unretained water peak was not achieved. At pH values less than 4.2, detection was
compromised. An isophthalic acid concentration of 4.5 mM (34) was sufficient for
indirect UV detection of the non-absorbing analytes at 280 nm. This system was
appropriate for the detection of all target analytes with the exception of perchlorate. This
particular ion elutes late in the analysis and can co-elute with carbonate depending on the
characteristics and age of the analytical column. Alternative procedures for the detection
of perchlorate by ion chromatography include the use of a second ion exchange column
(82) or the use of a gradient procedure (/7) (/4).The separation of a standard anion
mixture [C-IPD is illustrated in Figure 4.5. The inorganic anions are each present at 15

ppm, while the organic anion is present at 5 ppm.

Figure 4.5. Separation of a standard anion mixture by ion chromatography. Conditions:
Waters IC-Pak HR anion exchange column, isocratic elution with 4.5mM isophthalic acid
at pH 4.2, flow rate 1 mL/min, 20 puL injection, indirect UV detection at 280 nm. Peak
order: (1) water, Rt 0.99 min (2) ascorbate, Rt 2.12 min (3) chloride, Rt 3.55 min (4)
nitrite, Rt 4.85 min (5) chlorate, Rt 6.53 min (6) nitrate, Rt 7.89 min (7) sulfate, Rt 9.10
min (8) carbonate/perchlorate, Rt 28.95 min. Baseline resolution is achieved for all

standards with the exception of chlorate and nitrate.
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Table 5.12. Accurate mass data for the anions present in post-burn residues of Clean

Shot.
Component Rt (min) Calculated m/z | Measured m/z + mDa + ppm
Oxalate 2.87 88.9875 88.9877 0.2 2.2
Threonate 2.87 135.0294 135.0294 0.0 0.0
Nitrite 8.76 45.9929 45.9928 -0.1 2.2
Chlorate 11.96 82.9536 82.9533 -0.3 -3.6
Nitrate 12.92 61.9878 61.9879 0.1 1.6
Perchlorate 22.46 98.9485 98.9486 0.1 1.0

The data collected from the analysis of all of the post-burn propellant samples are
summarized in Table 5.13. Of the six brands of post-burn propellants analyzed, only
American Pioneer, Black Mag3, and Goex Pinnacle Replica contained sufficient ascorbic
acid to be detected as ascorbate. The lack of detectable levels of ascorbic acid in the
samples of Clean Shot and Jim Shockey’s Gold was surprising, considering that previous
work has shown that ascorbate can be detected in the post-burn residues of these
propellants (/17). The reason for the discrepancy may be the amount of intact ascorbic
acid which remained after burning was insufficient for detection by QToFMS. The
degradation products threonic acid and oxalic acid were detected in all five of the
ascorbic acid-based propellants, indicating that the ascorbic acid was lost during the
deflagration process. There was no ascorbic acid, or degradation products of ascorbic
acid, detected in Black Canyon. Thus, the amount of remaining ascorbic acid was below

the limit of detection. Nitrate and nitrite were detected in the post-burn residues of all six
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brands of propellant. Chlorate and perchlorate were detected in all of the post-burn
samples which contained a perchlorate oxidizer (all propellants except for Black

Canyon).

Table 5.13. Results of analysis of post-burn residues by HPLC-ESI-QToFMS. Ascorbate

was detected in post-burn residues from three of the six ascorbic acid-based propellants.

m/z

Oxalate | Threonate | Ascorbate | NO, | NOs | ClO5; | ClOy4

Propellant 89 135 175 46 62 83 99
American Pioneer Yes Yes Yes Yes | Yes | Yes | Yes
Black Mag3 Yes Yes Yes Yes | Yes | Yes | Yes

Black Canyon No No No Yes | Yes | No No
Clean Shot Yes Yes No Yes | Yes | Yes | Yes
Goex Pinnacle Yes Yes Yes Yes | Yes | Yes | Yes
Jim Shockey’s Gold Yes Yes No Yes | Yes | Yes | Yes

Post-blast debris from five of the six PVC pipe bombs, filled with either Jim
Shockey’s Gold or Goex Pinnacle Replica powders, was analyzed. One pipe bomb filled
with Goex Pinnacle Replica powder generated minimal damage when only the end caps
fragmented, and was thus excluded from this study. The results of a water extract from
Shot III, a pipe which had been filled with Jim Shockey’s Gold, are presented in Figures

5.12a-f. The results are similar to what were observed for the post-burn residues.
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Figure 5.12. Analysis of PVC fragments from Shot III by HPLC-ESI-QToFMS
(a) extracted ion chromatograms for oxalate, threonate, nitrite, chlorate, nitrate, and
perchlorate (b) mass spectrum of oxalate and threonate (c) mass spectrum of nitrite (d)

mass spectrum of chlorate (¢) mass spectrum of nitrate (f) mass spectrum of perchlorate.
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Figure 5.12a shows that the ascorbic acid fuel source was detected via the
presence of two of its degradation products, oxalic acid and threonic acid. Only a single
peak at 3.02 minutes was observed in the extracted ion chromatogram for m/z 89 as
shown in Figure 5.12a. The mass spectrum of the peak at 3.02 minutes is displayed in
Figure 5.12b. This peak contains the anionic forms of the degradation products of
ascorbic acid, oxalate at m/z 88.9876 and threonate at m/z 135.0289. In the extracted ion
chromatogram for m/z 135, three additional peaks are observed at 2.07 minutes, 5.51
minutes and 6.44 minutes. These peaks could not be identified because the intensities of
their mass spectra were too low to obtain accurate mass data.

The chromatographic peaks for the oxidizers nitrate and perchlorate were detected
at 12.75 minutes and 22.20 minutes, respectively, as shown in Figure 5.12a. The mass
spectra for these anions are shown in Figures 5.12e and 5.12f. Nitrate has a molecular
anion peak at m/z 61.9880, and a cluster peak at m/z 209.9401. Perchlorate has a
molecular anion peak at m/z 98.9487, and an isotopic peak at m/z 100.9465.
Chromatographic peaks for the combustion products nitrite and chlorate were detected at
8.70 minutes and 11.79 minutes, respectively. As shown in Figure 5.12c, nitrite has a
molecular anion peak at m/z 45.9930. The molecular anion for chlorate occurs at m/z
82.9539, while an isotopic peak is at m/z 84.9514 (see Figure 5.12d). All measured
masses of the anions detected from this post-blast sample are less than + 5 ppm of the

calculated masses, as summarized in Table 5.14.
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Table 5.14. Accurate mass data for the anions present in post-blast residues from Shot

III. Fragments of PVC pipe were analyzed.

Component Calculated m/z | Measured m/z + mDa + ppm
Oxalate 88.9875 88.9876 0.1 1.1
Threonate 135.0294 135.0289 -0.5 -3.7
Nitrite 45.9929 45.9930 0.1 2.2
Chlorate 82.9536 82.9539 0.3 3.6
Nitrate 61.9878 61.9880 0.2 3.2
Perchlorate 98.9485 98.9487 0.2 2.0

The results of a water extract from Shot V, a pipe which had been filled with

Goex Pinnacle Replica powder, are presented in Figures 5.13a-f. The results are similar
to what were observed for the post-burn residues. Figure 5.13a shows that the ascorbic
acid fuel source was detected via the presence of two of its degradation products, oxalic
acid and threonic acid. Only a single peak at 3.11 minutes was observed in the extracted
ion chromatogram for m/z 89 as shown in Figure 5.13a. The mass spectrum of the peak at
3.11 minutes is displayed in Figure 5.13b. This peak contains the anionic forms of the
degradation products of ascorbic acid, oxalate at m/z 88.9873 and threonate at m/z
135.0297. In the extracted ion chromatogram for m/z 135, two additional peaks are
observed at 5.69 minutes and 6.45 minutes. These peaks could not be identified because
the intensities of their mass spectra were too low to obtain accurate mass data. Two
additional peaks were detected for m/z 135 at 5.69 minutes and 6.45 minutes. These

peaks could not be identified because of weak intensities in their respective mass spectra.
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Figure 5.13. Analysis of PVC fragments from Shot V by HPLC-ESI-QToFMS (a) total
ion chromatogram and extracted ion chromatograms for oxalate, threonate, nitrite,
chlorate, nitrate, and perchlorate (b) mass spectrum of oxalate and threonate (c) mass
spectrum of nitrite (d) mass spectrum of chlorate (e) mass spectrum of nitrate (f) mass

spectrum of perchlorate.
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The results of post-blast debris analysis for all five PVC bombs are summarized
in Table 5.16. The inorganic oxidizers, nitrate and perchlorate, and the inorganic
combustion products, nitrite and chlorate, were detected in the post-blast residues of all
five sets of debris. The organic ascorbic acid fuel was not detected as the molecular anion
ascorbate in the residues of any of the five pipe bombs. However, the degradation
products oxalic acid and threonic acid were detected in the residues of all five pipe
bombs. The ascorbic acid likely degraded as a result of the heat and pressure of the
deflagration event to form oxalic acid and threonic acid. The post-blast PVC fragments
had been packaged in metal paint cans and stored at room temperature for approximately
fifteen months prior to analysis. This long storage time may also have contributed to the
degradation of ascorbic acid. Previous studies found that ascorbic acid could be detected
in post-blast debris by IC-IPD up to one year after the initial deflagration even when the
fragments were stored at -15°C (/77). However, the limit of detection for this method
was an order of magnitude lower than the HPLC-ESI-QToFMS method. Refrigeration of
the PVC pipe shot debris from the ATF could have helped to preserve ascorbic acid
residues. Nonetheless, the presence of oxalic and threonic acid, in addition to the organic
oxidizers, indicates these powders originated from an ascorbic-acid based propellant.

A brief discussion of the effects of sonication on the detection of ascorbic acid
must be made. Sonication of the intact propellants were necessary to dissociate the
propellant granules, while sonication of the in post-blast samples was necessary to free
the post-blast residues from the dirt and debris of the post-blast fragments. Ascorbic acid
degradation peaks at m/z 115 and m/z 87 were present in both the sonicated samples and

non-sonicated standards. The ascorbic acid degradation compounds oxalate and threonate
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were only present in the deflagrated samples (they were absent from both the standard
and the intact propellant samples). The presence of oxalate and threonate did not appear
to be affected by sonication, as the compounds were noted in the post-blast samples,

which were sonicated, and the post-burn samples, which were not.

Table 5.16. Results of analysis of PVC fragments by HPLC-ESI-QToFMS. Ascorbate

was not detected on any of the post-blast PVC fragments.

m/z
Oxalate Threonate Ascorbate | NO, | NOs | ClO5 | ClO4
Shot 89 135 175 46 62 83 99
I Yes Yes No Yes Yes Yes | Yes
I Yes Yes No Yes Yes Yes | Yes
v Yes Yes No Yes Yes Yes | Yes
v Yes Yes No Yes Yes Yes | Yes
VI Yes Yes No Yes Yes Yes | Yes

D. Conclusions

This HPLC-ESI-QToFMS method is a fast, direct, and definitive analytical
technique for identifying ascorbic acid-based propellants with minimal sample
preparation. The combination of retention time, accurate mass measurements, and mass
spectral information of this method facilitates an unequivocal identification of both the
oxidizers and the fuel source for intact powders, as well as the original ingredients and

combustion products for post-blast residues. The limitations of this method include a high
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detection limit for ascorbate and nitrite, and an inability to detect chloride. However,
because low explosives tend to leave copious amounts of residues behind following
deflagration, the high LOD values for ascorbate and nitrate may not actually hinder
detection of these analytes in real-world samples. Future experiments should involve the
analysis of fresh post-blast debris, as well as a study of the effects of different storage

materials and conditions on the ability to detect ascorbate in post-blast residues.
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VI. Chapter VI. Optimization of HPLC/ED and HPLC/FD Methods for the Analysis
of Hydrogen Peroxide
A. Introduction

As aresult of rising interest in homeland security and defense, improved
technology has been developed for the detection of nitrated explosives. This has led to an
increased use of improvised explosive materials which do not contain nitro-groups, so as
to avoid detection (/7) or to circumvent barriers to the acquisition of commercial
explosives. One such class of energetic materials which have recently drawn attention is
the peroxide-based explosives. These explosives can be either solids or liquids. They can
exist as a blend of separate fuel and oxidizer compounds, such as mixtures of
concentrated hydrogen peroxide with carbonaceous fuels. Alternatively, hydrogen
peroxide may be used as a starting component in the production of explosives which
contain the fuel and oxidizer within the same molecule. Triacetone triperoxide (TATP)
and hexamethylene triperoxide diamine (HMTD) are examples of the latter type.

In the event that peroxide-based explosives are used in the commission of a crime
or terrorist act, forensic scientists seek to identify the original explosive from the residues
which are left behind. A considerable amount of research has been published regarding
the development of methods for the analysis of TATP and HMTD (/30) (131) (132)
(133) (134) (135) (136) (137). Because improvised explosive mixtures containing
concentrated hydrogen peroxide have emerged only recently, few published methods for
the analysis of post-blast residues from these explosives are available. It was the goal of
this research to optimize two complementary methods, based on different principles of

separation and detection, which could be employed for the separation and detection of
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trace amounts of hydrogen peroxide. As neither method independently provides the level
of certainty which is required for use in a court of law, the methods are best employed

concurrently.

