
between oil coming from different samples. The most notable of the substituted alkanes in the 

oil samples were pristane and phytane which are used as "biomarkers" since their ratio is specific 

to a particular source of oil. The data in Figure 7-3 and 7-4 showed a decrease in two biomarkers 

between the pre-spill sample and the deepwater sample. This is the same general trend observed 

with the P AHs indicating that these biomarkers degrade upon exposure to the sea water. 

The observed differences in the P AHs and the alkanes between the two deepwater samples can 

be related to the difference between the density of the sea water and the components of the oil. 

Since the density of the sea water is greater than that of pure water allowing more organic 

substances in the oil to rise to the surface thereby resulting in a lower abundance for the P AHs 

and alkanes in the deepwater sample. Although the data suggest that the lower abundance may be 

due to degradation or to an increase in the volatility of the compounds, it may only be due to the 

difference in the density between the oil compounds and the seawater. This could provide an 

explanation for the marked difference between the chemical composition of the two deepwater 

samples shown in Figures 7-3 and 7-4. 

7.6 Suiface Samples 

Two oil samples taken from the surface were also analyzed. One sample was taken from a brown 

colored mousse patty floating on the surface. The other sample was a slightly more viscous black 

colored sample collected closer to the coastline. Figure 7-5 shows the GCxGC contour plots for 

both of the surface samples. The intensity of the contour plot for the black surface sample is 

clearly higher than that of the brown mousse patty sample. A majority of the compound detected 

in the mousse patty are various PAHs. Further, the contour plot of the mousse patty shows a 

clearer separation between the P AHs and the alkanes in comparison to the black surface sample. 
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5 21.7 38.3 55 

Figure 7-5 GCxGC Contour Plots of Surface BP Oil Samples where 

X-axis is in time in minutes and y-axis is time in seconds: 
(A) Black Tar Surface Samp e; (B) Mousse Patty Surface Sample 
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The same peak area ratio calculations performed on the two deepwater samples were also 

performed on the two surface samples. The results of the calculations for the brown samples are 

shown in Figures 7-6. 

In comparison to the deepwater samples, the surface samples showed a higher abundance of the 

substituted naphthalenes and anthracenes/phenathrenes. The most notable observation was that 

these P AHs appeared to decrease in abundance between the pre-spill sample and deepwater 

sample, but then significantly increased in abundance between the deepwater sample and the 

mousse patty surface sample. The difference between the abundances of the P AHs between the 

pre-spill and deepwater samples was discussed in the previous section, however the same 

reasoning can be applied to the difference between the deepwater and mousse patty samples. 

Thus, since the PAHs studied are generally less dense than that ofthe seawater, they float to the 

surface resulting in a higher much abundance for these compounds in the mousse sample in 

comparison to the deepwater sample. This data further implies that the differences in the 

abundances of the P AHs between the deepwater and surface samples are due to the difference in 

the density between the seawater and the compounds in the oil. The same trend was observed 

between the deepwater and mousse patty surface samples for the alkanes and cycloalkanes, as 

well as for the two biomarkers, which further supports the conclusion that the difference between 

the abundance of the compounds in the oil is primarily due to the difference in density with the 

seawater. 

The black tar surface sample was also analyzed using the same peak area ratio calculations used 

to analyze the previous samples. The results are shown in Figure 7-7. The P AHs and the alkanes 

appeared to decrease in their abundances between the two surface samples suggesting that they 
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either degraded or evaporated as the oil drifted closer to the coastline. It was also observed that 

the black tar surface sample contained more of the alkane isomers than any other sample 

previously analyzed. This implies that a majority of the weathering effects and degradation occur 

only after the oil has reached the surface. It was further observed that the separation between the 

alkanes and the P AHs was more pronounced in the surface samples compared to the deepwater 

sample and pre-spill sample. Therefore, the data suggest that the oil is separated into its larger 

and smaller compounds as it travels through the seawater to the surface based on the difference 

in density between the water and the compounds. They also suggest that a majority of the 

weathering effects and degradation of the compounds in the oil occur only after the oil has 

reached the surface. 

7. 7- Conclusions 

This study demonstrates an effective environmental application for GCxGC-ToFMS, over GC

MS. Not only do the results show that GCxGC is capable of producing thorough separations of 

highly complex samples, but the incorporation of the ToFMS provides the identification of each 

of each peak separated on the contour plots. Thus, this information was used to produce specific 

chemical profiles for each of the oil samples samples. Figure 7-8 shows location of each of the 

oil samples and its corresponding GCxGC contour plots. The results show that the deepwater 

samples mainly contained larger, heavier hydrocarbons more dense than the seawater whereas 

the surface oil samples contained smaller, lighter hydrocarbons less dense than the sea water. 

