


reaction only proceeds if the proton affinity of the sample molecule is greater than that of

nicotinamide. Most illegal drugs exhibit proton affinities greater than common reactants

and are hence readily ionized using this technique.

[NTAJH' + Analyte — NTA + [Analyte]H" Eq. 4.1

For identification purposes, reduced mobilities (Ko) are often used instead of drift time.
Reduced mobilities are calculated for positive ion mode using nicotinamide as the
calibrant. The reduced mobilities of unknown peaks during analysis can be calculated
using Equation 4.2, where Ky is the reduced mobility in units of em?V!st and 7 is the

drift time of the calibrant and the unknown.

calibrant _ calibrant
Kounkmwn . KO t

Fumknown Eq. 4.2
Operating at ambient pressures offers many advantages for IMS. These
advantages include simple, robust, and miniaturized instrumentation that can be carried
out into the field for on site analysis. IMS is also a sensitive technique with real time
monitoring capabilities, short analysis times and low detection limits. The consequence
of electron transfer is that molecules form ions that maintain much of their original shape
and size. Because the energetics of the APCI processes are weak, ions seldom dissociate

or fragment in the reaction region of the spectrophotometer.
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Different SPME fibers have different selectivities and sensitivities toward the

target analyte. Therefore different fibers must first be evaluated and then the optimal one

selected for further studies.

Five types of fibers were studied: 65 pum polydimethylsiloxane/divinylbenzene
(PDMS/ DVB), 65 pum Polyacrylate, 7 um Polydimethylsiloxane (PDMS), 100 um
Polydimethylsiloxane, and 50/30 pm Divinylbenzene/Carboxen/PDMS
(DVB/CAR/PDMS). The sample concentration of 5 pg/mL and extraction parameters of
temperature of 80°C and extraction time of 30 minutes were kept the same for each study
conducted on the five fibers. A 2 mL sample volume was also found to be appropriate for
the extraction. At volumes greater than 1.5 mL, the amount of analyte extracted by the
fiber is independent of the sample volumes. For comparison purposes, the extractions
were performed both on urine spiked with ephedrine and also on ephedrine dissolved in
water. The recoveries obtained from the urine samples were lower than the aqueous

samples due to matrix interference present in the biological media.

Figure 4.2 displays the extraction efficiency of ephedrine in urine and water, by
different fiber coatings. This figure shows that the 65 pm PDMS/DVB and 50/30
DVB/CAR/PDMS fibers have comparable responses and exhibit the highest sensitivity to
ephedrine, both in water and urine matrix. The difference in extraction performance
amongst the fibers reflects variations in the polarity of the individual fibers. The different
extraction efficiencies observed are also due the different extraction mechanism of

absorption versus adsorption for the liquid PDMS and polyacrylate and the two porous

solid fibers.
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Figure 4.2 Extraction efficiency of ephedrine in water and urine, sampled directly by five

SPME fibers
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The 7 um PDMS fiber exhibited poor sensitivity towards ephedrine due to its low
polarity and capacity, making it unsuitable for analyzing polar trace level compounds.
Compared to the nonpolar 100 pm PDMS and the 65 pm polyacrylate coatings,
ephedrine sensitivity could be increased significantly when the PDMS/DVB and
DVB/CAR/PDMS fibers are used. The PDMS/DVB and DVB/CAR/PDMS fibers are
recommended for polar analytes and hence exhibited higher sensitivity for the highly
polar ephedrine compound in comparison with the other fibers. For all further studies, the
50/30 DVB/CAR/PDMS fiber was chosen and the remaining fibers were not investigated
further. In this fiber selection study, the extractions were carried out for 30 minutes, and
it is possible that equilibrium conditions were not achieved for the PDMS, polyacrylate
and PDMS/DVB fibers, since each would have its own equilibration time. The
DVB/CAR/PDMS fiber exhibited an equilibrium condition of 30 minutes, as shown in

Figure 4.3.

Since SPME is an equilibrium extraction technique, the maximum amount of
ephedrine extracted by the fiber under a given set of conditions is determined by the time
to reach sorption equilibrium. The efficiency of ephedrine extraction by SPME was
investigated using an extraction recovery-time curve for samples. The study was
undertaken at 80°C by comparing the response of a known concentration of ephedrine as
a function of contact time with the DVB/CAR/PDMS fiber. Six replicate samples were
extracted at 5, 10, 15, 30, 45, and 60 minutes. As seen in Figure 4.3, the amount of
ephedrine adsorbed to the fiber leveled off after approximately 30 minutes extraction
time. Lines drawn across the SPME data points are shown for illustrative purposes. An

optimum sample extraction time of 30 minutes was therefore chosen to achieve
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Figure 4.3. Extraction time profile of 5 pg/mL ephedrine solution performed at

80°C with a DVB/CAR/PDMS fiber.

97

60



maximum sensitivity without unduly extending the analysis time. Agitating or sonicating
the sample during extraction will reduce the extraction time of 30 minutes. However,
since this method is proposed primarily for field analysis, it was felt that additional
extraction steps would make the method more cumbersome without adding much value,

since equilibrium with the DVB/CAR/PDMS fiber was achieved in a reasonable time.

The effect of temperature on the extraction was studied by comparing the
response of ephedrine as a function of temperature with the DVB/CAR/PDMS fiber. Four
replicate samples were extracted at 25°C, 45°C, 60°C and 80°C. Generally an increase in
the temperature of the sample will increase the diffusion coefficient and decrease the

distribution constant of analytes, which lead to faster equilibration time and lower

extraction recovery.

Figure 4.4 shows that the amount of ephedrine extracted by SPME increases as
the temperature is raised and levels off at approximately 80°C. At room temperature the
extraction rate is so slow that almost no ephedrine is detected from the fiber after 30
minutes extraction. The extraction rate increases significantly as the temperature is
increased to 80°C. At temperatures higher than 80°C, the extraction rate will typically
increase as dictated by SPME theory, but the sensitivity of the method will decrease due
to a lower distribution constant [215]. A sample extraction temperature of 80°C was

therefore chosen for further analysis without compromising the extraction time and

sensitivity of the method.
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The pH effect on SPME extraction was studied by adjusting the pH of the
ephedrine-spiked urine sample with 0.1 M HCI and 0.5 M NaOH. The pH of a urine
sample is typically about 6, and the adjustments were made to pH 4, 5, 7, 8, 9 and 10.
The study was done by comparing the response of ephedrine as a function of pH with the
SPME fiber. Since the pKa of ephedrine is 9.6, the extraction sample should ideally be
buffered to pH 10 or 11. Figure 4.5 shows that the amount of ephedrine adsorbed to the
fiber increases significantly as the pH is increased from 4 to 10. The manufacturer
recommends the maximum pH for immersion of the DVB/CAR/PDMS fiber not exceed
pH 11. Therefore, it was decided to continue further studies at a pH of 10 to maximize

extraction efficiency while extending the performance of the fiber as long as possible.

According to the manufacturer’s instructions, the IMS desorber unit is usually set
at 290°C under normal operating conditions where an autosampler is used to make
injections. However, since DVB/CAR/PDMS fibers are not stable at such high
temperatures, the desorber unit temperature was lowered to preserve the integrity of the
fibers. The efficient desorption of ephedrine from the SPME fiber is critical for this
technique to achieve good reproducibility, high sensitivity and to prevent excessive
carryover between analysis. An SPME-IMS desorption temperature optimization study
was conducted to determine the response vs. desorber temperature profile of ephedrine
from the DVB/CAR/PDMS fiber. The sample concentration and extraction parameters

were kept the same for each of the temperature studies conducted from 200°C to 260°C.
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Figure 4.5 Effect of ephedrine response as a function of sample pH by SPME.

101

10



The inlet temperature and the drift tube temperature remained constant throughout
the experiments at 260°C and 230°C respectively. The SPME carry-over desorption
profile was also investigated by making six successive injections from the same extracted
fiber to determine the response of ephedrine after each injection. Figure 4.6 shows the

results of the desorber temperature profile, and also the carry-over studies conducted on

ephedrine in urine samples.

The response of ephedrine increased as the desorber temperature was raised from
200°C to 260°C. As expected, the carryover of analyte also decreased considerably at
higher temperatures. At 260°C the carry-over of ephedrine could not be eliminated
completely with a single injection and consistently exhibited approximately 3%
carryover. The carryover was eliminated completely after 2 subsequent injections. Since
each injection require only 30 seconds, it was beneficial to add a cleaning step of two
injections to the method after each analysis to ensure no carryover of analytes. Studies
were not conducted at temperatures higher than 260°C to preserve the integrity of the
DVB/CAR/PDMS coating. The SPME fibers performed well throughout the studies,
where over 100 analyses were performed with one fiber before visual degradation of the

fiber started to occur. No decomposition products of the fiber were observed in the

plasmagrams.

A plasmagram of a blank desorption is shown in Figure 4.7. The only peak
present is that of the calibrant nicotinamide at approximately 9.6 ms. the absence of any

other peaks indicate that no ionizable substances is desorbing from the SPME fiber.
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A plasmagram of urine sample spiked with 5 pg/mL ephedrine and extracted by
the SPME method is shown in Figure 4.8. It was determined from an ephedrine standard
prepared in water that the analyte exhibits three characteristic peaks that can be used as a
fingerprint tool to identify ephedrine. The primary peak has a drift time of 11.145 ms, and
the two secondary peaks labeled as Ephedl and Ephed?2 have drift times of 7.162 ms and
10.620 ms respectively. The peak at 11.145 ms was integrated for all quantitative
analysis. The calibrant has a drift time of 9.488 ms. The peak present at 8.755 ms and the

smaller ones between 21 and 26 ms are unidentified endogenous substances present in

urine.