1. Properties of hydrogen peroxide

Hydrogen peroxide is a strong oxidant. Most municipal and industrial applications
utilize 35%-50% concentrated solutions of hydrogen peroxide. Solutions of hydrogen
peroxide up to 70% can be purchased from chemical supply houses. Household
applications involving 3% solutions of hydrogen peroxide include cleaning wounds and
bleaching clothing, while the bleaching of hair commonly utilizes 15% solutions of
hydrogen peroxide. Industrial applications of hydrogen peroxide include pulp and paper
bleaching, organic and inorganic chemical processing, the treatment of metal, catalysis of
polymerization reactions, and industrial waste treatment (/38). Hydrogen peroxide can
form free radicals through homolytic cleavage of either the O-O bond or the O-H bond,
as seen below in reactions 1 and 2:

(1) HOOH - H-+-O0OH

(2) HOOH - 2 -:OH
Reaction 1 tends to dominate in photochemically initiated reactions, as well as in
uncatalyzed vapor phase reactions. In catalytic reactions, and particularly in solution, the
nature of the reactants determines which free radicals will dominate. The redox system
Fe(Il)-Fe(III) is a widely used catalyst. When it is combined with hydrogen peroxide, it is

known as Fenton’s Reagent. The chemistry of the Fenton reaction is dependent upon the
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formation of free radicals, as seen in reactions 3 and 4. This reaction is employed
commercially in the treatment of wastewater (/39).

(3)  Fe*" +H,0, > Fe’" + OH +-OH

(4)  Fe'" +H0, > Fe’ +-OOH + H'

Anhydrous hydrogen peroxide is a clear, colorless liquid of nearly the same
dielectric constant and viscosity of water, though it has a greater density than water.
Though stable if uncontaminated, hydrogen peroxide solutions will decompose slowly
into oxygen gas and water with the evolution of heat. There is considerable evidence that
this process occurs as a chain reaction involving free radicals (/39). Decomposition of
hydrogen peroxide into perhydroxy and hydroxyl radicals is accelerated in the presence
of near UV light. In dilute solutions, the water which is present can absorb the heat which
is evolved through decomposition of hydrogen peroxide. In more concentrated solutions,
the heat evolved from decomposition raises the temperature of the solution, which in turn
increases the rate of decomposition. High alkalinity can also increase the decomposition
rate of hydrogen peroxide. The catalytic decomposition of hydrogen peroxide at a
concentration of 70% or greater proceeds rapidly, and with sufficient heat released that
the products are oxygen and steam. The thrust from this reaction can be used to propel
torpedoes and small missiles (/39).

Great care must be taken when handling concentrated hydrogen peroxide. Though
hydrogen peroxide itself will not support combustion, the decomposition of hydrogen
peroxide liberates oxygen, which will support combustion. A fire can result if
concentrated hydrogen peroxide is brought into contact with combustible material such as

paper or wood (22) (140). Other materials which are incompatible with hydrogen
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peroxide include reducing agents, organic materials, alkalis, many metals, rust, and dirt.
Stabilizers such as acetanilide and phosphoric acid are often added to hydrogen peroxide
during the manufacturing process to inhibit the catalytic decomposition effects of metals
and other impurities which may contaminate the chemical during transportation, storage,
and handling (7/40).

In acidic solution, the standard reduction potential for hydrogen peroxide is
Ey=+1.80 V (see reaction 5) (/39), while the standard reduction potential for water is
Eo=-0.83 V (see reaction 6).

(5) H,0,+2H +2¢ = 2H,0

(6) 2H,0 + 2¢” = Hay(g) + 20H"

Because of problems with the reduction of dissolved oxygen in the mobile phase at this
potential, as well as the difficulty in finding a working electrode which can handle such
strongly positive potentials, detection of hydrogen peroxide is much more effective when
performed in oxidative mode (65).

At pH = 0, when hydrogen peroxide is in the form H,O,, the oxidation of
hydrogen peroxide will occur at Eg = -0.66 V (see reaction 7). Because hydrogen
peroxide is a weak acid with a pK, of 11.65, in strongly basic solution, hydrogen
peroxide will form the perhydroxyl ion HOO™ (see reaction 8a). At pH=14, when
hydrogen peroxide is in the form HOO", the oxidation of hydrogen peroxide will occur at
Ey=+0.08V (see reaction 8b) (/39). At pH=14, oxidation of hydrogen peroxide to oxygen
is accomplished with the concomitant reduction of hydroxide ions to water. This reaction
can be combined with reaction 8a to yield reaction 9, which represents the nature of the

oxidation reaction of hydrogen peroxide at the surface of the working electrode.
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(7) H,0, > 2H+ + 0Oy +2¢
(88.) H202 + OH > HOO + Hzo
(8b) OH + OOH = O, + Hy0 +2¢

(9) H,O, + 20H" > 0O, +2H,0 + 2e-

At high working electrode potentials, the oxidation of water and other mobile
phase components can overwhelm the signal generated from the oxidation of hydrogen
peroxide. A working potential must be found which is high enough to oxidize hydrogen

peroxide, but low enough to avoid the problem of oxidation of the mobile phase.

2. Previous Research

The need to detect the presence of improvised peroxide mixtures both pre-blast
and post-blast has resulted in the on-going research and development of novel techniques
for both trace and bulk analysis. Historically, atmospheric hydrogen peroxide and
selected organic peroxides have been analyzed using high performance liquid
chromatography with post-column derivatization and fluorescence detection (/41) (142)
(143) (144). These chemicals are of interest because they have been linked to the
formation of acid rain, and have strongly toxic effects on plants (/44). One common
indirect method of detection of trace levels of hydrogen peroxide is to utilize the reaction
of hydrogen peroxide with p-hydroxyphenylacetic acid in the presence of an iron
containing catalyst (141) (142) (143) (144) (145). The product of this reaction is the
dimer 6,6’-dihydroxy-3,3’-biphenyldiacetic acid, the anionic form of which is readily

detectable using a standard HPLC fluorescence detector.
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Hellpointner and Gaeb (/42) were the first group to utilize a reversed phase
HPLC separation followed by a post-column reaction with horseradish peroxidase and p-
hydroxyphenylacetic acid (POPHA) for the analysis of hydrogen peroxide and
atmospheric organic peroxides. The product of this reaction was a dimer of p-
hydroxyphenylacetic acid; the anionic form of the dimer was fluorescent. A cold sulfuric
acid/EDTA mobile phase was employed to stabilize and separate the organic peroxides.
The pH and temperature of the eluent were increased post-column to convert the
hydroxyalkyl hydroperoxides into hydrogen peroxide. Following formation of the dimer,
sodium hydroxide was added to the flow stream prior to reaching the detector. An
excitation wavelength of 286 nm and an emission wavelength of 404 nm were employed
for the detection of the fluorescent dimer. The authors cited a limit of detection for
hydrogen peroxide of 1.4 pM.

Kok et al. (/143) utilized a very similar procedure to Hellpointner and Gaeb (/42)
for the analysis of hydrogen peroxide and ten organic peroxides. A fluorescence detector
with an excitation wavelength of 330 nm and an emission wavelength of 400 nm was
employed for the detection of the POPHA dimer. Under these conditions, only six of the
eleven peroxides could be separated within fifteen minutes of injection. The presence of
EDTA in the mobile phase allowed for the complexation of any metal ions which were
present, thereby minimizing degradation of the peroxides prior to detection The authors
cited a limit of detection of 90 nM for hydrogen peroxide, and 20 nM for the organic
peroxides.

Qi et al. (/44) utilized a hemin catalyst for the detection of hydrogen peroxide,

and methyl hydroperoxide. Hydroxymethyl hydroperoxide and bis(hydroxymethyl)
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peroxide were also detected after conversion to hydrogen peroxide in alkaline solution.
The separation involved a phosphoric acid mobile phase, with a C-18 column that was
cooled to 1°C (presumably to stabilize the organic peroxides). The reagent solution
contained hemin and p-hydroxyphenylacetic acid in an ammonia buffer. It was
determined that the peroxidatic activity of hemin was enhanced by the presence of
ammonia (as compared to a glycine-sodium hydroxide buffer). The accessibility of the
lone pair of electrons on the nitrogen played an important role in the interaction of the
nitrogen base with the heme-iron in the enzyme substrate intermediate adduct (/46). The
excitation and emission wavelengths of the fluorescence detector were not reported. The
authors cited a limit of detection of 9 nM for hydrogen peroxide.

A study by Francois et al. in 2005 (/41) utilized a similar procedure to that of Qi
(144) for the analysis of hydrogen peroxide and several organic peroxides in air. This
approach utilized a phosphoric acid mobile phase and a C-18 analytical column. The
column, the mobile phase, the buffer, and the reagent solutions were maintained at 4°C.
The excitation wavelength was listed as 320 nm and the emission wavelength was listed
as 299 nm (although this is suspected to be incorrect). The authors reported a limit of
detection of 7.3x107 pg/m’ for hydrogen peroxide in air.

The use of the hemin/peroxide/p-hydroxyphenylacetic acid reaction was adapted
to the analysis of TATP and HMTD by Schulte-Ladbeck et al. (/45). Their method
involved pre-treating the samples with catalase to degrade any hydrogen peroxide which
may have been present to prevent interference in the measurement. The samples were
exposed to UV radiation at 254 nm to decompose the organic peroxides into hydrogen

peroxide. The hydrogen peroxide underwent a reaction with p-hydroxyphenylacetic acid
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and horseradish peroxidase in solution. An excitation wavelength of 320 nm and an
emission wavelength of 405 nm were used. This method yielded a limit of detection of
800 nM for TATP and 800 nM for HMTD. An alternative procedure involved the
reaction of the UV-irradiated samples with horseradish peroxidase and 2,2’-azino-bis(3-
ethylbenzothiazoline)-6-sulfonate. The product of this colorimetric reaction was detected
with a hand-held photometer. The limit of detection for this method was 8 uM for TATP,
and 80 uM for HMTD. It should be noted that these methods were only used to analyze
intact TATP and HMTD samples, and that no post-blast samples were studied. These
methods were also applied to the analysis of four different brands of laundry detergent.
No false positives were noted.

Further developments were made to the application of the hemin/peroxide/p-
hydroxyphenylacetic acid reaction for the detection of TATP and HMTD in 2003 by
Schulte-Ladbeck et al. (58). The revised method included an HPLC separation of TATP
and HMTD on a C-18 column with a mobile phase which was 65% acetonitrile and 35%
water, followed by photochemical degradation of TATP and HMTD to form hydrogen
peroxide. The peroxide was subsequently reacted with horseradish peroxidase and p-
hydroxyphenylacetic acid to form the anionic, fluorescent dimer. This method was
successfully applied to the analysis of intact and post-blast HMTD and TATP samples.
The limit of detection for both compounds was 2 uM.

Schulte-Ladbeck et al. (65) published a study in 2003 detailing a method for the
detection of TATP and HMTD by reversed phase HPLC with post-column UV irradiation
and electrochemical detection. A C-18 analytical column was used in conjunction with a

mobile phase which consisted of 65% acetonitrile and 35% aqueous 4 mM phosphate
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buffer at pH 8. Following separation, TATP and HMTD were degraded to hydrogen
peroxide by exposure to UV light at 254 nm. Hydrogen peroxide was detected using an
applied potential of +900 mV versus a palladium-hydrogen reference electrode. The
authors utilized a glassy carbon working electrode for this application because of its
resistance to deactivation, which could have led to a decrease in sensitivity. The authors
reported a limit of detection of 3 uM for TATP and HMTD. It should be noted that these
methods were only used to analyze intact TATP and HMTD, and that no post-blast
samples were studied.

While work has been performed on the use of electrochemical detection to
analyze hydrogen peroxide in biological samples (/47), there has been little peer-
reviewed work published on the use of this technology for the analysis of hydrogen
peroxide in improvised explosives. Many biological-based assays require the use of
specially modified electrodes (/48), which may be impractical for use in forensic
laboratories. Peer-reviewed published methods do exist for the analysis of many of the
types of fuel sources which might be utilized in the construction of improvised explosive
mixtures, including sugar (70), flour (149), coffee (150), spices (151), ethanol (/52), and
nitromethane (/53). Ideally, both the fuel and oxidizer component of an improvised
explosive mixture would be detected during the same chromatographic analysis.
However, the sheer variety of fuel components available makes this a daunting task.

Currently, there are a very small number of peer-reviewed studies which explore
the explosive properties of concentrated hydrogen peroxide/fuel mixtures. Schreck et al.
(154) published a study which analyzed peroxide/alcohol mixtures. This study explored

the thermal explosive range of mixtures of 2-propanol, 2-methyl-2-propanol, 2-methyl-2-
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butanol, and 2-methyl-2-pentanol with aqueous hydrogen peroxide in various ratios by
heating them under confinement. While all of the peroxide/alcohol mixtures resulted in a
violent explosion, the combination of hydrogen peroxide and 2-methyl-2-propanol was
found to be particularly dangerous over the largest concentration range. It is expected that

similar studies involving other types of fuels will be published in the near future.