The precise mechanism as to how the process occurs in not completely understood and must be 

further studied; however, the data support this explanation providing an initial characterization of 

the oil as it travels to the surface. 
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Figure 7-8 Location and correspondi GCxGC contour plots of BP oil samples 
analyzed 
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CHAPTER 8 - CONCLUSIONS 

Throughout the course of thesis, GCxGC-ToFMS was used as a powerful technique for the 

complete separation and analysis of various illicit drugs extracted from both water and urine. 

This is achieved by using two columns of different dimensions and with different stationary 

phases in order to separate complex samples by the respective vapor pressures and polarities of 

their volatile components. The use of a cryotrap modulator allow for the rapid comprehensive 

separation of the entire sample on both columns. The combined use of the two columns as well 

as the cryotrap modulator produces orthogonal separations for each sample which means that the 

sample undergoes independent separation on each column without interfering with each other. 

This more than doubles the peak capacity capable by any standard GC-MS system thereby 

allowing the separation of unique components in each sample during a single analysis. Some of 

these components include drug metabolites, various impurities, degradation products, and 

isomers. The ToFMS produces rapid, full-scan mass spectra for each of the peaks separated by 

the GCxGC allowing each peak to be identified resulting in complete chemical profile for each 

sample analyzed. 

During the analysis of cocaine discussed in Chapter 4, GCxGC-ToFMS was compared to 

standard GC-MS and was shown to produce an LOD and LOQ that was at least one order of 

magnitude lower than the LOD and LOQ determined using GC-MS. During quantitative analysis 

of the drug, the high sensitivity of the ToFMS produced more linear calibration curves with less 

background noise, higher R2 values, and less deviation in the slopes between adjacent points on 

the curves. Further, the orthogonal separation capability of the GCxGC enabled the identification 

of three major metabolites of cocaine that could not be detected using GC-MS following the 

exposure of a cocaine standard to typical laboratory conditions for three days. Therefore, the 
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analysis of cocaine showed that GCxGC-ToFMS can also be used as a forensic tool for the trace 

analysis of illicit drugs on surfaces. 

In Chapter 3, the chromatographic performance of the second column in the GCxGC was 

analyzed using the Grob Test Mixture. Although the study showed the elution of all 12 of the 

Grob Mixture components, analysis of the retention factor, selectivity, and efficiency showed 

that the overall chromatographic performance was sacrificed in order to achieve rapid separation 

of samples on the second column. It was found that this behavior was mainly caused by the very 

high linear velocity of the carrier gas flowing through the second column. However, despite the 

low retention factors and low efficiencies determined for each of the 12 components, the 

selectivity determined for all 12 components was found to be between 1 and 2, indicating that the 

second column maintains selectivity despite the fast separation and high linear velocity of the 

carrier gas. The chromatographic performance of an ionic liquid stationary phase in the second 

column was also briefly studied in Chapter 3 as a possible candidate for the separation of the 

compounds in the Grob mixture. However, due to the poor values determined for the retention 

factors, selectivity, and efficiency as well as the inability of the ionic liquid to separate nitrogen 

containing compounds, it was determined to be unsuitable and was replaced with a more 

traditional stationary phase. 

The initial analysis of cocaine and salvinorin A using GCxGC-ToFMS showed that technique 

was effective for trace analysis in that it yielded a lower LOD and LOQ as well as more linear 

calibration curves. However, it was observed that the accuracy and precision of the results 

showed some deviation following liquid-liquid extraction(LLE) of salvinorin A from both water 
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and urine as well as solid-liquid extraction of cocaine from the surface of money. Since this was 

determined to be related to the sample preparation techniques used, a variability study of the 

LLE method for salvinorin A from both matrices was performed. The results showed high 

deviation in both the recovery from sample to sample as well as in the extraction precision due to 

the tedious nature of the extraction method. The extraction was repeated using fully automated 

SPME and the results were compared to those obtained via LLE; these not only showed higher 

recoveries and much better extraction precision, but also yielded linear calibration curves for 

concentrations below 1 ppm as well as lower LOD values in the low ppb to high ppt range. Due 

to these results, it was concluded that SPME-GCxGC-ToFMS was the preferred method for the 

trace analysis of drugs extracted from biological matrices. SPME-GCxGC-ToFMS was repeated 

for the extraction of cocaine from both urine and water in order to confirm the effectiveness of 

SPME over LLE for trace analysis ofother illicit drugs. The results also showed high recovery 

with minimal deviation between samples following extraction from both urine and water as well 

as good precision which was indicated by %RSD values that were determined to be less than 