The fragmentation pattern observed for ephedrine was investigated further by
comparing the plasmagrams generated in this study with chemical ionization (CI) mass
spectra of ephedrine. While fragmentation is a normal occurrence in electron impact mass
spectrometry, the fragmentation of ions in APCI techniques such as chemical ionization
mass spectrometry and IMS are considered “soft”. Because of this, both IMS and CI mass

spectrometry methods exhibit some similar characteristics.

An ephedrine sample, prepared at a concentration of 1 mg/mL in acetone, was
injected into a GCQ Chemical Ionization (CI) mass spectrometer (Thermo Finnigan, San
Jose, CA) using a high temperature direct injection probe. Methane was used as the
calibrant gas and the CI mass spectrum acquired is shown in Figure 4.9 A. As seen in
Figure 4.8, ephedrine exhibits three peaks in an IMS plasmagram: a main peaks at 11.124
ms and two secondary peaks at 7.162 ms and 10.620 ms. The chemical ionization mass

spectra shown in Figure 4.9 A also exhibits three major peaks at m/z 58, 148 and 166.
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The peak at 166 is the protonated molecular ion and the remaining two are fragment ions.
The molecular structure of ephedrine is also shown in the insert with the carbon-oxygen

and the carbon-carbon bonds likely to break and fragment into the associated ions that are

observed.

Since IMS is also an APCI technique and it separate ions based on size, it is
reasonable to deduce that the peak at 7.162ms is the 58m/z ion, the peak at 10.62 ms is
the 148 m/z ion and the primary ephedrine peak at 11.124 ms is the parent ion at 166 m/z.
To further substantiate this postulation, a plot of ion molecular weights vs. drift time

shown in Figure 4.9 B, yields excellent correlation, with an 1% of 0.999.

Theses findings support the hypothesis that structural information is encoded on
the drift time region of the plasmagrams. This information can be very useful for further
studies in the identification of unknown ions produced by an APCI technique by

estimating molecular weight of ions base on their drift times in IMS.

A comparison was made of the drift times and peak shapes of ephedrine using
direct injection vs. SPME injection was done. A 2 pL sample of ephedrine dissolved in
acetone was directly injected into the IMS and compared with the results obtained from
an SPME injection. Table 4-1 shows that the SPME injection produces excellent
replication of drift times compared with direct injection. The peak-width-at-half-height
(FWHM), which is a common measure of peak shape, also shows excellent comparison

between direct and SPME injection.
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Direct Injection SPME Injection

Drift Time K, FWHM Drit Time K, FWHM

{msec) {emVish (usec) {msec) {cm®Vish {usec.)
Ephedrine  11.145 1.5848 312 11.143 1.5843 308
Ephed1 7.162 24660 217 7.161 24660 216
Ephed2 10.620 1.6630 244 10.619 1.6630 240

Table 4-1. Comparison of drift time and FWHM between SPME-IMS and direct injection

IMS.
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Figure 4.10 shows a three dimensional plasmagram of the blank desorption shown
in Figure 4.7, with nicotinamide abundant across the 30 second desorption. A three-
dimensional (3D) representation of the urine sample spiked with 5 pg/mL ephedrine same
IMS plasmagram depicted in Figure 4.11, along with all of the segments of data acquired
during the run. When a sample is introduced into the reaction region, charge transfers
from the reactant ion to the product ion, which results in a decrease of the reactant ion
(nicotinamide) and an increase in the analyte (ephedrine) peaks. As the sample is
removed from the reactant region, reactant ions increase and product ions decrease in
concentration, resulting in an increase in the reactant ion peak and a decrease in the
analyte peak. Figure 4.12 depicts a concentration profile that shows the growth and decay

of nicotinamide and ephedrine in relation to each other during the course of the 30 s

analysis.

The reproducibility of the method with 1 pg/mL spiked urine sample was
evaluated and found to have an RSD (N=5) of approximately 5%. The limit of detection
of the method, with the inherent ten fold dilution of urine, was estimated to be 0.05

pg/mL, which is well below the limit of 10 pg/mL set by the WADA and I0C.

Since urine concentration can be highly variable with respect to matrix
constituents, the accurate quantitation of ephedrine in urine requires a method of standard
addition. In this technique, known quantities of ephedrine are added to the unknown, and
the enhanced response allows determination of how much analyte was present in the

original urine sample. The method of standard addition mandates a linear response to
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Figure 4-10. A three dimensional plasmagram of a blank SPME desorption.
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Figure 4.11. A three-dimensional plasmagram showing 5 pg/mL ephedrine spiked in

urine
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Figure 4.12. A cross sectional view of a plasmagram showing 5 pg/mL ephedrine spiked
in urine. The two plots show the desorption profile of the calibrant and ephedrine for 30

seconds
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ephedrine, so a calibration curve for SPME-IMS of ephedrine from urine was plotted.
The calibration curve, shown in Figure 4.13, was determined in the concentration range

of 0.1 pg/mL to 10 pg/mL and found to be linear over the entire range with an 1* value of

0.990.

A urine sample was spiked with 2 pg/mL ephedrine and analyzed using the
method of standard additions. The quantitation of ephedrine in this sample was done by
performing a linear regression analysis on the spiked sample with the equation, y =
3556x + 7542. The linearity of the calibration curve obtained from this analysis exhibited
an r* value of 0.992. The recovery obtained on the spiked urine sample was 101%,
confirming the applicability of the proposed method for the analysis of ephedrine in
urine. This procedure would work well as a screening technique because of its portability,
real-time and on-site monitoring capabilities to detect and quantitate ephedrine in urine.

Coupling SPME with IMS produces a system not only with improved sensitivity,
but also enhanced selectivity. The additional selectivity provided by SPME, which
includes the removal of interferences, is critical for IMS operation in order to circumvent
ion competition and suppression, which historically has been the major limitation of IMS
instruments to detect and quantitate analytes in complex samples.

The SPME-IMS method developed in this study demonstrates that ephedrine
analysis in biological matrices can be done in minutes with minimum sample cleanups
and no solvents. The SPME-IMS combination possesses several attractive attributes such
as the simplicity of sample preparation, minimized sample handling, and 1-step sample

extraction/concentration directly from the biological sample into the IMS.
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Figure 4.13. Calibration curve for 0.1 pg/mL to 10 pg/mL ephedrine in urine sample
extracted by SPME. The equation of the line is y = 4164x + 1524 with an r* value of

0.990.
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4.5 CONCLUSION

SPME-IMS does not require elaborate sample preparation or chromatographic
separation and provides a fast, sensitive and reliable method for detecting and quantifying
ephedrine in a biological matrix. Although we have not experienced any interference by
coexisting substances in quantitative ephedrine detection, confirmation analysis by GC-
MS should be performed for IMS-positive samples containing multiple drug substances
at high concentrations. The linearity for ephedrine observed over three orders of
magnitude, along with a detection limit of 0.05 pg/mL, reproducibility of 5% and good
recoveries make the method very satisfactory. The short analysis time, minimization of
carry-over, fragmentation characteristics, and field-analysis capabilities also render the
method very practical for many applications. However, further evaluation of this
technique against well understood and established methods is necessary before SPME-

IMS can be solely relied upon for routine measurements.

Method development for SPME-IMS follows similar procedures as for the more
common SPME-GC. The SPME-IMS technique could be easily applied to field
measurements, since it does not require gases or mobile phase, and the IMS operates at
atmospheric pressure. The IMS fragmentation spectra can also be used to give additional
evidence for the presence of ephedrine. The limit of detection is well below the cut-off
limit specified by the World Anti-Doping Agency, and the linear range, reproducibility,
recovery and lack of interference from endogenous compounds make the SPME-IMS

method very attractive and promising for routine analysis.
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CHAPTER
5

DETECTION AND QUANTITATION OF THE PARABENS IN
PHARMACEUTICAL FORMULATIONS BY SOLID PHASE MICRO
EXTRACTION/ION MOBILITY SPECTROMETRY

5.1 ABSTRACT

Solid phase micro-extraction (SPME) coupled with ion mobility spectrometry
(IMS) is demonstrated for the detection and quantitation of 4-hydroxybenzoate
preservatives, methylparaben (MP), ethylparaben (EP), propylparaben (PP) and
butylparaben (BP) in commercial pharmaceutical products. Since its inception in the
1970’s IMS has evolved into a useful technique for laboratories to detect explosives,
chemical warfare agents, environment pollutants and increasingly in detecting drugs of
abuse. For the first time, an SPME-IMS technique is described for the simultaneous
detection, separation and quantitation of multiple analytes in complex matrices. The
parabens are extracted from the samples using SPME and the analytes on the fiber are
heated by the IMS desorber unit and vaporized into the drift tube. The four preservatives
differing only by a methyl group were separated in less than 18 ms. The analytical
procedure was optimized for fiber coating selection, extraction time, sample pH, sample
volume, ionic strength, and IMS conditions. Separation characteristics such as resolution,
theoretical plates, and drift times‘of the parabens were also evaluated based on the direct

interfacing of SPME to IMS. The optimized method was further verified by testing six
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over-the-counter topical products containing various combinations of preservatives.
Analysis of the samples by SPME-IMS using benzyl paraben as an internal standard
yields good comparison to an HPLC method, thereby reinforcing the applicability of this
technique as a method for routine analysis. Limits of detection were 10 ng/mL for methyl
paraben and ethyl paraben, and 5 ng/mL for propyl paraben and butyl paraben. A linear

range of 3 orders of magnitude, and acceptable reproducibility were obtained.

5.2 INTRODUCTION

Parabens are the most commonly used preservatives in topical pharmaceutical
preparations. A paraben mix is a mixture of four different paraben esters: methyl-, ethyl-,
propyl-, butyl-parahydroxybenzoic acids. They are also used in cosmetics, skin care
products, medications, foods, and industrially in oils, fats, shoe polishes, textiles and
glues. Two or more paraben esters are often found in one product so it is useful to test

sensitivity with the paraben mix, as there is a high incidence of cross-reactions between

the esters.