B. Development of HPLC/ED Method
1. Selection of Analytical Column

Because of specific concerns regarding mixtures of concentrated hydrogen
peroxide with sugars, the starting point for development of the HPLC/ED method was the
standard method for carbohydrate analysis by the International Commission for Uniform
Methods of Sugar Analysis (ICUMSA), as described by Dionex Application Note 92
(71). This method utilized a Dionex CarboPac PA1 guard and analytical column, a 150
mM NaOH mobile phase at pH 12.4, and pulsed amperometric detection with a gold
working electrode. The Dionex CarboPac PA1 guard column (4.6 x 50 mm) and
CarboPac PAT1 analytical column (4.6 x 250 mm) were utilized in the initial experiments
for the separation of carbohydrates and hydrogen peroxide. The CarboPac PA1 column
packing material was comprised of a polystyrene/divinylbenzene substrate (2% cross
linked) with quaternary ammonium functionality. Given that the pK, of hydrogen
peroxide is 11.65, the hydrogen peroxide will lose a proton to become ionized when in
basic solution, with the extent of peroxide ionization being dependent upon the pH of the

solution. The anionic peroxide then interacts with the quaternary ammonium
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functionality of the column phase packing material to a sufficient degree that baseline
separation of the compound from the water peak is achievable.

When the CarboPac PA1 column was used with the 150 mM NaOH mobile phase,
the hydrogen peroxide peak exhibited a sizeable amount of tailing. Because none of the
carbohydrates which were tested exhibited this effect, the tailing was postulated to result
from the specific chemistry of the interaction of the hydrogen peroxide between the
column and mobile phase. Over the course of approximately three months and three
hundred injections, the PA1 column began to fail and the tail on the peroxide peak
lengthened with each injection. The manufacturer of the column suggested that the
column was poisoned by the combination of repeated exposure to the oxidizing properties
of both hydrogen peroxide and dissolved oxygen present in the mobile phase.

The CarboPac PA1 guard and analytical columns were replaced with the more
robust CarboPac PA10 guard column (4.6 x 50 mm) and analytical column (4.6 x 250
mm). The CarboPac PA10 column packing material was comprised of a
polystyrene/divinylbenzene substrate (55% cross linked) with quaternary ammonium
functionality; the additional cross-linking makes the column more rigid against high
column back-pressure. According to the manufacturer, the additional cross-linking of the
column packing material should also make the column more resistant to oxygen
poisoning. As the PA10 column contained the same functional groups as the PA1
column, it was speculated that hydrogen peroxide should interact with the two columns in
a similar manner. The combination of the PA10 column with the 150 mM NaOH mobile

phase resulted in a successful separation of hydrogen peroxide.
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Two additional columns were also tested for use with the electrochemical detector
in PAD mode, including a C-18 column (4.6 x 250 mm), and a bare silica column (2.1 x
150 mm). The C-18 column was tested with four different mobile phase compositions:
1.00 mM H,SO4 with 0.10 mM EDTA; 150 mM NaOAc; 20% methanol with 80% water;
and 20% methanol with 80% water which contained 0.1% formic acid. Each mobile
phase composition was selected because of known advantages. The sulfuric acid/EDTA
mobile phase is known to result in a successful separation of hydrogen peroxide when
paired with the C-18 column. The 150 mM NaOAc mobile phase leads to a successful
separation when paired with the CarboPac PA10 column. Previous research demonstrated
that a methanol/water mobile phase could be used to separate organic peroxides on a C-
18 column (65). The methanol/water/formic acid mobile phase was selected because this
mobile phase has proven successful at resolving organic explosives on a C-18 column
(155). The C-18 column/mobile phase experiments were unsuccessful for all four mobile
phase compositions. Hydrogen peroxide could not be detected on the C-18 system when
it was combined with the 1.00 mM H,SOy4 / 0.10 mM EDTA mobile phase, presumably
because the mobile phase was too dilute to conduct current through the flow cell of the
electrochemical detector. Hydrogen peroxide was not well resolved in a reproducible
manner when the C-18 mobile phase was used with the other three mobile phase
compositions.

In contrast, the silica column did yield some separation of hydrogen peroxide
when it was paired with the 150 mM NaOAc mobile phase. However, detector response
for hydrogen peroxide was ten times lower than for the pairing of this mobile phase with

the PA10 column. Addition of up to 40% acetonitrile to the mobile phase failed to change
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the retention time of hydrogen peroxide on the silica column, and only resulted in further
suppression of the peroxide signal. This indicated that some of the hydrogen peroxide
was adsorbing onto the surface of the silica stationary phase. From these results, it was
determined that the CarboPac PA10 column offered a superior separation of hydrogen
peroxide in comparison to the silica and C-18 columns. Development of the HPLC-ED

method continued with this column.

2. Development of 150 mM NaOH / 150 mM NaOAc¢ mobile phase with
electrochemical detection in PAD mode
a. Optimization of the mobile phase

The standard 150 mM NaOH mobile phase from the Dionex application note on
the ICUMSA method for the analysis of sugars in molasses (7/) was taken as the starting
point for the separation of hydrogen peroxide and glucose due to specific concerns
regarding mixtures of concentrated hydrogen peroxide and sugars. The combination of
this mobile phase with the CarboPac PA10 column permitted baseline resolution of
peroxide from a glucose standard. However, although the glucose peak displayed a
Gaussian shape, the peroxide peak displayed non-Gaussian shape, in the form of a
significant tail from 3.5-5.5 minutes. The peak symmetry was calculated using the
following equation:

peak symmetry = (area before top of peak) + (area after top of peak)
The combination of the 150 mM NaOH mobile phase and CarboPac PA10 column

resulted in a value for the peak symmetry of hydrogen peroxide which was equal to 0.39.
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Increasing the flow rate from 1.0 mL/min to 1.25 mL/min did not have any noticeable

effect on reducing the length of the tail on the peroxide peak (see Figure 6.1).

Figure 6.1. Effects of analytical column, mobile phase, and flow rate on the peak shape
and retention time of 300 ppm hydrogen peroxide (1) 150 mM NaOH, Vm = 1.00
mL/min, PA1 Rt 2.853 min (2) 100 mM NaOH, Vm = 1.23 mL/min, PA1, Rt 3.475 min
(3) 200 mM NaOH, Vm = 1.00 mL/min, PA1, Rt 3.076 min (4) 200 mM NaOH, Vm =
1.25 mL/min, PA1, Rt 2.485 min (5) 150 mM NaOH, Vm = 1.00 mL/min, PA10, Rt
3.536. The retention time and peak shape of hydrogen peroxide with the PA10 column
and 150 mM NaOH mobile phase at 1.00 mL/min are superior to the other

column/mobile phase/flow rate combinations.
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The addition of up to 20% methanol to the mobile phase did reduce the length of
the tail on the peroxide peak, but the peroxide signal was suppressed considerably.
Sodium acetate was added to the mobile phase to increase its ionic strength as suggested
by a Dionex application update (/56). The new mobile phase, which consisted of 100
mM NaOH and 100 mM NaOAc, decreased the amount of tailing on the hydrogen

peroxide peak without increasing the strength of the peroxide signal. Increasing the
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concentration of the mobile phase to 150 mM NaOH and 150 mM NaOAc reduced the
amount of peak tailing even further (see Figure 6.2). Use of the 150 mM NaOH with 150
mM NaOAc mobile phase at pH 12.4 with the CarboPac PA10 column resulted in a loss
of resolution of the carbohydrate standards. Glucose, sucrose, and fructose could no
longer be resolved from each other. Instead, they co-eluted at 1.82 minutes. However,

baseline separation from hydrogen peroxide was achieved.

Figure 6.2. Effect of mobile phase concentration on peak shape and retention time of 0.5
ppm hydrogen peroxide standard (1) 150 mM NaOH/150 mM NaOAc, Vm=1.00
mL/min, PA10, Rt 2.249 min (2) 100 mM NaOH/100 mM NaOAc, Vm=1.00 mL/min,
PA10, Rt 2.823 min. The peak shape of hydrogen peroxide is superior with 150 mM

NaOH/150 mM NaOAc.
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b. Optimization of PAD settings

The PAD settings which required optimization included spacer thickness,
temperature control, and electrode potentials. The thickness of the spacer directly
affected the linear velocity inside of the flow cell. Use of a thinner spacer resulted in a

smaller cell volume, which led to a higher linear flow velocity. For a 3 mm working
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electrode, use of a 25 pm spacer resulted in a flow cell volume of 0.15 pL, while use of a
50 um spacer resulted in a flow cell volume of 0.29 pL. The signal increased when a
thinner spacer was used, while the noise remained constant. However, maximizing the
signal-to-noise ratio by minimizing the flow cell volume had to be balanced against the
need to select a mobile phase flow rate which was high enough to rapidly separate sample
components. Use of a faster flow rate resulted in the need for a greater flow cell volume
in order to avoid pressure build-up in the flow cell. For this method, a spacer of thickness
of 50 pm was ultimately selected in order to maintain proper electrode function at a flow
rate of 1.00 mL/min.

The effect of temperature on the detection of hydrogen peroxide was explored.
The Waters 2465 Electrochemical Detector was equipped with an oven that maintained a
constant temperature for both the flow cell and the analytical columns. The oven
temperature could be set between 15°C-45°C. A temperature range of only 30°C-45°C
was explored because it became readily apparent that the signal strength of a given
sample of hydrogen peroxide increased as the temperature was raised. For this study, a
standard solution of hydrogen peroxide was analyzed in triplicate. The optimal
temperature for the detection of hydrogen peroxide was determined to be 45°C (the
highest temperature achievable with the oven installed on the 2465 detector). Data from
this study can be viewed in Table 6.1. There was no difference in retention time for

hydrogen peroxide at this temperature vs. a cooler temperature.
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Table 6.1. Effect of temperature of the electrochemical detector flow cell on the peak

area of hydrogen peroxide. The strongest signal for hydrogen peroxide was obtained at

the highest oven setting available on the Waters 2465 Electrochemical Detector.

Temperature (°C) Ave Peak Area | Stnd Dev Peak Area | % RSD Peak Area
30 1.90 x 10" 1.50x 10° 7.8
35 2.10x 10° 1.20x 10° 5.7
40 2.50 x 10° 3.60 x 10 1.4
45 2.90x 10 1.00 x 10° 3.6

In order to achieve optimal detection of hydrogen peroxide, optimization of the
PAD settings was required. Because £ is the detection potential, the value of £; should
have the greatest effect upon the signal strength of hydrogen peroxide. The values of £,
and E; should have less of an effect, as they pertain to the cleaning and regeneration of
the electrode surface, rather than to the detection of peroxide. The waveform was
optimized by systematically varying £; while keeping the other parameters constant. The
strongest signal for hydrogen peroxide was obtained with £;=+0.01V, E,=+0.65, and
E;=-0.65V versus a palladium-hydrogen reference electrode. A similar waveform
(E;=+40.05V, E;=+0.60V, E;=-0.60 V vs. Ag/AgCl) has been demonstrated to
provide long term peak area reproducibility, relative lack of sensitivity to dissolved
oxygen, and reproducibility for early eluting peaks (77).

The initial experiments to optimize the electrode settings for pulsed amperometric
detection were performed with the 150 mM NaOH mobile phase. After 150 mM NaOAc

was added to the mobile phase, the optimization experiments were performed a second
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time to ensure that the correct settings were being applied. Samples of hydrogen peroxide
at 0.5 ppm (20 pL injection volume) were analyzed in duplicate. These data can be
viewed in Table 6.2. Again, the strongest signal for hydrogen peroxide was obtained with
E;=+0.01V, E;=+0.65, and E;=-0.65V versus a palladium-hydrogen reference
electrode.The analysis of a hydrogen peroxide standard using this optimized method is

presented in Figure 6.3.

Table 6.2. Effect of PAD settings on detection of a hydrogen peroxide standard. The
greatest value for the peak area of hydrogen peroxide was obtained at £, = +0.01V,

E>=+0.65V, and E3=-0.65V.

E; (V) E> (V) E; (V) Ave Peak Area RSD Peak Area
+0.15 +0.65 -0.65 6.80 x 10° 1.3%
+0.10 +0.65 -0.65 7.10x 10° 1.2%
+0.05 +0.65 -0.65 730 x 10° 1.8%
+0.05 +0.55 -0.65 7.20x 10° 3.4%
+0.05 +0.55 -0.55 730 x 10° 1.8%
+0.01 +0.55 -0.55 7.40 x 10° 1.8%
+0.01 +0.65 -0.65 7.70 x 10° 2.3%
+0.01 +0.70 -0.70 7.50 x 10° 3.8%
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Figure 6.3. Analysis of a 0.5 ppm hydrogen peroxide standard by HPLC/ED in PAD
mode. Conditions: Dionex CarboPac PA10 guard and analytical columns; isocratic
elution with 150 mM NaOH / 150 mM NaOAc; flow rate 1.0 mL/min; 20 pL injection,
PAD at 45°C (E; =+0.01 V, t; =300 ms, ¢, = 100 ms, £, =+0.65 V, £, = 150 ms,

E;=-0.65V, t; = 150 ms). Peak 1, hydrogen peroxide, Rt 2.152 min.
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3. Confirmation of hydrogen peroxide

It was necessary to confirm the identity of the chromatographic peak which was
believed to correspond to hydrogen peroxide. In order to do this, the flow cell was
maintained in the off position so that the peroxide would not be destroyed by the working
electrode. Three replicate 10 pL injections of 300 ppm hydrogen peroxide were
performed. A total of 3 ug hydrogen peroxide was injected each time. Beginning at the
time of sample injection, eluent fractions were collected in one minute intervals from the
until five minutes after the injection. Because the test strips required a pH of 1-12 to
function properly, the collected fractions were treated with 1M HCI to bring the pH
below 12. Liquid from each fraction was pipetted onto the surface of a commercial
hydrogen peroxide test strip. The test was based on the colorimetric reaction of peroxide

with 2,2’-azino-bis(3-ethylbenzothiazoline)-6-sulfonate; the presence of a blue color on
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the test strip was indicative of the presence of peroxide. This test is not specific to
hydrogen peroxide as both organic and inorganic peroxides in aqueous solution and
organic solvents can be measured. According to the manufacturer, results were semi-
quantitative over the range of 0.5 pg/mL — 25.0 pg/mL.

