 2 .  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1. Metal closure system with four port valve and sorbent trap. 
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 The instrument set- up consists of sample system (S), valve body (VB), trap (T), 

vent (V), valve offset (O), and metal closure (MC). The total set- up is connected to the 

GC column by placing the whole set up on the GC oven wall (W) to connect the trap 

directly to the four- port valve and the GC column. The main advantage of connecting the 

valve and sorbent trap directly to the GC column by metal closure is that a low 

concentration of  O2 enters into the system compared to GC-MS-Sorbent trap set- up 

without metal closure. 

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2. Cross sectional view of the metal closure. 
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The cross- sectional view of the metal closure include 3-4 inches length aluminum 

cylinder with a 0.25 mm bore. To fit the orifice of the GC wall, the metal cylinder is 

welded with 1-2 inches length metal tube. The GC end of the metal tube is fitted with 

1/16th inch nut to connect with the GC column, and the other end of the cylinder is fitted 

with male threading nut to connect with the four- port valve system. 

The metal closure system should prove very useful to improve the sensitivity of 

the GC-MS-Sorbent trap system by eliminating dead volumes and cold spots in the 

system. 
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