Leave-on products such as facial makeup and skin lotions are of great concern
because of the long exposure time and opportunity for migration via the skin into the
bloodstream. The recently discovered estrogenic effects of certain synthetic chemicals,
including the parabens, and their subsequent effects on the endocrine system of humans
and wildlife, is of growing concern, especially in relation to women's risk of breast
cancer [216,217]. For many years, parabens were considered among those preservatives

with low systemic toxicity, primarily causing allergic reactions. However, as people have
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become aware that some synthetic chemicals mimic the female hormone estrogen, the

understanding of the toxic effects of both synthetic and natural substances has changed.

Significant effort has been invested to develop analytical techniques for drugs in
clinical, forensic and pharmaceutical applications. These methods often require
extraordinary care in sample collection, preparation, and analysis since only small
amounts of substances might be available in complex matrices and they are difficult to
extract or isolate. Such analyses may be complicated further by chemically interfering
components and widely differing sample purities. The demand also exists for rapid,
inexpensive, and convenient analytical methods in quality control and quality assurance
during the manufacture of drugs. More efficient methods of analysis could expedite the
process of performing production line monitoring, spot and final testing of raw materials

and finished commercial products.

The popularity of the parabens as preservatives in pharmaceutical formulations
has led to a regulatory requirement for their rapid detection and quantitative analysis in
development, manufacturing and quality control laboratories. Parabens are traditionally
analyzed by gas chromatography (GC) or high performance liquid chromatography
(HPLC), with both of these methods requiring time-consuming and extensive extraction,
sample cleanups and long run times [218-222]. Derivatization as silyl- or fluoroacetyl
derivatives combined with extraction and cleanups may be necessary for separation and
quantitation in GC analysis. HPLC techniques, most commonly used for these
compounds, require time-consuming extraction steps and long run times involving
gradient elution to remove the many nonpolal_x compounds typically used in topical

formulations. There has also been limited use of electrophoretic methods for these assays.
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[223-226]. The structures of the parabens used in this study, along with molecular

formula and molecular mass information are shown in Figure 5.1.

Since its introduction in the 1990’s [227] SPME has proliferated with numerous
applications in the forensic, environmental, food and pharmaceutical industry, where both
headspace and direct extraction methods have been thoroughly explored with the primary
instrumental techniques being gas chromatography and liquid chromatography [228-236].
SPME has previously been used in combination with IMS to detect heroin and cocaine by
headspace analysis [237,238]. However, the technique has only been used for semi-
quantitative purposes and has not been applied for multi-component analytes in complex
samples. Electrospray ionization and matrix-assisted laser desorption/ionization
(MALDI) have also been explored as interfacing techniques for SPME with IMS/MS
[239,240].

The success of SPME in providing many advantages over conventional analytical
methods such as selectivity, and integrating sampling, extraction, and concentration into a
single step has led us to further explore the technique by coupling it to IMS to detect and
quantify parabens in creams, lotions, solutions and ointments. IMS offers an alternative
to the costly and time-consuming traditional chromatographic techniques, and has the
advantages of fast, sensitive, real-time and on-site in-process type monitoring
capabilities. The SPME-IMS method developed in this study demonstrates that paraben
analysis in pharmaceutical products can be done in minutes with minimum sample
cleanups and no solvents. The SPME-IMS combination possesses several attractive
attributes such as the simplicity of sample preparation, minimized sample handling, and

one-step sample extraction/concentration directly from the sample into the IMS.
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Structural name: Methyl 4-hydroxybenzoate Structural name: Ethyl 4-hydroxybenzoate
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Molecular formula: CoH;,0; Molecular formula: C;;H 403
Formula Weight: 180.20 Formula Weight: 194.23
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Structural name: Benzyl 4-hydroxybenzoate
Molecular formula: HOCH,CO,CH,Cg¢H;
Formula weight: 228.24

Figure 5:1. Structures of methylparaben, ethylparaben, propylparaben, butylparaben and

benzylparaben shown with the structural name, molecular formula and molecular mass.
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5.3 EXPERIMENTAL

5.3.1  Chemicals and Materials

Methyl paraben, ethyl paraben, propyl paraben, butyl paraben and benzyl paraben
standards were obtained from Sigma (St. Louis, MO). Hydrochloric acid, sodium
hydroxide, sodium chloride and ACS reagent grade acetonitrile were purchased from JT
Baker (Phillipsburg, NJ ). Ultra-pure water used in all experiments was obtained from a
Milli-Q unit (Millipore, Bedford, MA) installed in the laboratory.

The SPME devices were purchased from Supelco Inc. (Bellefonte, PA) and used
with the following extraction fibers: 65 um polydimethylsiloxane/divinyl benzene
(PDMS/DVB), 65 wm Polyacrylate, 7 um Polydimethylsiloxane (PDMS), 100 um
Polydimethylsiloxane, and 50/30 Um Divinylbenzene/ Carboxen/PDMS
(DVB/CAR/PDMS). The extraction vials (SmL) were obtained from VWR (So.
Plainfield, NJ). The over-the-counter topical products, including three creams, a lotion, a
solution and an ointment were purchased from neighborhood pharmacies. For the HPLC

analysis, a Symmetry ® C18 5um 3.9 X 250 cm HPLC column was purchased from

Waters Corp. (Milford, MA).

5.3.2 IMS Parameters

The ion mobility spectrometer used in this work was the Ionscan LS (Smiths,

Warren, NJ) programmed in the negative mode, using hexachloroethane as the
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reactant/dopant, 4-nito-benzylnitrile as the calibrant and purified air as the drift flow gas.
The IMS was run with the desorption temperature set at 270°C, the inlet temperature at
270°C, the drift tube temperature at 115°C and the flow rate was set at 400cc/min.

Spectra were collected after a 1 ms delay with a shutter grid width of 0.2 ms. The scan

period was set to 30 ms, and desorption time was set at 30 s.

533 Methods

Standard stock solutions of the four parabens were prepared at a concentration of
0.1 mg/mL by dissolving 10 mg of MP, EP, PP and BP in 2 mL of methanol and diluting
to 100 mL with purified water. The internal standard, benzyl paraben, was prepared
similarly at a concentration of 0.1 mg/mL. The working standard solution was prepared
by adding 50 uL stock standard and 25 pL of internal standard solution into 10 mL flask
and brought up to volume with water, yielding a concentration of 0.5 pug/mL parabens
and 0.25 pg/mL of internal standard. Aliquots of 3 mL of the standard solution were

transferred to 4 mL vials fitted with PTFE-lined silicone septa and 600 mg sodium

chloride was dissolved producing a 20% ionic strength solution.

The samples were prepared by dissolving 50 mg of the topical products into 100

mL of water and vortexing for one minute. Internal standard solution was added to yield
a concentration of 0.25 pug/mL and the ionic strengths adjusted to 20%. SPME were

performed on these solutions using a 50/30 wm DVB/CAR/PDMS fiber, which was
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conditioned according to the manufacturer’s instructions prior to analysis. The SPME
fiber was exposed directly into the samples and the extraction conditions were optimized
for coating selection, exposure time, pH and ionic strength. After sampling, the fiber was
withdrawn into the needle and the SPME device was transferred to the IMS for thermal

desorption and analysis.

The extracted analytes were desorbed into the IMS drift tube by depressing the
plunger on the SPME holder to expose the fiber. The exposed fiber was placed on the
desorption tray in the center of the sampling region, and the tray assembly was slid all the
way to the injection position, where the desorber rises, sealing the SPME fiber against the
heated IMS inlet. Air was drawn through the sampling region at 400 mL/min to transfer
the analytes from the fiber into the IMS drift tube for detection (Figure 5.2).

The topical products labeled as Cream A, Cream B, Cream C, Solution A, Lotion
A and Ointment A, containing various combinations of the preservatives, were
quantitated using the internal standard standard method. HPLC analyses were also
performed on the creams, lotion, solution and ointment by dissolving 1g of sample into
10 mL methanol. A standard extraction procedure commonly used in the pharmaceutical
industry was followed, which includes vortexing at high speed for 5 minutes, heating in a
90°C water bath for 5 minutes followed by cooling in an ice bath for 5 minutes. The
standard solutions were prepared by dissolving 10 mg of the parabens in 50 mL methanol
yielding a concentration of 0.2 mg/mL. The samples and standard preparations were
filtered through a 0.2 um filter and subsequently analyzed on an 1100 HPLC (Agilent
Technologies, Wilmington, DE). The analyses were performed by injecting 25 pL

samples and standards, using a flow rate of 1.5 mL/min of 50:50 acetonitrile/water
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mobile phase and a silica-based C;s column with a 5 um particle size and dimensions of

250 mm x 4.6 mm. Detection was done at 254 nm.

5.4 RESULTS AND DICUSSION

For the production of negative ions, there are three possible reactions that can
occur. These include ion transfer, charge transfer, or dissociative charge transfer. In the
negative mode, the reactant hexachloroethane is used as the reactant substance. Ionization
selectivity is obtained for compounds whose electron affinities are greater than that of the
reactant ion through an equilibrium shift that is determined by the relative electron

affinities of the reactant and analyte [241].

The advantages of SPME with respect to selectivity and sensitivity render it an
ideal sample preparation technique to combine with IMS. Different SPME fibers have
different selectivities and sensitivities toward the target analyte. Therefore, different
fibers must first be evaluated and then the optimal one selected for further studies.