For all three trials, only the eluent fractions which contained hydrogen peroxide
yielded a positive result on the test strips. Each of the positive fractions corresponded to
the time interval of minute two to minute three post-injection when hydrogen peroxide
was believed to elute. Given that 3 pug of hydrogen peroxide were injected, and that each
fraction collected contained approximately 1 mL of eluent (I mL/min * 1 min = 1 mL),
then the peroxide-containing fractions should have contained approximately 3 pg/mL
hydrogen peroxide. However, the color on the test strips corresponded to the 0.5 pg/mL
color on the test kit, indicating that the results from this kit are indeed only semi-
quantitative. Nonetheless, these results confirm that the peak which elutes at 2.15 minutes

is hydrogen peroxide.

4. Development of 150 mM sodium acetate mobile phase with electrochemical
detection in DC mode for the detection of post-blast hydrogen peroxide residues
a. Optimization of mobile phase

A new mobile phase with a different detection mode were developed after it was
determined that the original method of 150 mM NaOH / 150 mM NaOAc with PAD
mode was unsuitable for the analysis of post-blast samples due to problems with
interfering compounds in field samples, along with the presence of high background and

tailing of the peroxide peak (see Figure 6.3). A series of scanning voltammograms were
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constructed across the range of £ =0 mV to £ =+750 mV. It was determined that
detection of hydrogen peroxide was enhanced when a higher detection potential was
employed. However, at too high of a detection potential (greater than £ = +500 mV), the
oxidation of sodium hydroxide in the mobile phase overwhelmed the peroxide signal.
When a mobile phase was employed that included sodium acetate without sodium
hydroxide, the hydrogen peroxide signal was no longer masked at higher detection
potentials. Mobile phase compositions of 5.0 mM NaOAc, 50 mM NaOAc, 150 mM
NaOAc, and 300 mM NaOAc were tested with the CarboPac PA 10 columns. These data
are presented in Table 6.3. Hydrogen peroxide eluted at approximately 1.90 minutes for
all four mobile phase compositions. Peak response was notably lower for the 5.0 mM
NaOAc mobile phase compared to the other three compositions, presumably because the
5.0 mM NaOAc mobile phase was too dilute to conduct current through the flow cell
(157). The combination of the 150 mM NaOAc mobile phase at pH 10.5 with the PA10
column resulted in the greatest peak area and peak symmetry for the hydrogen peroxide
standard, with baseline resolution of the peroxide peak from the water peak.

It should be noted that this combination of mobile phase and analytical column
resulted in the inability to detect the carbohydrate standards. Glucose, sucrose, and
fructose did not elute from the column up to thirty minutes following injection. A
gradient procedure with 150 mM NaOAc and 150 mM NaOH was briefly explored.
Because inclusion of even 2% 150 mM NaOH in the mobile phase dramatically increased
the background signal without resulting in elution of the carbohydrates, this procedure

was not explored further. As the priority for this method was the separation and detection
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of hydrogen peroxide, further optimization to permit separation and detection of the

sugars was not performed.

Table 6.3. Effect of new mobile phase concentration on retention time and peak area of
hydrogen peroxide. The combination of 150 mM NaOAc with the PA10 column yielded
the maximum signal for hydrogen peroxide and baseline resolution of the peroxide peak

from the water peak. This mobile phase was selected to undergo further optimization.

Mobile Phase [HP] Rt Average & RSD
Peak Area Peak Area
5 mM NaOAc 10 ppm 1.992 min 5.40x 10° 12
50 mM NaOAc 0.5 ppm 1.885 min 1.00 x 10° 4.0
150 mM NaOAc 0.5 ppm 1.896 min 1.03 x 10" 0.7
300 mM NaOAc 0.5 ppm 1.891 min 9.10x 10° 2.6

b. Optimization of DC mode

A theoretical hydrodynamic voltammogram for the oxidation of hydrogen
peroxide is presented in Figure 6.4. This type of graph is used to determine the optimal
detection potential for an analyte of interest. In the zero current region, the applied
potential is insufficient to force oxidation of the analyte to occur. In the intermediate
region, the peak height is rising with increasing potential. The applied potential controls
the kinetics of the heterogeneous electron transfer from the analyte to the surface of the
electrode. In the plateau region, peak height is independent of the applied potential. The

rate determining factor is the diffusion of sample to the electrode surface, meaning that
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the current is proportional to the rate of transport of molecules per unit surface area and
per unit time. The optimal detection potential lies on the plateau region within 50-100
mV of the break in the curve. This potential will offer selectivity to the analyte of interest
with minimal background current and fewer interferences than a higher potential (/57).
In the second region of rising peak height with increasing potential, any water which is
present is undergoing electrolysis. This results in the generation of high levels of

background signal which can mask the signal of the analyte.

Figure 6.4. Theoretical hydrodynamic voltammogram for hydrogen peroxide.
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A hydrodynamic voltammogram was constructed for 0.5 ppm hydrogen peroxide
in 150 mM NaOAc at pH 10.5 across the range of £ =0 mV to £ =+800 mV to
determine the optimal detection potential. This graph is presented in Figure 6.5. The
optimal detection potential is the point where the graph just begins to plateau, in this
case, at E =+400 mV. At potentials lower than +400 mV, the signal strength of hydrogen
peroxide is weaker, the peak height is unstable, and the limit of detection will be lower.
At potentials higher than +400 mV, there is a greater chance that additional, interfering
species will be oxidized that could potentially mask the signal from hydrogen peroxide.

This is important because this method is intended to be applied to the analysis of post-
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blast samples which are notorious for containing matrix compounds and other interfering
materials. Therefore, a detection potential was selected that was the lowest potential
required to fully oxidize hydrogen peroxide, while avoiding the problem of oxidizing
additional compounds with a higher Ey. Another problem to avoid was the presence of
increased levels of background signal as a result of the oxidation of water and sodium
hydroxide in the mobile phase. This effect was reduced when £ =+400 V (in comparison
to £=+800 V). A chromatogram of a hydrogen peroxide standard analyzed using this

optimized method is presented in Figure 6.6.

Figure 6.5. Hydrodynamic voltammogram of hydrogen peroxide in 150 mM NaOAc.

The optimal detection potential for hydrogen peroxide is £ = +400 mV.
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Figure 6.6. Analysis of 0.5 ppm hydrogen peroxide by HPLC/ED in DC mode.
Conditions: Dionex CarboPac PA10 guard and analytical columns; isocratic elution with
150 mM NaOAc at pH 10.5; flow rate 1.00 mL/min; 20 pL injection, T =45°C, DC
mode with E =+400 mV. Peak 1, hydrogen peroxide, Rt 1.897 min. Under these
conditions, the hydrogen peroxide peak displays minimal tailing, and baseline resolution

from the water peak is achieved.
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The symmetry of the hydrogen peroxide peak on the PA10 column with the 150
mM NaOAc mobile phase at pH 10.5 was calculated to be 0.71. While this is still not an
ideal, Gaussian type-shape with a symmetry value equal to 1.00, this is nonetheless an
improvement over the peak symmetry value of 0.39 which was obtained for hydrogen

peroxide when the 150 mM NaOH mobile phase was used with the PA1 column.

5. Re-confirmation of hydrogen peroxide

It was necessary to confirm the identity of the chromatographic peak which was
believed to correspond to hydrogen peroxide. In order to do this, the flow cell was
maintained in the off position so that the peroxide would not be destroyed by the working

electrode. Three replicate 10 pL injections of 300 ppm hydrogen peroxide were
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performed. A total of 3 ug hydrogen peroxide was injected each time. Beginning at the
time of sample injection, eluent fractions were collected in one minute intervals from the
time of injection until five minutes after injection. Liquid from each fraction was pipetted
onto the surface of a commercial hydrogen peroxide test strip. The test was based on the
colorimetric reaction of peroxide with 2,2’-azino-bis(3-ethylbenzothiazoline)-6-sulfonate;
the presence of a blue color on the test strip was indicative of the presence of peroxide.
This test is not specific to hydrogen peroxide as both organic and inorganic peroxides in
aqueous solution and organic solvents can be measured. According to the manufacturer,
results were semi-quantitative over the range of 0.50 ug/mL — 25.0 pg/mL.

For all three trials, only the eluent fractions which contained hydrogen peroxide
yielded a positive result on the test strips. Each of the positive fractions corresponded to
the time interval of 1.5 minutes to 2.5 minutes post-injection when hydrogen peroxide
was thought to elute. Given that 3 pg of hydrogen peroxide were injected, and that each
fraction collected contained approximately 1 mL of eluent (1 mL/min * 1 min = 1 mL),
then the peroxide-containing fractions should have contained approximately 3 pg/mL
hydrogen peroxide. However, the color on the test strips corresponded to the 5 pg/mL
color on the test kit, indicating that the results from this kit are indeed only semi-
quantitative. Nonetheless, these results confirm that the peak which elutes at 1.90 minutes

is hydrogen peroxide.

5. Summary

After testing four analytical columns, six mobile phase compositions, and two

modes of electrochemical detection, two methods for the analysis of hydrogen peroxide
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were developed. The first method utilized a CarboPac PA10 column with a 150 mM
NaOH and 150 mM NaOAc mobile phase with electrochemical detection in PAD mode.
The retention time of hydrogen peroxide was 2.152 minutes, but the symmetry of the
peak shape was poor. This method also proved unsuitable for the analysis of post-blast
hydrogen peroxide residues, as will be discussed in Chapter 7. By changing from a
mobile phase which was 150 mM NaOH and 150 mM NaOAc to a mobile phase which
contained 150 mM NaOAc at pH 10.5, the retention time of hydrogen peroxide was
reduced to 1.90 minutes and the shape of the peroxide peak was improved. Changing the
mode of detection from PAD mode to DC mode served to make this method more
suitable for the analysis of post-blast hydrogen peroxide residues. This data will be

shown in Chapter 7.

C. Development of HPLC/FD Method
1. Selection of analytical column

A C-18 analytical column was selected for the separation of hydrogen peroxide
because Kok et al. (/43), Francois et al. (/417), and Qi et al. (/44) each utilized a C-18
analytical column for the separation of hydrogen peroxide and organic peroxides. The
composition of the mobile phase was taken from Kok et al. (/43) and consisted of 1.00
mM H,SO,4 with 0.10 mM EDTA. Two additional analytical columns were also explored
for the separation of hydrogen peroxide in conjunction with the sulfuric acid mobile
phase: a C-8 column (4.6 x 150 mm), and a CarboPac PA1 (4.6 x 250 mm) column.

Figure 6.7 demonstrates the peak shapes obtained with the different columns.
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Figure 6.7. Analysis of 0.5 ppm hydrogen peroxide by HPLC/FD. Conditions: 20 pul
injection volume, 1.00 mM H,SO, and 0.10 mM EDTA mobile phase. (1) H;O; on a
C-8 column, Rt 3.452 min; (2) H,O, on a PA1 column, Rt 4.163 min; (3) H,O, on a C-18

column, Rt 5.074 min.
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Table 6.4. Effect of analytical column on retention time and peak area of 0.5 ppm
hydrogen peroxide. A mobile phase which was 1.00 mM H,SO4 and 0.10 mM EDTA was
used with all three columns. The C-18 column offers superior retention of hydrogen

peroxide in comparison to the other two columns.

Column Dimensions Ave Peak RSD Peak Ave Rt RSD Rt
Area Area

C-18 | 46mmx250mm | 8.41x10° 0.96% 5.07 min 0.43%

C-8 46mmx 150mm | 4.99x 10° 0.11% 3.45 min 0.59%

PAI1 46mmx250mm | 2.17x 10’ 1.3% 4.16 min 0.24%

The retention time and peak area for hydrogen peroxide with each column are

presented in Table 6.4. All three columns were able to resolve hydrogen peroxide, but the

C-18 column facilitated the greatest retention of the compound, as well as the greatest
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peak area. Therefore, the C-18 column was utilized in all further experiments involving

method development and sample analysis.

2. Development of Optimized Mobile Phase and Flow Rate

The initial separation of hydrogen peroxide was conducted using a mobile phase
which consisted of 1.00 mM H,SO,4 and 0.10 mM EDTA. Two additional mobile phase
compositions were tested to determine if the addition of more acid to the mobile phase
would affect retention time or peak area: 2.00 mM H,SO4 with 0.10 mM EDTA; and 1.50
mM H,SO4 with 0.10 mM EDTA. Use of the second two mobile phase compositions did
not result in a different retention time or level of detector response for hydrogen peroxide
from the 1 mM H,SO4 mobile phase. Therefore, they were not explored further.