10%. The calibration curve following SPME ofcocaine from both matrices also showed better 

linearity than the curve obtained for the non-extracted standard in which the concentration range 

plotted for cocaine was below 1 llg/mL. Although the curve following water extraction was 

much better than the curve following urine extraction due to the more complex nature of urine, 

the concentrations of cocaine plotted were well-below 1 llg/mL using SPME where the plot for 

the non-extracted standard obtained using liquid injection did detect cocaine at these same 

concentrations. Therefore, the results further support that SPME is the preferred technique for 

trace analysis of illicit drugs. 
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However, despite the high sensitivity of SPME, it was detennined during the analysis of cocaine 

and the four drugs contained in Yaba that the critical factor affecting extraction of the drugs from 

both water and urine was the pH of the matrix. It was also observed that upon adjusting the pH of 

the matrix to be at least 2.0 pH units away from the pKa of each, the accuracy, precision, and 

linearity for the extraction of the drug greatly improved. Thus, this indicated that the pH of the 

matrix was the primary source of the matrix effects observed in both water and urine. However, 

during the validation studies for caffeine and cocaine, better results for accuracy, precision, and 

linearity were obtained when the pH of water was not adjusted indicating that the addition of a 

buffer to adjust the pH interfered with the adsorption ofeach drug onto the fiber even when the 

concentration of the buffer was reduced from l.OM to O.lM. This was not observed during the 

extraction of each drug from urine following proper pH adjustment indicating the adjusted pH 

prevents minimizes interferences from other components allowing the drug to be readily 

adsorbed onto the SPME fiber with better accuracy and precision. Thus, it was detennined that 

the complexity or nature of the matrix is also a critical factor affecting the extraction of the drug. 

The dependence on the nature of the matrix and the pH of the matrix when perfonning SPME 

was further confinned from the results of the DOE perfonned for the analysis of the full Yaba 

mixture. As discussed in Chapter 6, the full Yaba mixture was extracted from water both with 

and without pH adjustment of the matrix to a pH of 8.0. The results showed better recovery and 

precision when pH adjustment was used. They showed a trend in which both the recovery and 

precision for each of the four drugs was slightly better when the drugs were present at the high 

concentration of 500 ng/mL. This trend was not observed nor was any trend observed for the 

results from the extraction conducted without pH adjustment of the matrix. Thus, these 
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observations further support the conclusion that the pH of the matrix is a critical factor affecting 

extraction. However, the results from the extraction ofYaba from urine also did not show any 

clear trend in the recovery or precision for the four drugs at either 500 ng/mL or 31 ng/mL 

despite adjusting the pH of the matrix to 8.0. Therefore, these results further support the 

conclusion that the nature ofthe matrix is also a critical factor affecting extraction. It is 

important to note that both of the critical factors affecting extraction were prevalent for both the 

analysis of the individual drugs as well as the analysis ofdrug mixtures despite the simplicity 

and higher sensitivity of SPME compared to LLE. Therefore, the properties of the matrix must 

be considered equally along with the properties of the analytes regardless of the extraction 

technique being performed. 

Although it was determined the critical factors affecting the extractions ofboth the individual 

drugs and the drug mixtures were the same, the key difference between them were the values 

determined for the recovery and precision of each drug. It was noted in Chapter 6 that the 

recovery and precision of each drug extracted from the Yaba mixture using a single method was 

much worse than the recovery and precision of each drug extracted individually using a separate 

method. The reason was determined to be due to the interactions between the drugs themselves 

and between the drugs and the matrix resulting in competition between the drugs for adsorption 

onto the SPME fiber. These effects created greater interferences thereby increasing the matrix 

effects as well as severely affecting the accuracy and precision for the extraction. Although it 

was determined that both critical factors affecting extraction were present during the extraction 

ofYaba, the complexity of the matrix was more prevalent. It was concluded that the interactions 

between the drugs in Yaba resulted in the formation ofdrug metabolites and degradation 
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products following the extractions from both matrices. Since this observation was more prevalent 

following the urine extractions, it was determined that the complexity of the matrix was the 

greater factor affecting extractions of multiple drugs. 