The choice of an appropriate coating is essential for the SPME method. Five types
of fibers were studied: 65 um polydimethylsiloxane/divinylbenzene (PDMS/ DVB), 65
pm Polyacrylate, 7 pm Polydimethylsiloxane (PDMS), 100 um Polydimethylsiloxane,
and 50/30 pm Divinylbenzene/Carboxen/PDMS (DVB/CAR/PDMS). A 100 mg sample
of Cream B, containing methyl paraben and propyl paraben was dissolved in 100 mL
water. Ethyl paraben and butyl paraben were spiked into the cream solution to yield a
concentration of 1 pug/mL of these two substances. The sample concentration and

extraction parameters were kept the same for each study conducted on the five fibers.
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Figure 5.3 displays the extraction profiles of the parabens in a cream matrix by different
fiber coatings extracted for 15 minutes. This figure shows that the 50/30
DVB/CAR/PDMS fiber exhibit the highest sensitivity to parabens for the 15 minutes
duration. The difference in extraction performance amongst the fibers reflects variations
in the polarity of the individual fibers and relative sorption affinity for the relatively polar
hydroxybenzoates. The 7 um PDMS fiber exhibited poor sensitivity towards methyl,
ethyl and propyl paraben due to its nonpolar and low capacity characteristics. As
expected, butyl paraben, which is relatively the most non-polar compound in the group
exhibited better responses with the non-polar 100 pm PDMS phases. The polyacrylate
fiber produced poor responses for all analytes. The PDMS/DVB fiber, recommended for
polar volatiles, exhibited a higher sensitivity for the analytes of interest in comparison
with the polyacrylate fiber. Compared to the nonpolar liquid PDMS and the polyacrylate
coatings, methyl, ethyl and propyl paraben sensitivities could be increased considerably
when the DVB/CAR/PDMS fiber is used. The DVB/CAR/PDMS fiber is generally
recommended for the adsorption of relatively polar analytes and hence exhibited good
sensitivity for parabens in comparison with the other fibers. The relative polarities of the
four parabens are also reflected by the dramatic increase of methyl paraben and ethyl
paraben responses with the more nonpolar DVB/CAR/PDMS fiber. For all further
studies, the 50/30 pm DVB/CAR/PDMS fiber was chosen and the remaining fibers were
not investigated further.

Since SPME is an equilibrium extraction technique, the maximum amount of
parabens extracted by the fiber under a given set of conditions is determined by the time

to reach adsorption equilibrium. The equilibrium time is reached when a further increase
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of the extraction time does not result in a significant increase in detector response. The
efficiency of parabens extraction by SPME was investigated using an extraction
recovery-time curve for samples. The study was done by comparing the response of
known concentrations of parabens as a function of contact time with the
DVB/CAR/PDMS fiber. Six replicate samples, prepared as described above, were
extracted at 5, 10, 15, 30, 45, and 60 minutes. As seen in Figure 5.4, the amount of
parabens adsorbed to the fiber leveled off after approximately 15 minutes extraction time.
Sample extraction time of 15 minutes was therefore chosen to achieve maximum

sensitivity without unduly extending the analysis time.

The effect of pH on the SPME extraction of parabens was studied by adjusting the
pH of the samples with 0.1 M HCl and 0.5 M NaOH. The pH of the Cream B sample is
about 6, and the adjustments were made to pH 4, 5, 7, 8, and 9, followed by extraction
with the DVB/CAR/PDMS fiber. As seen in Figure 5.5, the effect of the pH on the
sorption of the parabens showed unappreciable changes in the amount adsorbed when the
pH was varied from 4 to 8. At pHs higher than 8, the responses decreased noticeably.

Therefore, it was not necessary to make any pH adjustments for all further analyses.

Ionic strength can be an important factor in SPME extraction and studies were
done by comparing the responses of the parabens as a function of sodium chloride
concentration. The responses of parabens in the cream matrix were investigated by
performing extraction studies on samples where the ionic strengths of the solutions were
adjusted with sodium chloride. Extractions were performed on 3 mL aliquots of spiked

Cream B sample with 0%, 1%, 5%, 10%, 20% and 30% of sodium chloride added.
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Generally an increase in the ionic strength of the sample will improve the
sensitivity of some analytes by increasing the distribution coefficient, which leads to
greater sensitivity. This phenomenon is usually more apparent with polar analytes. As
seen in Figure 5.6, the peak response of MP and EP increased significantly as the ionic
strength increased. There was also a small increase in response for PP as the ionic
strength approaches 20%. The peak response of BP increases initially at 1%, but starts to
decrease as the salt concentration increases further. Sample ionic strength of 20% was

chosen as a compromise to achieve adequate extraction efficiency for all of the

compounds.

The amount of analyte compounds adsorbed on the SPME fiber may be dependent
on the sample volume. Therefore, studies were performed to determine the optimum
sample volume for parabens extraction. SPME were performed on 0.5 pg/mL standard
with volumes at 1 mL, 3 mL, 5 mL and 10 mL. Figure 5.7 shows that no noticeable
increase in the amount extracted were observed for four analytes as the volume increased

from 1 mL to 10 mL. A 3 mL extraction volume was chosen for all analysis.

A plasmagram of a standard solution spiked with MP, EP, PP, BP and internal
standard is shown in Figure 5.8. The plasmagram shows sharp Gaussian-shaped peaks for
all analytes where baseline separation for the five parabens were achieved in less than 18
ms. The plasmagram is indicative of little or no fragmentation of the analyte ions,
formation of ion clusters or decomposition reactions in the drift tube. The peaks present
from 7 ms to 12 ms, also present in the blank injections, are produced mainly from the
chloride reactant ions and their fragments. A three-dimensional plasmagram of a standard.

solution containing MP, EP, PP, BP and benzyl paraben prepared is shown in Figure 5.9.
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The separation efficiency of the SPME-IMS method may be measured in terms of
peak-to-peak resolution, Ry, defined on the basis of separation of pairs of adjacent peaks,

as in chromatography.

td2 —ta1
Rpp = 2 _— Eq. 5.1
W1+ w2

The resolutions were calculated using Equation 5.1, where ty; and tq; are the drift times of
the two adjacent peaks, and wy; and wy, are their respective widths at the base. The
resolution values calculated for the parabens were greater than or equal to one, indicative
of very good separation for an IMS method. This separation power is interesting
considering that the four parabens of interest differ by just a methyl group. The
separation efficiency of IMS, also referred to as the theoretical plates (N), is similar to
that normally used in chromatography, and is a function of the drift tube voltage,
temperature, number of charges on the ion, initial pulse width, length of the drift tube and
the mobility of the ion of interest {242]. The theoretical plates were calculated for the

parabens, using Equation 5.2, where wy is the peak width at half the maximum height.

2
td
N =5.55| —
(%) .

The results calculated for the five analytes determined to be greater than ten thousand

theoretical plates, are summarized in Table 5-1.
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Compound Drifttime  Reduced Mobility  Resolution Theoretical Plates

(ms) cm?V's™
Methy! paraben 12.746 1.4412 N/A 11163
Ethyl paraben 13.538 1.3569 1.08 11778
Propyl paraben 14.295 1.285 1.04 13023
Butyl paraben 15.053 1.2204 1.00 11342
Benzy! paraben 16.140 1.1382 1.31 12035

Table 5-1. IMS drift times, reduced mobilities, resolutions and theoretical plates of

paraben analysis
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As IMS theory predicts, smaller ions have shorter drift times compared to larger
ions, because they travel faster through the drift tube. The drift times needed by the ions
to reach the detector are proportional to their masses but inversely proportional to their
characteristic reduced ion mobilities. Many attempts have been made to demonstrate that
the masses of ions in a homologous series may be determined from ion drift time
measurements. Most of the mass-mobility investigations were done on the homologous
series of primary and tertiary aliphatic and aromatic amines. Good correlation have been
obtained for mass-mobility measurements using a rigid sphere model involving
parameters such as ion interaction potential, ion collision cross section and various

mathematical correction factors [243,244].

A plot of the K, vs. molecular weight for the four parabens of interest is shown in
Figure 5.10, and exhibits good linear correlation with an 1* value of 0.996. This mass-
mobility correlation observed without applying any of the traditional model calculations
indicates that the benzoate ions produced most likely do not form clusters and are
probably molecular ions of the parabens. This correlation can be a very useful tool in
estimating molecular weight of unknown ions based on their drift times in IMS.
Deviations from the linear curve would likely be observed if additional homologues of

the parabens were tested.

The linearity of the method was investigated by determining calibration curves for
the four parabens over the concentrations of 0.05 pg/mL to 1.0 pg/mL. The line of best fit
for the relationship between the peak response and the concentration of each analyte in

the standard solution was determined by linear regression.
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Figure 5.10. A plot of reduced mobilities vs. molecular weight for the MP, EP, PP and

BP ions. The mass-mobility correlation exhibits an r* of 0.996 for the parabens.
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A linear range of three orders of magnitude was obtained for the four parabens.
Calibration curves for MP, EP, PP and BP are shown in Figure 5.11, and the results are

presented in Table 5-2, together with the results obtained for method precision and

detection limits.

The reproducibility of the method with 0.5 pg/mL standards were evaluated and
found to have relative standard deviations (N=5) of less than 8%. The results are shown
in Table 5-2. The relative standard deviations (N=5) for drift times were 0.5% for all

analytes, indicating good repeatability, which is critical for analyte identification

purposes in IMS.

The method was applied to various types of commercial topical pharmaceutical
formulations. The samples designated as Cream A, Cream B, Cream C, Solution A,
Lotion A and Ointment A containing various combinations of parabens were tested by

the SPME-IMS method using both external standards and an internal for calibration.

No agitation of the samples was done during extraction because agitation
facilitated the extraction of matrix components present in some samples, resulting in ion
competition and paraben suppression. The equilibrium time of fifteen minutes, without
agitation, was considered practical for routine applications. For the duration of the
analyses in this study, the SPME fiber was first exposed onto the IMS injector port as a
blank run before the next injection to ensure that the fiber was clean, as well as to avoid
any carryover. Since the fiber desorption time was set at 30 seconds, it is feasible to run

blanks between analyses.