An optimized flow rate was determined using a mobile phase which consisted of
1.00 mM H,SO4 and 0.10 mM EDTA. For this study, the flow rate of the reagent (8 uM
hemin and 80 pM POPHA in ammonia buffer at pH 9.5) was held at 0.20 mL/min and
the flow rate of the base (29% ammonium hydroxide) was held at 0.25 mL/min. The
effect of changing flow rate of the mobile phase on the detection of the fluorescent dimer
formed from the reaction of hydrogen peroxide with the reagent solution was measured.
These data are available in Table 6.5. It was determined that 0.60 mL/min was the
optimal flow rate for this configuration, as it allowed for both maximal detection of the
POPHA dimer and a relatively quick separation of hydrogen peroxide. Increasing the
flow rate to 0.70 mL/min resulted in reduced response of the POPHA dimer, but a more

rapid separation of hydrogen peroxide. Decreasing the flow rate to 0.50 mL/min resulted
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in a slightly decreased response for the POPHA dimer, but a longer retention time for

hydrogen peroxide.

Table 6.5. Effect of mobile phase flow rate on peak area and retention time of 0.5 ppm

hydrogen peroxide. Conditions: C-18 column, mobile phase 1 mM H;SO4 and 0.1 mM

EDTA. The greatest average peak area was obtained with a 0.6 mL/min flow rate.

Vi Ave Peak Area | % RSD Peak Area Ave Rt % RSD Rt
0.5 mL/min 4.86 x 10° 1.3 6.00 min 0.2
0.6 mL/min 5.02x10° 2.0 5.08 min 0.1
0.7 mL/min 4.18x 10° 0.7 4.43 min 0.1

The addition of organic solvent to the mobile phase is necessary for the separation

of organic peroxides in a mixture with hydrogen peroxide. Therefore, the effect of adding

organic solvent to the mobile phase on the signal strength of hydrogen peroxide was

explored. Results from the incorporation of acetonitrile in the mobile phase are presented

in Table 6.6. It is clear that by increasing the percentage of acetonitrile in the mobile

phase, the signal strength of hydrogen peroxide decreased. It is theorized that acetonitrile

was interacting negatively with either the hemin catalyst or the p-hydroxyphenylacetic

acid, leading to a reduction in production of the dimer. Therefore, no organic solvent was

added to the mobile phase in order to keep the signal strength of hydrogen peroxide as

high as possible to achieve a low limit of detection.
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Table 6.6. Effect of acetonitrile on detection of 0.5 ppm hydrogen peroxide. Conditions:
C-18 column, 1.00 mM H,SO4 and 0.10 mM EDTA aqueous component of the mobile
phase. The addition of organic phase is necessary for the separation of organic peroxides,

but negatively impacts the detection of hydrogen peroxide.

Percentage of MeCN Ave Peak Area % RSD Peak Area
0% 223 x 10° 1.3
5% 5.65x 10° 0.6
7% 4.62x 10° 1.9
10% 3.30x 10° 3.1
15% 2.40x 10° 8.3

3. Optimization of reaction tubing length and temperature

The composition of the reagent solution was taken from the work of Qi et al.
(144). This paper studied the effects of replacing horseradish peroxidase with hemin as
the reaction catalyst. It was found that the products obtained using the two catalysts were
spectrally indistinguishable because the same compound is formed. Furthermore, the
limit of detection for hydrogen peroxide using both enzymes was comparable. The
kinetic profile for the rate of fluorescence development with hemin and horseradish
peroxidase had no distinct differences. The use of both enzymes resulted in a
maximization of fluorescence signal within twenty seconds. Because hemin required less
stringent experimental conditions than horseradish peroxidase, development of the
fluorescence method continued with hemin. By independently varying the concentrations

of p-hydroxyphenylacetic acid and hemin in the reagent solution, Qi et al. (/44)
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determined that the optimal conditions to maximize fluorescence intensity were 8§ pM
hemin and 80 pM p-hydroxyphenylacetic acid in ammonia buffer at pH 10. This reagent
solution was utilized in the HPLC/FD method for hydrogen peroxide analysis. A Waters
515 pump was used to deliver the reagent solution at an optimized flow rate of 0.20
mL/min.

Four sets of reaction tubing of different lengths and internal diameters were tested
to determine which would permit maximum conversion of POPHA to the fluorescent
dimer while also resulting in minimal peak broadening. The average peak area, retention
time, and residence time in the reaction tubing for the same 0.5 ppm hydrogen peroxide
standard with each set of tubing is presented in Table 6.7. The residence time of the
reactants in the reaction tubing was determined using a two step process. First, the
volume of each set of tubing was calculated using equation 1, where r is the radius of the
tubing and / is the length of the tubing.

(1) Volume of a cylinder = mr’l

Volume = 1(0.025¢m)**200cm = 0.393 cm’
The combined flow rate from the mobile phase pump and the reagent pump was
0.80mL/min. If 1.00 mL =1 cm3, then 0.80 mL/min = 0.8 ¢cm’/min. The time taken for a
slug of solution to fill the volume in the reaction tubing is given in equation 2.
2) Distance / velocity = time
0.393 cm® /0.8 cm’min” = 0.491 min

0.491 min * 60 s min™' =29.5 s
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Table 6.7. Effect of length and inner diameter of reaction tubing on detection of 0.5ppm
hydrogen peroxide. Conditions: C-18 column, 1.00 mM H,;SO4/0.10 mM EDTA mobile
phase at 0.60 mL/min. Optimal detection of hydrogen peroxide was achieved when the

residence time of the reagents in the tubing was at least 20 s to yield the POPHA dimer.

Length ID Ave Area | % RSD Ave Rt % RSD Residence
(m) (mm) Area (min) Rt Time
1.6 0.25 4.90 x 10 17 4.74 0.01 5.89s
1.6 0.50 2.33x 10° 3.3 5.05 0.07 23.6s
2.0 0.50 5.16x 10° 4.9 5.16 0.01 294 s
5.0 0.50 4.66 x 10° 7.2 6.05 0.08 73.8s

The reaction tubing which was 1.6 meters in length by 0.25 mm internal diameter
resulted in the smallest signal for a standard solution of 0.5 ppm hydrogen peroxide. The
residence time of the reactants in this set of tubing is only 5.89 s, meaning that the
fluorescence intensity is below the possible maximum value predicted to occur at the 20 s
mark by Qi et al. (/44). This tubing was too short and too narrow for the reaction of
hydrogen peroxide with POPHA and hemin to produce the full complement of the
fluorescent dimer. The reaction tubing which was 1.6 meters in length by 0.50 mm
internal diameter resulted in a four-fold increase in signal intensity over the tubing of
0.25 mm internal diameter. This is to be expected, given the dependence upon 7.
Doubling the radius will result in a four-fold increase in volume, which in turn will result
in a four-fold increase in residence time. The reaction tubing which was 2.0 meters in

length by 0.50 mm internal diameter resulted in the greatest peak area for the standard
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solution of 0.5 ppm hydrogen peroxide. The residence time for this tubing was 29.4 s,
which is above the reaction maximum of 20 s. A second benefit to using this tubing for
the post-column derivatization reaction was that it was the only set of tubing which could
be contained within a temperature-controlled housing which was available for use in this
experiment. This permitted better control of the derivatization reaction because there was
less of an effect from fluctuations in room temperature.

Additional experiments were conducted to optimize the temperature of the
reaction tubing in order to maximize the signal strength of the fluorescent dimer. These
data are presented in Table 6.8. The greatest peak area for the fluorescent dimer was
obtained at 25°C, which was the lowest setting for the reactor housing. Data collected at
25°C also had the highest RSD value for this set of experiments. It is clear from Table 6.8
that signal response decreased as temperature increased. Previous researchers had
maintained just the analytical column at 1°C (/44), or the column, the reagent solution,
the mobile phase, and the buffer at 1°C (/417) for the stated purpose of stabilizing the
organic peroxides. To explore the effects of reagent temperature on peak area for
hydrogen peroxide, experiments were conducted in which the reagent solution was
maintained in an ice bath. Minimal differences were noted in peak area and retention time
for hydrogen peroxide when the reagent solution was maintained at 4°C, versus
experiments conducted with the reagent solution maintained either at 28°C or at 60°C. It
was therefore determined to be unnecessary to cool the reagent solution. Because
separation of hydrogen peroxide with a low limit of detection was obtained when the

column was maintained at room temperature, no efforts were made to cool the column.
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Table 6.8. Effect of temperature of the reaction tubing on detection of 0.5 ppm hydrogen
peroxide. Conditions: C-18 column, 1.00 mM H,SO,4 / 0.10 mM EDTA mobile phase at
0.60 mL/min. Maintaining the reaction tubing at a lower temperature increased

production of the POPHA dimer.

Temperature Ave Peak Area % RSD Peak Area
25°C 3.57x 10° 5.9
30°C 2.06x 10° 1.8
40°C 1.73x 10° 2.0
50°C 1.48x 10° 1.9

4. Optimization of base solution

In accordance with previous studies a 29% solution of ammonium hydroxide was
initially used to raise the pH of the reaction solution above 9.5 to maximize detection of
the POPHA dimer (/41) (143) (144). This solution was initially delivered by syringe
pump through either plastic disposable syringes or glass gas-tight syringes equipped with
a metal needle. While use of this base solution with either type of syringe did achieve the
desired results, such a concentrated solution of base corroded the metal needles attached
to the syringe. In order to preserve needle function, a dilute solution of sodium hydroxide
was used in place of the concentrated ammonium hydroxide. As shown in Table 6.9, a
solution of 50 mM NaOH and 100 mM NaOH resulted in a greater detector response for
the POPHA dimer than did 150 mM NaOH. Results for 100 mM NaOH and 50 mM
NaOH were very similar, although samples analyzed with the 50 mM NaOH had a lower

RSD value. Nonetheless, it was decided that 100 mM NaOH would be used in all further
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experiments. Ultimately, the syringe pump was replaced with an additional Waters 515

pump, and base was delivered at a rate of 0.20 ml/min.

Table 6.9. Effect of concentration of sodium hydroxide on detection of 0.5 ppm
hydrogen peroxide. Conditions: C-18 column, 1.00 mM H,;SO4/0.10 mM EDTA mobile
phase at 0.60 mL/min; Vi,s 0.25 mL/min. Despite a higher %RSD value, 100 mM NaOH

was selected as the base solution.

[NaOH] mol/L Ave Peak Area % RSD Peak Area
0.05 2.14x 10° 0.3
0.10 2.14x 10° 1.9
0.15 2.00x 10’ 2.5

5. Optimization of Fluorescence Detector Settings

A series of excitation and emission wavelengths were investigated to determine
the combination of wavelengths which would maximize detection of the POPHA dimer.
Samples of hydrogen peroxide at 0.5 ppm were analyzed in duplicate by varying first the
emission wavelength and second the excitation wavelength. These data can be seen in
Figures 6.8 and 6.9. The most promising wavelengths from each group were selected, and
these pairs were tested further (see Table 6.10). It was determined that detection of the
POPHA dimer was maximized when an excitation wavelength of 320 nm was paired with
an emission wavelength of 405 nm. This set of wavelengths is similar to what has been

employed in previous studies (/43) (145) (158).
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Figure 6.8. Effect of changing emission wavelength on detection of hydrogen peroxide.

Aexcitation= 330 nm; an emission maximum for the POPHA dimer is present at 405 nm.

Peak Area vs. Emission Wavelength
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Figure 6.9. Effect of changing excitation wavelength on detection of hydrogen peroxide.

Aemission = 405 nm; an absorbance maximum for the POPHA dimer is present at 320 nm.
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Table 6.10. Evaluation of additional excitation/emission wavelength pairs to optimize

detection of hydrogen peroxide. The greatest peak area for hydrogen peroxide occurs

with Aexcitation = 32 Onm and Aemigsion = 405 nm

Excitation A (nm) Emission A (nm) Ave Peak Area % RSD Peak Area
318 405 1.21 x 10° 3.8
318 407 1.07 x 10° 0.9
320 403 9.19x 10° 2.3
320 405 1.24x 10° 1.7
320 407 9.42x 10° 2.0
322 405 1.07 x 10° 2.0

Figure 6.10. Analysis of a 0.5 ppm hydrogen peroxide standard by HPLC/FD.

Conditions: Dionex C-18 analytical column, isocratic elution with 1.00 mM H,SO,and

0.10 mM EDTA at flow rate 0.60 mL/min, 20 pL injection, reagent 8 uM hemin/80 uM

POPHA in ammonia buffer pH 9.5 at flow rate 0.20 mL/min, post-column reactor 2.0 m,

T=25°C, base 100 mM NaOH at flow rate 0.20 mL/min, €.,=320 nm A.,,=405 nm. Peak 1,

hydrogen peroxide Rt 5.152 min.
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The analysis of a 0.5 ppm hydrogen peroxide standard using the optimized
HPLC/FD method is presented in Figure 6.10. The small peak at approximately 0.65
minutes is a system peak which was present in every sample, including water and mobile

phase blank samples.