The metabolites and degradation products present in the Yaba mixtures demonstrate a key 

benefit of the orthogonal separations performed by the GCxGC as well as the high sensitivity 

and rapid, full scanning capability of the ToFMS. These two capabilities of the instrument were 

also demonstrated during the degradation of the cocaine standard and the analysis of salvinorin A 

in the leaves of the S.divinorum plant. Both of these analyses showed the presence of several key 

metabolites corresponding to each drug following analysis via GCxGC-ToFMS. It was found 

that the identification of these metabolites provides a unique chemical profile that can be used to 

build detailed impurity profiles for each drug. These impurity profiles can be used by forensic 

scientists as well as law enforcement officials to determine the route of synthesis, presence of 

cutting reagents, and even drug trafficking patterns over a specific geographical region. It should 

also be noted that the degradation study for cocaine was also performed using GC-MS, but only 

after three days did not detect a peak for any metabolite of the drug nor a peak for cocaine itself. 

It was therefore concluded that the data for cocaine, salvinorin A, and Yaba would not have been 

achieved, but due for the orthogonal separation capability of the GCxGC system used in 

conjunction with the high sensitivity and rapid scan capability of the ToFMS system. 

The majority of this thesis has focused on forensic applications of GCxGC-ToFMS for both 

conventional and designer drugs. However, an environmental application of the instrument was 

demonstrated during the analysis ofoil samples from the BP oil spill. It was discussed Chapter 8, 
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that the orthogonal separation capability of the GCxGC along with the capability of the ToFMS 

allowed the complete separation of oil samples as well as the identification of each peak detected 

in samples taken from various depths of the Gulf of Mexico. The results showed that specific 

patterns and compounds were present in each sample which were unique depending upon the 

location where each sample was taken. Thus, this established correspondence between each 

sample and the depth at which the sample was taken to allow their preliminary characterization. 

These results were observed to be superior to results obtained for the same samples using GC

MS which only showed the typical "humpogram" for a crude oil or petrochemical sample. The 

only discernible compounds identified were the homologues series of alkanes between decane 

and triacontane. The same "humpogram" was also produced following GCxGC analysis where 

not only was the same homologous series of alkanes observed, but also various branched chain 

and alkene isomers of the alkanes and various P AHs and substituted P AHs could also be 

identified. This not only further demonstrates the superior separation power of the GCxGC, but 

also demonstrates the versatility of the instrument for multiple applications. 

However, despite the capabilities ofSPME-GCxGC-ToFMS discussed throughout this thesis, the 

instrument does have some limitations. One of the major limitations of GCxGC-ToFMS was 

discussed in Chapter 3 during the evaluation of the chromatographic performance of the second 

column. It was concluded that the lack of retention and overall performance of the second 

column was primarily due to the high linear velocity of the carrier gas in the second column. It 

was also noted that smaller dimensions and the high linear velocity of the second column also 

result in an isothermal separation in the second dimension despite the use of a temperature 
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program. This is a clear demonstration ofhow good chromatographic performance inside the 

second column is sacrificed in order to achieve very fast separation within it. 

The second limitation of the system was due to the peak integration algorithm and peak 

deconvolution algorithm used in the data processing software. This was found to be a frequent 

issue throughout the course of the research especially for the analysis of very low concentrations. 

It was also determined that this issue was related to both the high sensitivity of the ToFMS and 

the conditions of the modulator. It was previously discussed that the lack of accuracy and 

precision observed at very low concentrations was due to greater interference from the noise(e.g. 

column bleed, septum bleed, and matrix effects) resulting in low SIN ratio. Due to the high 

sensitivity of the ToFMS, peaks at these low concentrations were often detected. However, this 

feature of the ToFMS also detected all of the peaks corresponding to the noise. Although most of 

the noise was removed by the software using the peak deconvolution algorithm prior to 

processing the sample data, some of the noise was still present making challenging for the 

software to distinguish between the noise and the analyte peak which often resulted in no 

integration for the analyte peak during data processing. Another frequently observed challenge 

was that the analyte peak was often eliminated prior to integration during peak deconvolution of 

the raw data. This was especially prevalent during the determination and confirmation of the 

LOD and often resulted in poor precision. The peak deconvolution and the peak integration 

algorithm are based on the expected peak widths following separation in both the first and 

second dimension entered by the user. It must be noted that the expected peak widths entered do 

not correspond to a range ofpeak widths; they are specific numbers that the software compares 

to the actual peak widths of the first and second dimensions peaks appearing on the raw 
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chromatogram. Any raw peaks that do not match both of the expected peak widths are rejected 

by the software as actual peaks and the software does not assign a compound nor does it 

integrate the peak. Therefore, the software does not allow the user to perform manual integration, 

but it does allow the user to select a range of expected retention times for compounds in each 

sample. However, this cannot be considered manual integration since only the raw peaks whose 

actual retention times fall within the specified range entered for the expected retention times in 

both dimensions are assigned a compound name and integrated by the software. 