141




Response

18000

16000

14000

1
1 / /}
12000
10000 T /‘(/ ]
8000 )r// AJ_
6000 /I//1/

. BP
- EP
s MP
* PP

2000 -

0 T T T T
0 0.2 0.4 0.6 0.8 1

B

Concentration (ug/mL)

Figure 5.11. Calibration curves for MP, EP, PP and BP at concentrations from

0.05 pg/mL to 1.0 pg/mL by SPME-IMS

142




Correlation Precision Limit of Detection
Coefficient (% RSD) (ng/mL)

Methyl paraben 0.988 7.1 10
Ethyl paraben 0.990 5.8 10
Propyl paraben 0.991 4.3 5
Butyl paraben 0.993 5.7 5

Table 5-2. SPME-IMS method summary showing correlation coefficient, precision and

limits of detection for MP, EP, PP and BP.
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HPLC is the most common technique that has been validated and used for routine
analysis of these preservatives in pharmaceutical topical formulations, and therefore, for
comparison purposes, the six samples were tested by this technique to substantiate the
results obtained by SPME-IMS. The results for the HPLC method were calculated on a

w/w basis and shown in Table 5-3, and Table 5-4 along with the SPME-IMS data.

Although internal standard is the preferred technique for quantitation in SPME,
especially for complex matrices, the performance of an external standard calibration was
investigated. Standard solutions were prepared by spiking analytes in water and extracted
by SPME. Duplicate samples were tested and the mean results calculated in mg/g are

presented in Table 5-3.

The SPME-IMS results obtained using external standards show significant
differences for the majority of the determinations when compared to the HPLC results.
The percent difference ranges from 2% BP in Ointment A to as high as 57% PP in Cream
C. The large discrepancies for some determinations indicate that the distribution
coefficients of the samples and standards are different for analytes. Therefore different
amounts of analyte adsorbs into the polymer phase of the fiber in the clean standard
solution compared to the sample solution due to the complexity of the formulations
investigated. When sample matrices are simple, such as air or drinking water, the
distribution constants are very similar in the standards and samples and therefore an
external standard calibration method would be appropriate. For the quantitation of

analytes in complex samples, a calibration method such as standard additions or the use

of an internal standard is more effective.
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Sample Preservatives Quantitationby  Quantitation by Percent
HPLC (mg/g) SPMEAMS (mg/g) Difference
Cream A Methyl paraben 0.98 0.94 4.1
Propyt paraben 0.27 0.23 14.8
CreamB Methyl paraben 1.98 2.37 19.7
Propyt paraben 0.21 0.26 238
CreamC Methyl paraben 1.92 2.16 12.5
Ethyl paraben 0.41 0.32 21.9
Propyl paraben 0.23 0.10 56.5
Butyl paraben 0.45 0.40 11.1
Lotion A Methyi paraben 1.42 1.29 9.2
Propyl paraben 021 (R 476
Solution A Methyl paraben 1.65 1.41 17.0
Ointment A Methylparaben 0.16 0.14 12,5
Butylparaben 1.48 1.45 20

Table 5-3. Contents of MP, EP, PP and BP determined in commercial topical

formulations determined by SPME-IMS, quantitated by external standards. Results are

compared to HPLC data.
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The six products containing various combinations of parabens were also tested
using benzyl paraben as an internal standard. Duplicate samples were tested and the mean
results calculated in mg/g are presented in Table 5-4. The results for preservatives
quantitated by HPLC and internal standard SPME-IMS show good comparison between
the two methods. The percent difference between the SPME-IMS and HPLC methods
ranges from 1.4% methyl paraben in Lotion A to 14.3 % propylparaben in Ointment A.
As seen in Figure 5.12, the difference obtained between the two methods for thevproducts

tested is not significant for most determinations when the uncertainties for each method

are taken into consideration.

Due to proton affinities and ion competition effects produced by substances
present in a sample, when mixtures are injected directly into IMS, analytes can be
completely missing or largely suppressed from plasmagrams until their concentrations
become larger than the other compounds present in the sample. Historically, this
limitation has been problematic when quantitative determination is necessary for complex
samples. Therefore, it was remarkable that significant discrepancies were not seen in the
SPME-IMS results for parabens since these preservatives are a very small percentage of

the total amount of active and excipient substances present in the samples.

With the exception of MP in Cream C, generally, the larger differences between
the two methods occur where the parabens concentrations are less than 0.5 mg/g
Additional optimization of the SPME extraction method for each matrix type can further
minimize the discrepancies observed for some determinations. For samples containing
higher levels of interfering compounds, additional extraction parameters can be adjusted

to achieve more efficient paraben recoveries.
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Sample Preservatives Quantitation by Quantitation by Percent
HPLC (mg/q) SPME/IMS (mg/g) Difference
Cream A Methy! paraben 0.98 1.00 2.0
Propyl paraben 0.27 0.24 11.1
Cream B Methy! paraben 1.98 1.90 4.0
Propyl paraben 0.21 0.19 9.5
Cream C Methyl paraben 1.92 217 13.0
Ethyl paraben 0.41 0.37 9.8
Propyl paraben 0.23 0.20 13.0
Butyl paraben 0.45 0.50 11.1
Lotion A Methyl paraben 1.42 1.44 1.4
Propyl paraben 0.21 0.18 14.3
Solution A Methyl paraben 1.65 1.68 1.8
Ointment A Methyl paraben 0.16 0.18 12.5
Butyl paraben 1.48 1.41 4.7

Table 5-4. Contents of MP, EP, PP and BP determined in commercial topical

formulations determined by SPME-IMS quantitated using benzyl paraben as an internal

standard. Results are compared with to HPLC data.
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Figure 5.12. Comparison of the results obtained for HPLC and internal standard
SPME-IMS. The uncertainties of each method are shown with the preservatives

for the six products tested.
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Quantitation by both SPME and IMS has been shown to be highly dependent on
the matrix composition. Since ion suppression has traditionally been a major limitation in
the application of IMS to detect and quantitate analytes in complex matrices, the relative
composition of the liquid matrix should be considered carefully when the data obtained
using these methodologies are used. It was expected that in the real samples tested,
differences in proton affinities, vapor pressures, and relative composition would have
resulted in preferential ionization of components and suppression of the paraben peaks in
the mobility spectrum. However, the amount of parabens recovered were not significantly
affected due to the selectivity of the SPME extraction procedure and also the elimination
of positive ions, obtained by running the IMS in the negative mode. The minimal matrix
interferences and lack of ion suppression are reflected in the closeness of the results
obtained by the chromatographic method.

The great advantage of the SPME-IMS method is the ability to determine
preservatives in the presence of other components in the sample with acceptable
confidence without the need to perform chromatographic separation, such that the time
and cost of analysis per sample is significantly reduced. The closeness in quantitative
results obtained from the two orthogonal methods strongly confirms the applicability of
the proposed SPME-IMS method as a reliable technique that can be used for routine
analysis of the parabens.

The influence of drift tube temperature from 115°C to 180°C on the parabens drift
times is illustrated in Figure 5.13A. Drift time and mobility (for a given temperature) are
related as defined in Equation 5.3, where v4(T) is the drift velocity in cm/s, t4(T) is the

drift time in s, K(T) is the mobility in cm?/V*s, L is the drift tube length in cm and E is
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Figure 5.13. Parabens drift time relationship with IMS drift tube temperature.

Temperature increases from 115°C to 180°C results in a faster ion velocities and shorter

drift times. The drift times are shown in (A) and the calculated reduced mobilities in (B).

The reduced mobility (Ko) values are not significantly affected.
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the electric field of the drift region in V/s.

vo(T) =K(T)Y*E =L/y(T) Eg.5.3

The drift times for the four parabens decrease proportionally as the temperature increases
from 115 °C to 180°C, indicating that the ion velocities are higher at elevated
temperatures. For the purpose of standardization, the drift times of ions are typically

expressed as reduced mobilities, Ko:

Ko =K * (273/T) * (P/760) Eq. 54

Where T is the temperature in Kelvin and P is the pressure in torr. The mobility of an ion
in the drift tube depends on its average collisional cross section, which in turn depends on
ion mass, shape, size and charge distribution. Figure 5.13B shows that the reduced
mobilities (Kp) of the parabens remain almost constant as the temperature is increased.
Although a very small decrease in Kp is observed after 150°C, the ions produced
apparently do not change characteristics in terms mass, shape or size. The relatively flat
responses for Ko indicate that the paraben ions produced are very robust and do not
fragment, or change ion-ion and ion-water clusters as the temperature is increased to
180°C. The influence of drift tube gas flow from 50 to 400 ml/min on the parabens drift

times is illustrated in Figure 5.14A. As expected the drift times for the parabens increase
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as the flow rate goes up. This linear correlation is observed because gas and the paraben
ions flow in opposite directions in the drift tube. As the flow rate increases the ions are
more strongly impeded resulting in longer tg for each analyte. Higher flow rates can
sometimes be used to improve separation. However, in these studies conducted where the
instrument drift tube is approximately 7 cm, and the largest ion reaches the detector in
less than 18 ms, the effect of increasing the flow rate by a few hundred mL/min has
minimal impact on the paraben drift times and resolution.

Figure 5.14B shows the relationship between the carrier gas flow rate and the
parabens reduced mobility. As expected, varying the flow rates do not have an impact on

the reduced mobility, indicating that the parabens ion shape, sizes and charge distribution

are unchanged.

CONCLUSION

This research project describes the successful development of an SPME-IMS
method as a new technique for the determination of methylparaben, ethylparaben,
propylparaben and butylparaben in pharmaceutical cream, lotion, solution and ointment
samples. The method does not require elaborate sample preparation or chromatographic
separation and provides a straightforward, fast, sensitive and reliable method for
detecting and quantifying the preservatives in complex pharmaceutical matrices. The
IMS also operates at atmospheric pressure and does not require carrier gas or mobile

phase.
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The method reproducibility of less than 8%, linear range of 3 orders of magnitude
and sensitivities of less than 10 ng/mL render the SPME-MS method very attractive and
promising for routine applications. The excellent separation of the four analytes and
internal standard with resolution >1 and the theoretical plates >10,000 for all parabens in
less than 18 ms is also remarkable for an IMS method. The constant reduced mobility and
the preservation of the ion separation at various temperature and flow rates also implies

that the method is very robust.