6. Confirmation of hydrogen peroxide

It was necessary to confirm the identity of the peak which was believed to
represent hydrogen peroxide. In order to do this, the hemin/POPHA reagent solution was
replaced with a water solution so that the hydrogen peroxide would not be destroyed. The
base solution was also replaced with water. Three replicate 10 pL injections of a standard
solution of 300 pg/mL hydrogen peroxide were performed, for a total amount of 3 g
hydrogen peroxide. Beginning at the time of sample injection, eluent fractions were
collected in one minute intervals until seven minutes after injection. Liquid from each
fraction was pipetted onto the surface of a commercial hydrogen peroxide test strip. The
test was based on the colorimetric reaction of peroxide with 2,2’-azino-bis(3-
ethylbenzothiazoline)-6-sulfonate; the presence of a blue color on the test strip was
indicative of the presence of peroxide. This test is not specific to hydrogen peroxide as
both organic and inorganic peroxides in aqueous solution and organic solvents can be
measured. According to the manufacturer, results were semi-quantitative over the range
of 0.50 pg/mL — 25.0 pg/mL. For all three trials, only the fractions which contained
hydrogen peroxide yielded a positive result on the test strips. Each of the positive
fractions corresponded to the time interval of five minutes to six minutes post-injection

when hydrogen peroxide was thought to elute. Given that 3 pg of hydrogen peroxide
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were injected, and that each fraction collected contained approximately 1 mL of eluent
(1.00 mL/min * 1 min = 1 mL), then the peroxide-containing fractions should have
contained approximately 3 pg/mL hydrogen peroxide. However, the color on the test
strips corresponded to the 0.5 pg/mL color on the test kit as before, indicating that the
results from this kit are indeed only semi-quantitative. Nonetheless, these results confirm
that the peak which elutes at 5.15 minutes is hydrogen peroxide. These results are in

agreement with those obtained from the electrochemical system.

7. Summary

After evaluating three analytical columns and three mobile phase compositions, a
method for the separation of hydrogen peroxide was optimized. The separation
parameters involved a C-18 column with a 1.00 mM H;SO4/ 0.10 mM EDTA mobile
phase at a flow rate of 0.60 mL/min. Detection of hydrogen peroxide was based on the
production of a fluorescent dimer from the reaction of hydrogen peroxide with p-
hydroxyphenylacetic acid (POPHA) in the presence of a hemin catalyst. The composition
of the base solution, the flow rates for the base and reagent solution, the length, internal
diameter, and temperature of the reaction tubing, and the excitation and emission
wavelengths for fluorescent detection of the POPHA dimer were optimized for detection

of hydrogen peroxide.

D. Validation of HPLC/ED and HPLC/FD Methods

Validation of the analytical methods which were developed for the analysis of

hydrogen peroxide was required to prove that the methods are acceptable for forensic use.
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Validation included providing a demonstration of linearity, documentation of the limit of
detection, demonstration of specificity and selectivity, demonstration of accuracy and
precision, and demonstration of method robustness. A calibration curve was generated on
the HPLC/FD system for hydrogen peroxide across the range of 0.5 ppm — 10.0 ppm.
These data are presented in Figure 6.11. Peroxide concentrations greater than 10.0 ppm

resulted in detector saturation.

Figure 6.11. Calibration curve for hydrogen peroxide on the HPLC/FD system at
standard conditions: 0.5 ppm — 10.0 ppm. Conditions as in Figure 6.10. Each data point
represents the average peak area of three replicate injections. The curve is linear across

this range.
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A calibration curve was generated on the HPLC/ED system in DC mode for

hydrogen peroxide across the range of 0.25 ppm — 500 ppm. These data are presented in
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Figure 6.12. At sample concentrations greater than 500 ppm, the calibration became non-
linear and carryover was a problem. It is apparent from viewing the two calibration
curves that the fluorescence system has a much more limited dynamic range than does the
electrochemical system. In practice, peroxide samples are diluted such that the same

sample at the same dilution can be analyzed on both systems simultaneously.

Figure 6.12. Calibration curve for hydrogen peroxide on the HPLC/ED system in DC
mode at standard conditions: 0.25 ppm — 500 ppm. Conditions as in Figure 6.6. Each data
point represents the average peak area of three replicate injections. The curve is linear

across this range.

Peak Area vs. Concentration H202

2.5E+06
2.0E+06

S 1.5E+06 -

<

X

S 1.0E+06

o
5.0E+05 1 y = 3817x - 12886

R? = 0.9924
0.0E+00 : : : : !
0.00 100.00 200.00 300.00 400.00 500.00

Concentration (ppm)

The limit of detection (LOD) is defined as the concentration which gives an

instrument signal that is significantly different from the blank or background signal. In
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practical terms, this can be defined as the analyte concentration giving a signal equal to
the blank signal (yg) plus three standard deviations of the blank, sg (see below) (176).
y-yB = 3sB

To calculate the limit of detection using this format, ten replicate injections were
performed of a hydrogen peroxide standard whose concentration was very near to the
theorized instrument detection limit. The average and standard deviation of these
measurements were determined, and this information was substituted into the above
equation. The resulting y-value was then converted to a concentration value. This value
corresponded to the limit of detection in terms of sample concentration. The LOD for
hydrogen peroxide on the HPLC/ED system in DC mode was 0.02 ng/mL, while the
LOD for hydrogen peroxide on the HPLC/FD system was 0.19 pg/mL. It should be noted
that the limit of detection for hydrogen peroxide on the electrochemical method is an
order of magnitude lower than the limit of detection for hydrogen peroxide on the
fluorescence method.

It was important to evaluate the robustness of the HPLC/ED and HPLC/FD
methods because they were designed with the intention that they would be applied to the
analysis of post-blast samples. Therefore, a brief series of experiments were conducted to
evaluate the effects of several different types of compounds that might reasonably be
expected to interfere with the detection of hydrogen peroxide. In this study, three groups
of compounds were tested: the inorganic anions nitrate, nitrite, chloride, chlorate, and
perchlorate; the organic acids ascorbic acid, citric acid, formic acid, lactic acid, and
oxalic acid; and the sugars glucose, fructose, and sucrose. Each analyte was tested

individually at a concentration of 100 uM on both the HPLC/FD system, and the
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HPLC/ED system in DC mode. The results from the analysis of mixtures of inorganic

anions with a hydrogen peroxide standard are presented in Table 6.11.

Table 6.11. Effect of the presence of 100 uM of an inorganic anion on the peak area of

100 uM H,0,. Conditions as in Figures 6.6 and 6.10. The presence of the inorganic

anions resulted in minimal suppression of or addition to the hydrogen peroxide signal. No

additional peaks were noted on either system due to the presence of the inorganic anions.

Sample Peak Area (Peak Area HP) Peak Area (Peak Area HP)

(100 uM) HPLC/ED / (Peak Area HPLC/FD / (Peak Area

HP + Anion) HP + Anion)
H,0, 2.40 x 10° 1.00 1.23x 107 1.00
H,0, + NO, 2.30 x 10° 1.04 1.19x 107 1.09
H,0, + ClO5 2.30 x 10° 1.04 1.21x 10’ 1.02
H,0, + CI 2.30x 10° 1.04 1.21x 107 1.01
H,0, + NOy’ 2.30x 10 1.04 1.20x 10’ 1.03
H,0; + ClOy4 2.40x 10 1.00 1.22x 10’ 1.01

Of the potential interferences which were tested, not one yielded a detectable

signal on the fluorescence system, and only ascorbic acid gave a signal on the

electrochemical system. This signal took the form of a broad peak which eluted at

approximately 2.12 minutes. This peak was absent when ascorbic acid was injected at a

concentration of 60 uM. Samples which consisted of 100 uM hydrogen peroxide with

100 uM of each of the potential interferences were also analyzed on both systems. The
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presence of the additional analytes with the hydrogen peroxide standard resulted in

minimal suppression of or addition to the hydrogen peroxide signal.

Studies were conducted to determine the within-day reproducibility of the

retention time and peak area of standard samples of hydrogen peroxide on both the

HPLC/ED and HPLC/FD systems. This test involved the analysis of ten replicate

injections of both a 0.5 ppm hydrogen peroxide standard, and a 5.0 ppm hydrogen

peroxide standard. These data are presented in Table 6.12.

Table 6.12. Reproducibility data for the retention time and peak area of 0.5 ppm and 5.0

ppm hydrogen peroxide. For both methods, the between-day variability of the peak area

and retention time of hydrogen peroxide was greater than the within-day variability.

Method Sample Ave Rt % RSD | Ave Peak | % RSD
(min) Rt Area Area
0.5 ppm 5.150 0.11 219x 10° 6.1
Within-Day
5.0 ppm 5.166 0.01 1.22x 10° 1.0
HPLC-FD
0.5 ppm 5.160 0.15 207 x 10° 18
Between Day
5.0 ppm 5.165 0.01 121 x 10° 4.6
0.5 ppm 1.910 0.18 5.00x 10° 12
Within-Day
5.0 ppm 1.875 0.01 39.5x 10° 1.3
HPLC-ED
0.5 ppm 1.890 0.25 6.00 x 10° 17
Between Day
5.0 ppm 1.875 0.03 39.5x 10° 1.8
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To explore the between-day reproducibility of each HPLC method, peak area and
retention time data for standard solutions of hydrogen peroxide at 0.5 ppm and 5.0 ppm
were compared over ten days of data analysis. These data are also presented in Table
6.12. The variability of the retention time for both standards on both methods was less
than or equal to 0.25 %, which is typical for HPLC. For both methods, the between-day
variability of the peak area and retention time of hydrogen peroxide was greater than the

within-day variability.

E. Conclusions

Two methods were developed for the analysis of trace levels of hydrogen
peroxide: HPLC/FD and HPLC/ED in DC mode. Each method offers the benefits of a
low limit of detection (0.02 pg/mL for the HPLC/ED system, and 0.19 pg/mL for the
HPLC/FD system), a linear dynamic range from 0.5 ppm — 10.0 ppm, selectivity to
hydrogen peroxide, and insensitivity to a select group of potential interferences. The
reproducibility of the retention time of hydrogen peroxide for both methods is excellent,
Concurrent use of the HPLC/ED and HPLC/FD methods permits unequivocal detection
of hydrogen peroxide. These techniques will be applied to the analysis of a variety of

post-blast samples in the following chapter.
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VII. Chapter VII. Analysis of Field Samples by HPLC/ED and HPLC/FD
A. Introduction

Following optimization of the electrochemical and fluorescence methods for the
separation and detection of hydrogen peroxide, experiments were conducted to explore
the effects of residue collection, storage, and extraction which would permit maximum
recovery of hydrogen peroxide while minimizing the inclusion of interfering compounds.
Three different extraction protocols were reviewed. In addition, two types of packaging
materials and three different storage conditions were evaluated to determine the
combination which best preserved hydrogen peroxide residues for later analysis.

A survey was conducted to determine at what levels hydrogen peroxide was
present on surfaces in an enclosed, indoor environment. While the presence of hydrogen
peroxide in the air and water of outdoor settings has been well documented (/41) (1/43)
(159), the presence of hydrogen peroxide in indoor settings has not been as thoroughly
surveyed. This is an important issue to explore as hydrogen peroxide may be present
from certain cleaning agents which are utilized in indoor settings. Residues from
hydrogen peroxide-based cleaning agents could confuse data interpretation if present on
surfaces which are sampled for post-blast residue collection. A similar problem can arise
if products treated with hydrogen peroxide are utilized in the process of collecting
samples.

It was important to apply the optimized electrochemical and fluorescence methods
to the analysis of as many different types of samples as possible. While the analysis of

intact and post-blast concentrated hydrogen peroxide/fuel mixtures were of primary
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interest in this work, the analysis of organic peroxides and other peroxide-based

explosives (both intact and post-blast) have also been investigated.

B. Effect of Mode of Application, Storage, and Extraction on Recovery of H,0O;

A method for applying a reproducible amount of hydrogen peroxide to a series of
porous and non-porous substrates was developed in order to test the effects of storage
conditions on the recovery of hydrogen peroxide residues. For this test, the substrates
included cotton swabs, aluminum metal plates, paint chips, smooth plastic chips, rough
plastic chips, polymer-coated steel plates, and bare steel plates. An aliquot of 75.0 pL of
30% hydrogen peroxide was applied to the surface of each substrate, for a total applied
amount of 225 mg hydrogen peroxide. The first series of substrates were allowed to air
dry on the surface of a laboratory bench at approximately 23°C, a process which took
approximately sixteen hours. Once the substrates were dry, they were extracted in 1.00
mL of 18.3 MQ DI water and analyzed on the electrochemical and fluorescence systems.
The second series of substrates were dried with a heat gun, a process which took
approximately fifteen minutes. The substrates were immediately extracted in 1.00 mL of
18.3 MQ DI water and analyzed on the electrochemical and fluorescence systems. The
third series of substrates was dried with the heat gun, and then allowed to sit uncovered
on the laboratory bench at approximately 23°C for twenty-four hours prior to analysis.
After twenty-four hours passed, the substrates were extracted in 1.00 mL of 18.3 MQ DI
water and analyzed on the electrochemical and fluorescence systems. Three point
calibration curves were generated on the HPLC/ED system in PAD mode so that the

amount of hydrogen peroxide present in each sample could be determined. The presence
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of hydrogen peroxide in each sample was confirmed by the HPLC/FD method. The

results of the analyses by HPLC/ED in PAD mode are presented in Table 7.1.

Table 7.1. Mode of application versus recovery of hydrogen peroxide residue. Aliquots
of 225 mg H,0, were applied to the surface of seven substrates and allowed to dry.
Peroxide residues were recovered from the substrates by a direct water rinse procedure.
The type of drying procedure and amount of time the peroxide residues were exposed to
ambient air affected the recovery of the hydrogen peroxide residues. Standard HPLC/ED

in PAD mode analysis conditions were applied.