The conditions of the modulator, specifically the modulation period, also affects both the peak 

integration and peak deconvolution algorithms of the data processing software. The modulation 

period determines the number of "slices", or second dimension peaks, comprising a single peak 

eluted in the first dimension. Ideally, each peak eluted in the first dimension should be a skewed 

Gaussian and should have the same peak width. In addition, the number of "slices" taken for 

each peak in the first dimension should be the same where their individual peak widths should 

also be the same. However, this rarely ever happens due to mass transfer effects occurring on 

both columns as well as variation in the linear velocity of the carrier gas as the sample passes 

from the first into the second column. As discussed in chapter 3, these effects are more prevalent 

in the second column due to the high linear velocity of the carrier gas and often result in a greater 

resistance to mass transfer between the analyte and the stationary phase and little retention in the 

second column. These effects result in peak width variations in the second dimension. Peak 

tailing was also prevalent for some compounds in the first dimension due to a lower linear 

velocity and lower resistance to mass transfer between the analyte and the non-polar stationary 

phase in comparison to the second column. This effect resulted in a variation in the number of 
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"slices" taken for these peaks during peak modulation. Therefore, the deviation between the 

expected and the actual second dimension peak widths compounded with the deviation between 

the modulation period and the actual number of "slices" resulted in both the incorrect grouping 

of "slices" and improper integration of the peaks during data processing. It was therefore 

concluded that the combined effects of the high sensitivity of the ToFMS and the modulation 

period cause limitations critical to the function of the peak deconvolution and the peak 

integration algorithms performed by the data processing software, thereby directly effecting the 

analytical figures of merit. 

In addition to the limitations discussed above for the GCxGC-ToFMS system, two critical 

limitations were frequently observed when using SPME. One limitation was related to the 

conditioning requirements stated by the vendor. It was frequently observed that recovery 

following the first few extractions after conditioning a new fiber were lower than subsequent 

extractions using the same fiber regardless of the fiber coating. This indicates the requirements 

established by the vendor for conditioning of the fiber may not have been completely accurate. 

The purpose of conditioning the fiber is to ensure that the fiber is clean and free of any 

contaminants or impurities that may interfere with the adsorption of analytes onto the surface of 

the fiber. Thus, the low recovery and lack of precision of extraction analytes following initial use 

of a new fiber indicates that the some impurities and/or contaminants are present on the fiber 

despite application of the conditioning requirements. In order to maximize recover of a new 

fiber, the same samples would have to be run multiple times to ensure that the fiber was free of 

contaminants. However, it was observed that performing extraction of a blank vial followed by 

extraction of a vial containing only the matrix, but no analyte was necessary when using a new 
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fiber in order to maximize recovery of an analyte. It must also be noted that the fiber was baked 

out using the conditioning requirements of the vendor between each. Although this process was 

time consuming and may have shortened the lifetime of the fiber, it be became standard practice 

in order to maximize the performance of SPME. The second limitation when using SPME was 

observed following extraction of the full Yaba mixtures. As discussed in Chapter 6, the accuracy 

and precision for each of the drugs was much lower and was determined to be due to competition 

between the four drugs for adsorption onto the surface ofthe fiber. However, it was also 

observed that this competition also resulted in the formation and extraction of specific 

metabolites and degradation products for the amphetamines, that were not present when the drug 

was contained in a matrix by itself. Therefore, it was concluded that SPME could be not only be 

used for the screening ofbiological matrices for the presence ofthe parent drugs, but that it can 

also be used to produce a unique impurity profile of the drug when contained in a mixture with 

other drugs. It is believed that this information could greatly assist law enforcement officials and 

forensic scientists in establishing a database for new designer drugs and new drug mixtures. 

However, despite the limitations of SPME-GCxGC-ToFMS, it has been demonstrated 

throughout this thesis to be the preferred technique for the trace analysis of drugs abuse. It is also 

been shown that it is also been an effective tool for characterizing complex samples and 

mixtures. This research provides an initial framework establishing SPME-GCxGC-ToFMS as an 

effective tool for both forensic and environmental applications which can benefit both law 

enforcement officials and environmental scientists. Therefore, the results presented in this thesis 

can be used to establish a detailed impurity profile for a complex designer drug such as Yaba or 

the specific chemical profile for a drug taken from a natural product such as sage. Further, this 
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research also provides some insight as to the chromatographic performance ofthe GCxGC

ToFMS system revealing some of the limitations of both the software used during data 

processing as well as the instrument itself. While SPME-GCxGC-ToFMS is a versatile technique 

with multiple applications, the theory and mechanism governing its operation must be studied 

and its limitations must be understood in order to exploit its advantages. 
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