Employing the internal standard, benzyl paraben provided much better
reproducibility and recoveries compared to an external standard. The quantitation of
preservatives in the real samples using HPLC and SPME-IMS indicate good agreement
between the methods with differences in paraben recoveries ranging from 2% to 14.3%.
Some of the larger discrepancies between the two methods are observed in samples that
contain high levels of interfering compounds with respect to parabens, which result in ion
interferences. The main advantages of the SPME-IMS method over HPLC include the
reduction of labor-intensive extraction steps, elimination of solvent consumption in
extraction and mobile phase preparation, and shortened analysis time from hours to
minutes. With appropriate validation for each matrix type, the method can be easily
applied to quality control, on site manufacturing in-process testing and field analysis. The
good selectivity, separation capability, limit of detection, linear range, reproducibility,
and recovery render the SPME-IMS method very attractive and promising for routine

analysis.
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CHAPTER
6

STIR BAR SORPTIVE EXTRACTION AND THERMAL
DESORPTION-ION MOBILITY SPECTROMETRY (SBSE-IMS)
FOR THE DETERMINATION OF TNT AND RDX IN WATER
SAMPLES

6.1 ABSTRACT

A new technique has been developed for the detection and quantitation of trace analytes
using stir bar sorptive extraction (SBSE) interfaced with ion mobility spectrometry
(IMS). The sampling technique retains its inherent advantages as a sensitive,
straightforward, solventless, and inexpensive extraction method. Additionally, the new
SBSE-IMS technique exhibits excellent sensitivity, has on site field analysis capabilities
and provides the ability to detect and quantitate analytes that are difficult to accomplish
using gas chromatography or high performance liquid chromatography. Due to increased
threat of terrorism and the urgent need of various law enforcement agencies and the
United States Department of Homeland Security to possess field analysis techniques that
are exceptionally sensitive and fast, the explosives 2,4,6- trinitrotoluene (TNT) and
hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) were selected as analytes for the
technique’s evaluation. The SBSE technique is shown to be an effective on site method

for the low-level detection and quantitation of TNT and RDX with good precision, limits

of detection and speed of analysis.

155



6.2 INTRODUCTION

Since its introduction in 1999 by Baltussen et al. stir bar sorptive extraction
(SBSE) has been proven to be an effective and sensitive extraction technique for volatile
and semivolatile compounds from aqueous samples [245). The extraction device consists
of a magnetic stir bar encased in a thin glass sheath. The outer most portion of the device
is a layer of polydimethyl siloxane (PDMS) into which analytes partition. Due to the
larger amount of the sorptive phase relative to solid phase microextraction (SPME), a
lower phase ratio (volume of water/volume of coating) exists, which increases the
recovery of analytes and thereby enhances sensitivity. Although SBSE has been
successfully applied for a wide range of analytes from environmental, biological and food

samples [246-249], the technique has not been explored for the analysis of trace

explosives.

The primary instrumental technique used in tandem with SBSE has been gas
chromatography (GC) employing thermal desorption via a specially designed thermal
desorption unit (TDU). Due to the larger amount of sorptive phase used in SBSE, the
thermal desorption of analytes into the GC is very slow compared to SPME, which
necessitates a cold trapping and a re-concentration step prior to column separation.
Although solvent desorption, followed by high performance liquid chromatography
(HPLC) has been reported in few applications [250,251], the technique is less practical

and exhibits lower sensitivity due to the dilution of analytes in the desorbing solvent.

The aim of this study was to develop a technique utilizing the extraction and pre-

concentration capabilities of SBSE combined with the speed, sensitivity and portability
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power of ion mobility spectrometry for the determination of explosives in aqueous
samples. Although IMS has been extensively employed for the detection of explosives,
analyte extraction from environmental matrices continue to be challenging, since
explosives are readily soluble in water and greater sensitivity is needed. SBSE serves as
an invaluable tool not only to extract analytes from the sample matrix, but also to pre-
concentrate and assemble analytes in a form that is amendable for IMS analysis. In
SBSE-IMS, the extraction process for the stir bar is similar to that used for GC and
HPLC analysis. The major difference between the SBSE-chromatographic techniques and
SBSE-IMS is the desorption procedure. The direct desorption of TNT and RDX from the
SBSE directly into the IMS using thermal energy along with a high carrier gas flow is
shown to be efficient, sensitive and much faster than traditional TDU desorption for GC.
The SBSE-IMS technique also possesses the capability to detect and quantitate analytes
that are not amendable or difficult to analyze by GC or HPLC, such non-chromophoric,

nonvolatile and polar compounds.

With terrorist activities and awareness at an all-time high, the demand for fast,
sensitive and on-site explosive detection technology by law enforcement agencies are
surging. There is also significant amount of the most common explosives TNT and RDX
present in soils and groundwater left behind from mines and military institutions that
continue persist and provide a health hazard [252-254]. The new technique of interfacing
SBSE to IMS meets the ‘requirement for a portable, fast and sensitive means of detecting
and quantitating TNT and RDX from environmental samples. Figure 6.1 shows the

structures of the two analytes along with molecular formula and molecular mass

information.
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Molecular formula: C;HNOq Molecular formula: C;H;N;O;
Molecular weight: 222.12 Molecular weight: 227.13

Figure 6.1. Structures of RDX and TNT shown with molecular formula and

molecular mass information
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In this research project the SBSE-IMS technique was explored, developed and
reported for the detection and quantitation of TNT and RDX from water. Since SBSE has
not previously been examined for these analytes, the extraction method was investigated
and optimized. The thermal desorption of analytes from the stir bar has also not been
thoroughly examined previously with the TDU for GC analysis. In this study the kinetics
of the stir bar desorption using the IMS interface was investigated utilizing the capability
of IMS to produce real time snapshots of the thermal desorption process. Temperature,
flow rates and desorption times were optimized to prevent carryover. The precision,

linearity and detection limits of the new technique are also reported.

6.3 EXPERIMENTAL

6.3.1 Chemicals and materials.

The SBSE-IMS system evaluated for this study is shown in Figure 6.2. The
system consists of three parts: (1) the stir bar sorptive device, (2) the interface containing
the SBSE device, and (3) the ion mobility spectrometer. For clarity, only the desorber and
inlet portion of the IMS are shown in the Figure 6.2. The 1 cm stir bar coated with
polydimethysiloxane was obtained from Gerstel (Baltimore, MD). The SBSE device was
conditioned according to the manufacturer’s specification and several blank desorptions
were performed at 280 °C for one-minute intervals to ensure that a stable baseline was

obtained on the IMS prior to sample extraction and desorption.
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Figure 6.2. The SBSE-IMS interface showing the stir bar present in the desorption

compartment along with gas flow patterns
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The interface developed for the SBSE-IMS system consisted of: (1) a2 pm PTFE
filter and, (2) a 2 cm diameter x 0.5 cm height Teflon ring. The 2 um PTFE filter
obtained from Whatman (Florham Park, NJ) forms the base of the desorption receptacle,
and primarily serves as the support platform for the stir bar during desorption. This filter
allows carrier gas to flow through unimpeded to the stir bar. The wall of the desorption
receptacle was completed by using a 2 cm diameter x 0.5 cm height Teflon ring that
forms a seal between the desorber unit present below and the inlet manifold aligned
above. The PTFE filter and the Teflon ring are locked into place on the IMS desorption
tray to prevent movement during desorption. The Teflon ring, with the tight seal
produced by the vertical movement of the desorber unit, permits the flow of gas through
the receptacle containing the stir bar into the IMS inlet The desorber unit and the inlet

heats the SBSE desorption chamber from below and above, respectively.

6.3.2 IMS Parameters

The ion mobility spectrometer used in this study was an Ion Scan LS (Smiths, Warren,
NJ) programmed in the negative mode, using 4-nitro-benzylnitrile as the calibrant and
hexachloroethane as a dopant. Purified air was used as the drift flow gas. The IMS was
run with the desorption temperature set at 280 °C, the inlet temperature set at 280 °C, the
drift tube temperature at 115 °C and the flow rate set at 400 mL/min. Spectra were

collected after a 1 ms delay with a shutter grid width of 0.2 ms. The scan period was set

to 30 ms and the desorption time was set at 60 seconds.
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TNT and RDX standards were obtained from Supelco (Bellefonte, PA) at a
concentration of 1000 pg/mL in acetonitrile. Ultra-pure water used in all experiments was

obtained form a Milli-Q unit (Millipore, Bedford, MA) installed in the laboratory.

6.3.3 Methods

Standard stock solutions of TNT and RDX obtained at 1000 pg/mL were diluted in water
to produce a working solution containing 5 ng/mL TNT and 50 ng/mL RDX. Aliquots of
10 mL of the working solution were transferred to a 12 mL Erlenmeyer flask. The
preconditioned stir bar was then added to the flask and stirred at 1000 rpm on a magnetic
stirring plate for 30 minutes. After extraction, the stir bar was then carefully removed
from the solution using a stainless steel wire and transferred onto the PTFE filter in the
center of the desorption chamber. The tray assembly containing the desorption chamber
was slid all the way to the injection position, where the desorber rises, sealing the teflon
ring against the heated IMS inlet. Air was drawn through the sampling region at 400

ml/min to transfer the analytes from the stir bar into the IMS drift tube for detection.

64  RESULTS AND DISCUSSION

For the evaluation of the SBSE-IMS interface, TNT and RDX were used as the test
samples since these are the most common explosives used and found in the environment.

RDX has also traditionally been extremely difficult to extract and analyze using classical
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extraction and chromatographic techniques due to the polarity and low vapor pressure of
the compound. In previous work done on explosives, several publications reported many

challenges in detecting RDX from real-world samples [255-258].