Sample Air Dry Heat Gun Heat Gun plus 24
(n=23) (~16 hours) (~15 minutes) hours of exposure

pg HP | % RSD ug HP | %RSD ug HP %RSD
recovered HP recovered | HP recovered HP

Cotton Swab 810 0.7 15,500 0.29 7,630 2.6%

Paint Chip 0.34 4.2 19.13 0.24 | not detected | n/a
Smooth Plastic 0.06 14 3.30 0.96 | not detected | n/a
Rough Plastic 0.06 22 9.32 0.33 | not detected | n/a
Aluminum Plate 0.05 11 2.44 0.07 | not detected | n/a
Uncoated Metal 0.06 16 2.41 0.73 | not detected | n/a
Coated Metal 0.23 1.9 1.46 1.25 0.05 65
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Examination of the data presented in Table 7.1 reveals that use of the heat gun to
dry the samples resulted in an amount of recovered peroxide which was up to two orders
of magnitude greater than for samples which were allowed to air dry. The RSD values for
the heat-dried samples were also much lower than for the air-dried samples. It is
theorized that use of the heat gun resulted in flash-drying of the aqueous hydrogen
peroxide, a process which fixed more of the peroxide residues on the substrate surface
than did air-drying. Even though 225 mg of peroxide was applied to each substrate, less
than 1 pg was recovered from six of the seven air-dried substrates. It should be noted that
recovery of peroxide from the air-dried cotton swab was more than 1000 times greater
than for the air-dried non-porous substrates. Even though more peroxide was recovered
using the heat gun to dry the samples, the amount of peroxide recovered from the heat-
dried samples was still small. Fewer than 50 pg of peroxide was recovered from six of the
seven heat-dried substrates. Again, recovery of peroxide from the heat-dried samples was
greatest from the cotton swab; nearly 1000 times greater than for the non-porous
materials. While the use of the heat gun allowed less peroxide to evaporate than did air-
drying, the volatile nature of hydrogen peroxide clearly made recovery of trace levels of
the material difficult. Even when the heat gun was used to dry the substrates, leaving the
substrates exposed to ambient conditions for twenty-four hours allowed further
evaporation of hydrogen peroxide. Of the seven substrates which were treated this way,
hydrogen peroxide was only detected on two of the materials: the cotton swab and the
plastic coated metal. For both of these materials, the amount of peroxide which was
recovered was less than what was recovered after heat drying followed by immediate

analysis. The level of peroxide present on the other five substrates was below the limit of
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detection for both the fluorescence and electrochemical methods. It should be noted that
the RSD values for the amount of peroxide recovered from the substrates were the
greatest for samples with the least amount of peroxide in them. This is to be expected as
the variability in the measurement increases as the limit of detection is approached (see
Chapter 6).

Experiments were performed to determine how different extraction protocols
would affect the recovery of hydrogen peroxide from the surface of a given substrate. For
this test, aliquots of 75 uL of 5% hydrogen peroxide (equivalent to 4.1 mg H,0,) were
applied to the surface of three paint chips, and the heat gun was used to dry them. The
hydrogen peroxide residues were extracted from the surface of the chips by one of three
protocols: direct washing with 1.00 mL of 18.3 MQ DI water, swabbing with a dry cotton
swab, or swabbing with a cotton swab moistened with 0.50 mL of 18.3 MQ DI water. To
keep the volume of water applied to each swab equal, the dry swabs were extracted in 3
mL of 18.3 MQ DI water while the wet swabs were extracted in 2.50 mL of 18.3 MQ DI
water. The difference in extraction volumes between the swabs and the direct rinsing
procedures was included in the calculation of the total mass of recovered hydrogen
peroxide. Ten replicates were performed of each extraction protocol. The extracts were
analyzed by HPLC/ED in DC mode. Three point calibration curves were generated on the
HPLC/ED system in DC mode so that the amount of hydrogen peroxide present in each
sample could be determined. The presence of hydrogen peroxide was confirmed by
HPLC/FD analysis. It was theorized the direct rinse procedure would permit the greatest

recovery of hydrogen peroxide because the mechanical action of rinsing the substrates
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with the water should wash the peroxide residues from the surface of the substrates. The

results of this experiment are presented in Table 7.2.

Table 7.2. Effect of mode of extraction on recovery of hydrogen peroxide residue.

Aliquots of 4.1 mg H,0O, were applied to the surface of paint chips and dried with the

heat gun. Peroxide residues were recovered from the paint chips by a direct water rinse

procedure, wet swabbing, or dry swabbing. Standard HPLC/ED in DC mode analysis

conditions were applied. Ten replicates were performed of each extraction procedure.

Extraction Average Mass of | Standard Deviation | RSD of Recovered

Procedure Recovered H>;O; of Recovered H>O, H>0,

Dry Swab 2.36 g +2.7 ug 110 %

Wet Swab 1.82 ng + 1.6 ug 89 %
Direct Rinse 7.89 ng + 12 ng 150 %

It is apparent from viewing Table 7.2 that of the 4.1 mg of hydrogen peroxide
which were applied to the surface of the test materials, on average approximately 0.1 %
was actually recovered by each of the three extraction protocols. It was theorized that the
direct rinsing procedure would result in the greatest recovery of hydrogen peroxide.
Statistical analysis was performed on the data set using Analysis of Variance (ANOVA)
to determine whether the difference in the average recovery of hydrogen peroxide for the
three extraction protocols was significant at 95% confidence interval. The null hypothesis
was that there was no significant difference. If this hypothesis was correct, then the

between-sample estimate of the variance should not differ significantly from the within-
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sample estimate of the variance. A one-tailed F' test was used to test the hypothesis.

Because the calculated value of /' was less than the critical value of ' with P=0.05, the

null hypothesis stood, meaning that there was no significant difference in the recovery of

peroxide residue for the three extraction protocols. This result is not surprising, given the

very high standard deviation that each procedure carried.

Table 7.3. Recovery of hydrogen peroxide residue from four different substrates.

Aliquots of 4.1 mg hydrogen peroxide were applied to swatches of denim fabric, blocks

of concrete, paint chips, and steel plates, and dried with the heat gun. The materials were

stored under varying conditions of storage temperature, packaging material, and duration

of storage. Peroxide residues were recovered using a dry swabbing technique. Standard

HPLC/ED in DC mode analysis conditions were applied.

Sample Temp Day 1 Day 1 Day 3 Day 3 Day 7 Day 7
Nylon Paint Can Nylon Paint Can Nylon Paint Can
23°C Yes Yes Yes Yes No No
Denim
-15°C Yes Yes Yes Yes Yes Yes
23°C Yes Yes Yes Yes Yes Yes
Concrete
-15°C Yes Yes Yes Yes Yes Yes
Paint 23°C Yes Yes Yes Yes No No
Chip -15°C Yes Yes Yes Yes Yes Yes
Steel 23°C Yes Yes Yes Yes No No
Plate -15°C Yes Yes Yes Yes Yes Yes

191




A series of experiments were performed to explore the stability of hydrogen
peroxide on a variety of porous and non-porous substrates under varying conditions for
type of packaging material, storage temperature, and duration of storage. The substrates
included denim fabric, concrete blocks, paint chips, and steel plates. The peroxide-treated
substrates were stored either in paint cans or in a single layer of heat-sealed nylon bags.
The packaged test materials were stored under one of two temperature/humidity
conditions: room temperature (T = 23°C), and freezer (T= -15°C). The materials were
analyzed after one day, three days, and seven days of storage. The HPLC/ED analysis
was performed as a qualitative analysis only. Samples were reported as positive if the
signal strength of hydrogen peroxide was greater than the limit of detection 0.02 pg/mL
for the HPLC/ED system. The results of this study are presented in Table 7.3.

Examination of this data set reveals that of the three variables (storage
temperature, packaging material, and duration of storage), storage temperature had the
strongest influence on whether or not hydrogen peroxide residues were recovered.
Hydrogen peroxide residues were detected on all four substrates during all seven days of
storage only when the materials were kept at T = -15°C. When the materials were
maintained at T = 23°C, by the seventh day of storage hydrogen peroxide residues were
detected on just one substrate (the concrete blocks). Hydrogen peroxide residues were
detected on the denim fabric, paint chip, and steel plate only during the first three days of
storage. Cold storage may have prevented hydrogen peroxide from evaporating,
degrading, or a combination of both events. The lack of humidity in the freezer may also
have helped to preserve the hydrogen peroxide residues. It should be noted that the

peroxide-treated substrates were maintained in dark areas during the course of the
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experiment so that exposure to UV light did not contribute to the degradation of the
hydrogen peroxide residues. These results indicate that substrates which contain peroxide
should be stored in cold temperatures in order to recover as much hydrogen peroxide
residue as possible. The type of packaging material used did not appear to result in a
difference in the detection of hydrogen peroxide. At this time, no advantage can be seen

in using one type of packaging material over the other.

C. Evaluation of Cotton Sampling Media

While a variety of different materials can be utilized for the sampling of
explosives and their residues, including adhesive-coated aluminum stubs (37), solid phase
micro-extraction fibers (/60), and hand-held vacuum devices (/67), cotton swabs are a
particularly attractive sampling media given their low cost, ease of use, and general
availability. Cotton swabs have been demonstrated to collect both organic and inorganic
compounds (38); they can be used either dry or moistened with solvent. Also,
transportation and storage of these materials is relatively simple.

In a forensic setting, certain explosives analysis protocols require the use of
cotton swabs which have been previously cleaned and tested, and are known to be free of
interfering components. Other protocols are less stringent, and may not place any
requirements on the pre-treatment of explosives sampling materials. However, blanks,
controls, and standards must always be run as part of a properly validated procedure.
While the average cotton swab purchased at a local drug store may be free of RDX or
TNT, this may not be the case for hydrogen peroxide, particularly given the industrial

applications of the compound as both a whitening and anti-microbial agent. Therefore,
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prior to the use of any cotton swab for residue collection, blank cotton swabs were tested
for the presence of interfering components.

A total of seven different types of blank white cotton swabs were evaluated to
determine their suitability for the collection of hydrogen peroxide residues, including
cotton balls, cotton rounds, and cotton squares. Five swabs were tested for each brand
and type of cotton. It was particularly important to determine whether or not the cotton
would yield any peaks which might interfere with the detection of hydrogen peroxide.
The packaging material for two of the seven types of cotton swabs utilized in this study
(CVS Regular Cotton Balls and Organic Essentials Cotton Balls) stated that the cotton
had been whitened with hydrogen peroxide. It was hypothesized that hydrogen peroxide
residues would be present in extracts from these brands of cotton. Because the packaging
material for the other five types of cotton did not state what type of chemical had been
employed during the whitening process, it was also possible that hydrogen peroxide
residues might be detected in extracts from these brands of cotton.

Extracts from each sample of cotton were analyzed by HPLC/FD and HPLC/ED
in DC mode. Three point calibration curves were generated on the HPLC/ED system in
DC mode so that the amount of hydrogen peroxide present in each sample of cotton could
be determined. The HPLC/FD analyses were performed as qualitative tests only. The
results of the analysis of all seven different types of cotton are presented in Table 7.4.
The average amount of hydrogen peroxide present in each type of cotton swab was

calculated.
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Table 7.4. Results of analysis of seven types of blank cotton swabs. Peroxide residues
were extracted from the swabs with water. Standard HPLC/FD and HPLC/ED in DC
mode analysis conditions were applied. The amount of hydrogen peroxide present in each

type of cotton was determined by HPLC/ED in DC mode.

Type of cotton swab Ave amount of Stnd Ave Mass | ug H>O;

(n=35) H>0; per Dev Cotton) | per gram

swab H>0; m=235) of cotton

(n=>5)

CVS Cotton Squares 1.39 pg +0.07 pg 0.505 ¢ 2.75
CVS Regular Cotton Balls 0.21 pg +0.02 pg 0213 ¢g 0.99
CVS Cotton Rounds 0.34 ng +0.05 pg 0.576 g 0.59
Organic Essentials Cotton Balls 0.37 nug +0.02 pg 0.674 g 0.55
Johnson & Johnson Cotton Balls 0.18 ng +0.01 pg 0.325¢g 0.55
CVS Organic Cotton Balls 0.30 pg +0.01 pg 0.632 ¢ 0.47
Wal-Mart Cotton Balls 0.11 pg +0.04 ng 0.632 ¢ 0.16

In viewing Table 7.4, it is apparent that hydrogen peroxide was detected in all but
one of the seven brands of cotton which were tested. Wal-Mart brand cotton balls had the
lowest average amount of hydrogen peroxide per swab at 0.11 pg, while CVS cotton
squares had the highest average amount of hydrogen peroxide at 1.39 pg. The average
mass of the cotton swabs varied widely amongst the different types of cotton. Regular
cotton balls from CVS had the lowest average mass at 0.213 g, while Organic Essentials

cotton balls had the highest average mass at 0.674 g. In order to normalize the data so

195



that a direct comparison could be made of hydrogen peroxide content amongst the

different types of cotton, the following calculation was performed:

Average amount of H,O, / Average mass of cotton = pug H>O, / g cotton

Wal-Mart cotton balls had the lowest value at 0.16 ug H,O, / g cotton, while CVSS cotton
squares had the highest value at 2.75 pg H>O, / g cotton. These data indicate that any of
the types of cotton swabs would be a poor choice for the collection of trace levels of
hydrogen peroxide without prior treatment to remove the hydrogen peroxide from the
cotton. The results from the analysis of one of the Wal-Mart cotton balls are presented in
Figures 7.1 and 7.2. These results are typical for all of the types of cotton which were

analyzed in that no peaks other than hydrogen peroxide are present in the chromatograms.