The PDMS sorptive coating on the stir bar is non-polar and therefore SBSE has a
greater affinity for absorbing non-polar compounds. Not surprisingly, when equal
concentrations of the explosive were spiked in water and extracted by SBSE, TNT
exhibited a ten times greater response compared to RDX. Because TNT and RDX exhibit
similar IMS response factors, determined experimentally by direct injection, it can be
concluded that the recovery of TNT with its conjugated double bonds results in an SBSE
recovery that is approximately ten fold greater than the more polar RDX. Therefore for
simplicity, all studies were performed using samples containing TNT and RDX

concentrations at a ratio of one to ten.

The extraction procedure for SBSE-IMS was similar to the SBSE-GC method
described by Baltussen et al. However, since SBSE has not been previously attempted for
, explosives analysis, an extraction time profile study was done to determine the optimum
extraction time for these analytes. Samples used in this study consisted 10 ng/mL. TNT
and 100ng/mL RDX spiked in 10 mL aliquots of water. The extractions were carried out
as described above at 5, 20 30, 45 and 60 minutes. The plot of the extraction time profile
is shown in Figure 6.3, where equilibrium for both TNT and RDX were achieved at

approximately 30 minutes.
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Figure 6.3. Extraction time profile of TNT and RDX by SBSE using a desorption

temperature of 280°C, flow rate of 400 mIl/min for 60 seconds.
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Sample pH and ionic strength adjustments have been reported to improve the
extraction efficiency of SBSE. Therefore, both of these parameters were adjusted
independently using 0.1 M sodium hydroxide, 0.1 M hydrochloric acid and sodium
chloride to determine the effect on explosives recovery. Neither the pH nor the ionic
strength adjustments produced any appreciable improvement in the recovery of TNT or
RDX. As a result no changes were made to the sample matrix for further studies. The
desorption time for the stir bar was varied between 30 and 90 seconds. It was found that
peak responses increased up to 60 seconds, but remained fairly constant at higher

desorption times. All remaining investigations were performed at 60 seconds stir bar

desorption.

Figure 6.4 depicts the plasmagram obtained for TNT and RDX by direct injection
and also using the SBSE-interface under the conditions previously described. Good
separations of the peaks were obtained for all analyte ions produced. The TNT and RDX
peaks obtained by SBSE-IMS are Gaussian-shaped, well defined, and sharp. The
plasmagram compares well with little differences in shape or resolution compared to the
peaks produced by direct injection. TNT exhibits a drift time of 12.663 ms. RDX
produces two peaks with the major one at 13.239 ms and a secondary peak at
approximately 13.7 ms. The major peak for RDX at 13.239 was used for all method
optimization and quantitation purposes The peaks present in the early portion of the
plasmagram between 6ms and 12 ms, which also occur in blank injections, are product
ions from the reactant ion, hexachlorethane and also the calibrant 4-nitro-benzylnitrile. In
the SBSE desorption of blanks and samples, considerable baseline disturbances were

observed in the plasmagrams between 15 and 19 ms. For identification purposes, reduced
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Figure 6.4. Plasmagrams of TNT and RDX acquired by (A) direct injection of analyte
solution prepared in acetone and (B) SBSE-IMS of analytes extracted for 30 min and

desorbed at 280°C, with a flow rate of 400 mL/min for 60seconds.

166



mobilities (Kg) are often used instead of drift times to correct for instrumental and
environmental variations. The Ky values are calculated in negative ion mode using 4-
nitro-benzylnitrile as the calibrant, using Equation 6.2, where Ky is the reduced mobility

in units of cm®V s and ¢ is the drift time of the calibrant and the unknown.

Kocalibrant tcalibrant Eq. 6.2

t unknown

KO unknown _

The reduced mobilities calculated for TNT and RDX using both the direct injection and
SBSE-IMS are shown in Table 6-1. For SBSE thermal desorption, the desorption time for
analytes depends on temperature of the desorber and the flow rate of carrier gas. The
geometric design of a desorber interface could potentially affect the time it takes an
analyte to reach the detector. The results from Table 6-1 however, show very similar drift
times and identical reduced mobilities for direct injection and SBSE desorption,
indicating that not only is the desorption fast, but also very effective in terms of ion

transfer into the IMS inlet.

Several studies were previously conducted on SBSE using the TDU for GC
analysis where desorption times and temperature parameters were adjusted to achieve
minimal carryover [259,260]. However, the kinetics of the desorption process of analytes
from the stir bar has not been thoroughly explored. Although thermal desorption using
the TDU is somewhat similar to the SBSE-IMS interface, the differences between the two

techniques are significant. The desorption process using the TDU is not only significantly
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Direct Injecion

SBSE Desorption
Drift Time Reduced Mobility Drift Time Reduced Mobility
(ms) (cm2V-1s-1) (ms) (cm2V-1s-1)
TNT 12.365 1.454 12.360 1.454
RDX 12.927 1.391 12.923 1.391

Table 6-1. Comparison of drift time and reduced mobilities of TNT and RDX by

direct injection IMS and SBSE-IMS.
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longer that SBSE-IMS interface, but it also includes a cold trapping and re-concentration
step to prevent band broadening in GC. Since the SBSE-IMS interface employs carrier
gas at flow rates as high as 400 ml/min, less burden is placed on the thermal desorption
and partitioning process, since the carrier gas removes analytes from the stir bar and
desorption region quickly and exhaustively. In addition to the near elimination of
carryover, the speed of the SBSE-IMS technique provides an interesting advantage in that
it presents an insight into the desorption kinetics of the analytes by providing actual

“live” snapshots of analytes desorbing from the stir bar coating.

Figure 6.5 depicts the live snapshots taken by the IMS of the desorbing process
for TNT and RDX from the stir bar during the 60 second duration period. Initially there is
no TNT or RDX present in the system. When the stir bar temperature is increased, the
gas/coating partition coefficient decreases rapidly and the diffusion coefficient of
analytes in the coating increases. As the gas flows through the chamber, analytes are
removed from the outer most layer of the PDMS. As the desorption process penetrates
deeper into the PDMS, layer, the amount of analytes desorbed increases. The desorption
time that produces the maximum analyte response, defined as Tpmax Occurs at 25 seconds
for TNT and 35 seconds for RDX. The 10 seconds difference in Tpmax can be attributed to
the large difference in boiling points of the two analytes. After the maximum desorption
time points, the responses tail off as less analyte remains in the PDMS. Even though the
responses do not appear to return to baseline after 60 seconds, complete desorption of the

analytes do occur because no carryover is observed for subsequent desorptions.
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Figure 6.5. The snapshots of the live desorption profile of TNT and RDX desorbed

directly on the SBSE-IMS interface at 280°C, 400 mL/min for 60 seconds.
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The thermal desorption process of analytes from SPME has been previously
described by Pawliszyn where the desorption time is independent on the distribution
constant, K¢;, and depends on the thickness of the coating and also the diffusion

coefficient of analytes [261]. The desorption process of analytes from SBSE can be

achieved by the time given in Equation 6.2.

toc —

Dr Eq. 2

where t is the desorption time, c¢ is the coating thickness on the stir bar and Ds is the

diffusion coefficient of analyte.

In previous studies conducted using SBSE-GC, the complete removal of analytes
from the stir bar has been challenging where minimization of carryover was only
accomplished by increasing temperature and programming long desorption times
[262,263]). In the SBSE-IMS analysis, no carryover was observed at or above
temperatures of 250°C for 60 seconds desorption. Neither TNT nor RDX appeared in any

of the blanks subsequently desorbed.

A temperature study on the desorption profile of TNT and RDX was conducted
by desorbing the analytes at 200°C, 250°C, 270°C and 290°C, with all other parameters
remaining constant. The Tpmax results for TNT and RDX at the various desorption
temperatures along with carryover information are shown in Table 6-2. The overlaid
plasmagram profiles at 200°C, 250°C, and 290°C are shown in Figure 6.6. It can be seen

that as the desorption temperature rises, the maximum peak height also increases, which
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Desorption Temperature (°C) Tomax (S) Carryover

TNT 200 35 5%
250 30 0
270 27 0
290 25 0

RDX 200 50 7%
250 42 0
270 37 0
290 35 0

Table 6-2. The Tpmax and carryover results for TNT and RDX at desorption

temperatures of 200°C, 250°C, 270°C and 290°C, with a flow rate of 400 mL/min

for 60 seconds.
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enhances the sensitivity of the method. Another important observation from this study is
the shifts in the time for maximum desorption, Tpmax. As the temperature changes from
200°C to 290°C, the Tpmax for both TNT and RDX become shorter indicating that as the

temperature increases larger amounts of analytes are desorbed in a shorter period of time.

The relationship of Tpmax vs. desorption temperature for both analytes shown
graphically in Figure 6.7, and is determined to be linear. Although based on these
observations, it would be ideal to run the SBSE-IMS interface at the highest possible
temperature, all studies were conducted at 280 °C to preserve the integrity of the stir bar

and also to reduce the baseline disturbances observed at higher temperatures.

According to Equation 6.2 and also on the thermal desorption principles
previously developed for SPME, the desorption time is independent on the amount of
analyte present in the coating. The relationship of Tpmax vS. analye concentration was
investigated by executing the method on spiked solutions of TNT from 0.001 pg/mL to

0.05 pg/mL and RDX from 0.01 pg/mL to 0.5 pg/mL.

The Tpmax Were obtained from the desorption profiles and plotted against their
respective analyte concentrations. As seen in Figure 6.8, Tpmax remains fairly constant
over the concentration range investigated for both analytes confirming that the desorption

rate for SBSE is independent on analye concentrations. No carryover was observed for

these spiked samples.
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Figure 6.7. A plot showing the linear inverse relationship of Tpmax Vs. desorption

temperature. Desorption carried out at 400 mL/min for 60 seconds.
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The desorption process, which is kinetically controlled and measured using Tpmax
in this study, provides a useful tool in measuring the level of effectiveness of the
desorption of analytes from the stir bar. The Tpy.x is dependent on analyte’s properties
such as boiling point and the diffusion coefficient between the PDMS phase and gas
phase. Other experimental factors such as the thickness of the stir bar coating phase,
desorber temperature, flow rates, position of the stir bar in the chamber could also affect
the Tpmax and the total desorption time. Generally, the shortest possible Tpmax With no

carryover is desirable for efficient analyte desorption.

The precision of the method, both in terms of drift time and peak response is
important in the identification and quantitation of real sample analysis. Therefore the
system reproducibility was evaluated for TNT and RDX by running five replicate
samples by SBSE-IMS. The method precision for peak responses was 8.6% for TNT and
6.6% for RDX and the precision for drift times of both analytes were determined to be
0.1%. The results indicate that both peaks drift times and responses have good
reproducibility with the SBSE-IMS interface. The limits of detection of the method was
also evaluated and determined to be 1.5 ng/mL for RDX and 0.10 ng/mL for TNT. With
appropriate matrix
interference studies using real explosives-contaminated water samples, the fast, solvent-

less and portable method has the potential to be successful for explosives monitoring.

6.5 CONCLUSION

The fast removal of analytes from the stir bar provided excellent insights into the

kinetically driven desorption process. The higher temperature not only provided shorter
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desorption times, but also enhances the sensitivity of the technique by producing greater
peak heights. The temperature desorption profiles generated by this technique can be
used to optimize methods not only for SBSE-IMS, but also for SBSE-GC. The Tpmax,
which is an analyte-dependent parameter and also a function of temperature and flow
rates provides a useful tool in optimizing desorption conditions, because a short
desorption and elimination of carryover is critical for the technique to be successful.

The coupling of SBSE with IMS creates a straightforward system with high
sensitivity, speed, portability and a means of detecting explosives in water samples. The
addition of an extraction step, such as SBSE provides additional selectivity for the
technique in terms of reducing matrix interfe;ences, which is critical for IMS detection.
The excellent performance of the interface developed for the method is demonstrated by
the fast and effective desorption time for analytes, with no carryover, and good
reproducibility. The effectiveness of the desorption is further established by the similarity
of the drift times and peak shape characteristics of analytes when compared to direct
injection. The pre-concentration characteristics of SBSE also complements and enhance
the intrinsic sensitivity IMS. Using a more polar SBSE coating phase can significantly
increase the limit of detection for both analytes, especially the more polar RDX.
Unfortunately the only phase that is currently available commercially is the non-polar
PDMS. The excellent reproducibility for drift time, which is important of identification,
along with method precision of 8.6% for TNT and 6.6% for RDX and limits of detection
in the low part-per-billion levels render the SBSE-IMS method very promising for the

detection of explosives in water and other routine field applications.
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Final Conclusion

This research project has successfully shown that the sorptive extraction
techniques solid phase microextraction and stir bar sorptive extraction can be used
effectively with ion mobility spectrometry to detect and quantitate low levels of analytes
in various sample matrices. The extraction techniques not only enhance the sensitivity
and selectivity of IMS, but also complement the instrumentation’s solventless, fast,

portable and field capability characteristics.

In the first phase of the project it was shown that SPME-IMS does not require
elaborate sample preparation or chromatographic separation and provides a fast, sensitive
and reliable method for detecting and quantifying ephedrine in a biological matrix.
Although no interference by coexisting substances was observed, confirmation analysis
by GC-MS should be performed for IMS-positive samples. The linearity for ephedrine
response, along with a detection limit of 0.05 pg/mL, reproducibility of 5% and good
recoveries make the method very satisfactory. The limit of detection is well below the

cut-off limit specified by the IOC medical commission

The chemical ionization mass spectra of ephedrine also compared well with the
IMS fragmentation pattern. The three major ions produced by IMS match that of the mass
spectra with respect to drift times and molecular weight indicating that structural
information can be obtained from IMS plasmagrams. It was deduced that the IMS
fragmentation spectra can be used to give additional evidence for the presence of
ephedrine in a sample. The developed method is very practicél for forensic applications

because of short analysis time, minimization of carry-over, fragmentation characteristics,
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and field-analysis capabilities. However, further evaluation of this technique against well-
understood and established methods is necessary before SPME-IMS can be solely relied

upon for clinical or forensic measurements.

The SPME-IMS technique was taken a step further and developed for the
simultaneous detection, separation and quantitation of methylparaben, ethylparaben,
propylparaben and butylparaben in pharmaceutical cream, lotion, solution and ointment
samples. The separation characteristics of the ions were explored and optimized with
respect to temperature and carrier gas flow rates. The drift time behaviors of the paraben
ions were also evaluated with respect to drift tube temperature and flow rates. The stable
reduced mobilities determined from the temperature studies indicated that the paraben
ions observed in the plasmagrams are most likely parent ions and not produced from ion

clusters or fragmentation.

An internal standard, benzylparaben, was used to optimize the paraben
quantitation. This calibration technique proved to be significantly more effective than
external standards, both in terms of reproducibility and recovery. The quantitation of
preservatives in the six samples using the established HPLC method indicated good
agreement when compared to the SPME-IMS methods. The percent differences observed
between the two methods ranged from 1.4% for MP in Lotion A to 12.5% in Ointment A.
The larger discrepancies between the two methods were observed in samples that

contained high levels of interfering compounds with respect to parabens, which resulted

in ion interferences.
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The method reproducibility of less than 8%, linear range of 3 orders of magnitude
and sensitivities of less than 10 ng/mL rendered the SPME-MS method very attractive
and promising for routine applications. The excellent separation of the four analytes and
internal standard with resolution »1 and the theoretical plates >10,000 for all parabens in

less than 18 ms is also remarkable for an IMS method.

The main advantages of the SPME-IMS method over HPLC include the reduction
of labor-intensive extraction steps, elimination of solvent consumption in extraction and
mobile phase preparation, and shortened analysis time from hours to minutes. The good
selectivity, separation capability, limit of detection, linear range, reproducibility, and
recovery render the SPME-MS method attractive and more advantageous over traditional

techniques.

In the final phase of the project, a new technique, SBSE-IMS is shown to be
effective using thermal desorption for the detection of TNT and RDX in water samples.
In addition to all of the advantages provided by SPME, SBSE possesses the ability to
increase the sensitivity of a method by several orders or magnitude. The SBSE-IMS
method was developed and optimized in terms of extraction efficiency and ion
separation, ions fragmentation patterns, thermal desorption and carryover effects.

The drift times characteristics, diffusion coefficients, and experimental parameters
on the kinetics of thermal desorption were also explored. Since the separation and
detection is so fast using IMS, it was possible to obtain live snapshots of the desorption
process. These profiles provide a useful insight into the kinetics of thermal desorption
utilizing the newly developed parameter, Tpyux. The new interface was shbwn to work

effectively using its temperature control and very high linear flow rates to produce short
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Tpmax and eliminate carryover. Higher temperatures not only provided shorter desorption
times, but also enhanced the sensitivity of the technique by producing larger peak
heights.

The Tomax, Which is function of stir bar coating thickness and analyte diffusion
coefficient provides a useful tool to optimize desorption conditions, because a fast
desorption and elimination of carryover is critical for any method. Complete desorption
was achieved in 60 seconds using a temperature of 280°C and a flow rate of 400 mL/min.
The desorption efficiency of the SBSE-IMS technique, reflected by the fast desorption
time is significantly shorter than TDU desorption carried out for GC analysis.

The reproducibility of the SBSE-IMS method was evaluated and peak responses
were determined to be 8.6% for TNT and 6.6% for RDX. The drift time precision for
both analytes were determined to be 0.1%. The limits of detection were also determined
to be 1.5 ng/mL for RDX and 0.1 ng/mL for TNT.

The SBSE-IMS method creates a straightforward solventless system with high
sensitivity, speed, portability and a means of detecting analytes in real samples. The
addition of SBSE to IMS not only improves the sensitivity but also provides additional
selectivity for the technique in terms of reducing matrix interferences. The effectiveness
of the interfacing technique is further illustrated by the similarity of the drift times and
peak shape characteristics of analytes when compared to direct injection.

The results presented in this research are very encouraging, supporting the future
application of SPME-IMS and SBSE-IMS for the low level detection of analytes. The
techniques have the potential to be tremendously successful in analytical . field

applications such as the determination of illicit drugs, forensics, pharmaceuticals and
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environmental toxins determination. The sorptive extraction step prior to IMS analysis
circumvents the major limitation of IMS, specifically ion competition and suppression
which result in loss of specificity and low resolution.

The next logical extension of this work would be to apply the techniques to real
applications with additional specificity, recoveries and comparability studies. The use of
mobility measurements and fragmentation patterns to probe molecular and structural
information of analytes is also not yet a mature field in IMS studies. The sorptive
extraction techniques can also be used to perform “on-fiber” and “on-stir bar”
derivatization reactions by adding functional groups to analytes thereby promoting
ionization to facilitate the analysis of compounds that would otherwise be unfeasible by
IMS. Derivatizations can also be used to enhance the sensitivity of the methods.

The novel technique of thermal desorption SBSE-IMS is shown to be effective for
TNT and RDX, and has the potential to be enormously successful for the ultra trace
detection of analytes with unprecedented sensitivity. The speed of the IMS also permits
the elucidation of the kinetics of thermal desorption from a sorptive phase as shown in
Chapter 6. These studies using live snapshots are not possible using traditional
chromatographic techniques because the analysis time is so much longer than the
desorption time. Further work in this area would be to investigate parameters such as
coating type, coating thickness, as well as analytes molecular weight, diffusion
coefficient and vapor pressure on the Tpmax and carryover effects.

Sorptive extraction techniques coupled to IMS is a new and emerging method that

possesses a robust model of a standardized test method with the necessary speed, sample
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throughput, solvent elimination, and high sensitivity rendering the methods capable of

moving into the mainstream of field analytical chemistry.
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