Figure 7.1. Analysis of a Wal-Mart cotton ball by HPLC/ED in DC Mode. Conditions:
Dionex CarboPac PA10 analytical column, isocratic elution with 150 mM NaOAc at pH
10.5, flow rate 1.00 mL/min, 100 pL injection, T = 45°C, DC Mode with E=+0.4V. Peak

1, hydrogen peroxide, Rt 1.926 min. Hydrogen peroxide is present in the “blank™ cotton.
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Figure 7.2. Analysis of a Wal-Mart cotton ball by HPLC/FD. Conditions: Dionex C-18
analytical column, isocratic elution with 1x10° M H,SO4/ 1x10* M EDTA at flow rate
0.60 mL/min, 100 pL injection, reagent 8§ uM hemin/80 pM POPHA in ammonia buffer
pH 9.5 at flow rate 0.20 mL/min, post-column reactor 2m, T = 25°C, base 0.1 M NaOH at
flow rate 0.20 mL/min, A=320nm, A.,,=405nm. Peak 1, hydrogen peroxide, Rt 5.237

min. Hydrogen peroxide is present in the “blank” cotton.
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Where cotton was once whitened and sterilized by the application of bleach, now
it is commonly whitened and sterilized by treatment with hydrogen peroxide. However,
such treatment may not be apparent from an examination of the packaging material which
contains the cotton. As previously discussed, only the bags of organic cotton indicated
that they had been whitened with hydrogen peroxide; the bags of non-organic cotton were
not marked as having been treated with hydrogen peroxide. This made it difficult to
locate a source of cotton which had not been previously treated with hydrogen peroxide.
In fact, the only sourfce of peroxide-free cotton which could be located was found in the
storage room of the FBI Laboratory Research Unit. This cotton was not marked with any
manufacturer’s information, making it impossible to locate additional sources of this

material. Swatches of cotton which were cut from the roll were free of hydrogen
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peroxide; the results of analysis of a water extract of this material by HPLC/ED in DC

mode and HPLC/FD are presented in Figures 7.3 and 7.4.

Figure 7.3. Analysis of a cotton swatch from a roll of cotton by HPLC/ED in DC mode.
Conditions as in Figure 7.1. Peak 1, unknown, Rt 1.501 min. Unlike the pre-packaged

cotton swabs, cotton swatches cut from this source were free of hydrogen peroxide.
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Figure 7.4. Analysis of a cotton swatch from a roll of cotton by HPLC/FD. Conditions as
in Figure 7.2. Unlike the pre-packaged cotton swabs, cotton swatches cut from this source

were free of hydrogen peroxide.
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Because all of the commercially available cotton samples were found to contain
hydrogen peroxide, additional synthetic and non-synthetic materials were tested to
determine their suitability for the collection of hydrogen peroxide residues. The tested
materials included brown paper towels, lab wipes, filter paper, and nylon filters. Given
that hydrogen peroxide was detected in six of the seven types of white cotton which were
analyzed, it was hypothesized that the white cellulose-type samples would also have been
treated with hydrogen peroxide, and peroxide residues were likely to be present.

Extracts from each type of sample were analyzed on the electrochemical system,
and the presence of hydrogen peroxide was confirmed on the fluorescence system. Three
point calibration curves were generated on the HPLC/ED system in DC mode so that the
amount of hydrogen peroxide present in each sample could be determined. The results of
these analyses are presented in Table 7.5. Based on the results of this experiment, two
additional substrates were tested to determine if they contained detectable levels of
hydrogen peroxide: white printer paper and toilet paper. The results of these analyses are
also presented in Table 7.5.

It is apparent from viewing Table 7.5 that hydrogen peroxide was present in all of
the white non-cotton samples which were evaluated, with the exception of the nylon
filters and the filter paper. Therefore, the proposed hypothesis that hydrogen peroxide
would be detected in all of the white non-cotton samples was incorrect. Surprisingly, not
only was hydrogen peroxide present in the samples of brown paper towel which were
analyzed, but this substrate had one of the highest values for pg of hydrogen peroxide per
gram of substrate at 0.92. For this type of material, hydrogen peroxide may have been

employed as an anti-microbial agent, rather than a whitening agent.
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Table 7.5. Results of analysis of additional media. Peroxide residues were extracted from
the substrates with water. Standard HPLC/FD and HPLC/ED in DC mode analysis
conditions were applied. The amount of hydrogen peroxide present in each substrate was

determined by HPLC/ED in DC mode. Hydrogen peroxide was present in four of the six

substrates which were analyzed.

Material Ave amount of H,0, Stnd Dev Ave mass | ug H,O, per
(n=3) per substrate H,0, of gram of
substrate substrate
White Printer Paper 0.32 ng +0.11 pg 0.075 g 4.27
Brown Paper Towel 0.27 png +0.03 pg 0.293 g 0.92
Laboratory Wipe 0.11 pg +0.01 pg 0.209 g 0.51
Toilet Paper 0.12 pg +0.01 pg 0.275¢g 0.44
Filter Paper 0pg +0 ug 0.960 g 0
Nylon Filter 0pg +0pug 0.105 ¢ 0

Cleaning protocols for the removal of hydrogen peroxide from the cotton swabs

were explored. Following published protocols for the preparation of cotton swabs for the

collection of high explosives residue (36) (40), a combination of water and isopropanol

washes was applied to a group of thirty Johnson & Johnson cotton balls to remove

hydrogen peroxide from the cotton, as extracts from two of these cotton balls gave no

signal for hydrogen peroxide on either analytical system. This group of cotton was later

used for sampling of post-blast debris from the September 2008 field tests.
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Because a limited supply of Johnson & Johnson cotton balls was available,
additional brands of cotton balls were evaluated. Testing of blank, untreated CVS
Regular cotton balls resulted in an average recovery of 0.21 pg of hydrogen peroxide (see
Table 7.4). A group of twenty CV'S Regular cotton balls were subjected to the same
washing procedure as the Johnson & Johnson cotton balls, with the exception that the
CVS Regular cotton balls were dried in a vacuum oven at T~78°C for twenty-four hours.
Extracts from two of these cotton swabs did not yield a signal for hydrogen peroxide on
the fluorescence system, but did yield a very small signal for hydrogen peroxide on the
electrochemical system. This peroxide signal was right at the limit of detection for
hydrogen peroxide at the largest injection volume (100 pL) that could be used. When a
50 pL injection volume was used, the hydrogen peroxide signal was below the limit of
detection.

In an attempt to remove all traces of hydrogen peroxide from the cotton balls, this
group of cotton was washed again with additional water and isopropanol, and dried in the
vacuum oven at T~78°C for another twenty-four hours. Extracts from these cotton balls
resulted in the absence of a peroxide signal on the fluorescence system, but the same very
small peroxide signal on the electrochemical system. Again, this peroxide signal was
right at the limit of detection for hydrogen peroxide at the largest injection volume that
could be used. To determine whether this remaining hydrogen peroxide could be driven
out of the cotton with the application of more heat, the same group of twice-cleaned
cotton balls were heated in the vacuum oven for another seventy-two hours at T~100°C.
When the cotton was removed from the vacuum oven, a brown, charred appearance was

noted. Analysis of a water extract from one of these cotton balls resulted in the absence
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of a peroxide signal on both the fluorescence and electrochemical systems. However, a
large peak was present on the chromatogram from the electrochemical system at 1.69
minutes. It is theorized that this peak is the result of decomposition of the cotton fibers in
response to exposure to heat. Heating of cotton swabs in the vacuum oven at T~78°C for
seventy-two hours without the prior application of water/isopropanol washes failed to
completely remove the hydrogen peroxide.

At this time, the most promising procedure for the removal of hydrogen peroxide
from cotton balls appears to be a series of isopropanol/water washes. However, this
procedure did not completely remove all of the hydrogen peroxide from both brands of
cotton. Further research is needed at this point to develop a protocol for the complete
removal of hydrogen peroxide from cotton. Further experiments with drying the cotton in
a vacuum oven should be explored. Ideally, a supplier of cotton which has not been
treated with hydrogen peroxide should be located for use in the collection of case-work

samples.

D. Survey of Law Enforcement Training Facility

It is known that hydrogen peroxide is naturally present in air and water (/59).
Francois et al. (/4/) measured an average hydrogen peroxide concentration of 0.15 nM in
air, while Hellpointner and Gaeb (/42) measured an average hydrogen peroxide
concentration of 0.7 uM in melted snow, 3.5 uM in rain, and 0.4 nM in air. Currently, it
is unknown whether or not hydrogen peroxide exists on surfaces in indoor settings at high
enough levels that it can be detected given the limit of detection of the present methods.

Because indoor settings are protected from exposure, and because the amount of

202



hydrogen peroxide present in the air is low, the presence of hydrogen peroxide in indoor
settings may not be significant. However, hydrogen peroxide is present in certain
cleaning agents which are utilized in indoor settings. Residues from these solutions could
confuse data interpretation if present on surfaces which are sampled for post-blast residue
collection.

To explore this issue, a small-scale survey of a law enforcement training facility
was conducted. Thirty-four high traffic areas such as banisters, floors, railings,
telephones, computer keyboards, and door handles were sampled using dry cotton
swatches known to be free of hydrogen peroxide. It was hypothesized that hydrogen
peroxide residues were likely to be present on surfaces subject to regular treatment with
cleaning products, such as the break room table and the bathroom counter. Surfaces
which were not subject to regular treatment with cleaning products, such as hallway
railings and door handles, would be less likely to yield hydrogen peroxide residues.
Water extracts from these swabs were filtered and analyzed on the electrochemical and
fluorescence systems. Three point calibration curves were generated on the HPLC/ED
system in DC mode so that the amount of hydrogen peroxide present in each sample
could be determined. The results of this study are presented in Table 7.6.

Only three of the thirty-four samples yielded a signal for hydrogen peroxide: a
laboratory tool box (0.05 ug/mL H,0,), a toilet paper dispenser in the women’s restroom
(0.09 pg/mL H,0,), and a wooden coffee table in a common area (0.90 pg/mL H,0,).
The locations where hydrogen peroxide was detected appeared to be somewhat random,

and not in keeping with the proposed hypothesis. At this time, the only conclusion which
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can be drawn is that hydrogen peroxide may be present in indoor settings, which could

complicate the analysis of a post-blast scene.

Table 7.6. Results of survey of a law enforcement training academy. Hydrogen peroxide

was detected by HPLC/ED in DC Mode in three of the thirty-four areas which were

sampled.
Sample H>0, on HPLC/ED in | H>O, on HPLC/FD
DC Mode
Blank Cotton (2) No No
Bathroom Counter (1) No No
Bathroom Floor Tile (1) No No
Plastic Toilet Paper Dispenser (1) 0.09 pg/mL <LOD
Plastic Paper Towel Dispenser (1) No No
Metal Elevator Buttons (1) No No
Plastic Telephone Handset (1) No No
Metal Door Plate (1) No No
Water Fountain Metal Handle (2) No No
Wooden Break Room Table (1) No No
Wooden Loft Table (1) No No
Concrete Wall of Hallway (1) No No
Hallway Floor Tile (4) No No
Plastic/Metal Computer (1) No No
Metal Door Handle (3) No No
Metal Refrigerator Handle (1) No No
Metal Tool Chest (1) 0.05 pg/mL <LOD
Hood (1) No No
Laboratory Bench Top (1) No No
Brick Stairs (1) No No
Wooden Stairway Railing (1) No No
Metal Railing (1) No No
ATM Machine Metal Buttons (1) No No
Chair Fabric (1) No No
Vending Machine Plastic Buttons (1) No No
Leather Couch (1) No No
Gymnasium Rubber Mats (2) No No
Wooden Coffee Table (1) 0.90 ng/mL Yes
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E. Analysis of Post-Blast Debris from Mixtures of Concentrated Hydrogen Peroxide
and Nitromethane

A series of controlled detonations of large-scale mixtures of concentrated
hydrogen peroxide/nitromethane were conducted in October and November of 2006 by
FBI scientists and contractors. Post-blast materials from these tests which were collected
included plastic debris, metal debris, cotton swabs from large pieces of debris, and soil
samples from the area in which the explosion occurred. The color and texture of the
plastic debris was consistent with a plastic barrel which contained the improvised
explosive mixture prior to detonation. The source of the metal debris was most likely the
van in which the hydrogen peroxide/fuel mixture was detonated.

It was hypothesized that because the concentrated hydrogen peroxide had been
contained within a plastic barrel prior to detonation of the improvised mixture, the plastic
debris fragments would be more likely to yield hydrogen peroxide residues than the metal
automobile fragments, soil samples, or cotton swabs. Extracts from each piece of debris
were analyzed by HPLC/FD and HPLC/ED in PAD mode. Because it is not standard
practice at the FBI Laboratory Explosives Unit to quantify post-blast explosives residues,
the level of hydrogen peroxide present on post-blast debris was not quantified (the
HPLC/ED and HPLC/FD analyses were performed as qualitative analyses only). The
results of the analysis of all the materials collected from this test site are presented in
Table 7.7. The results from the analysis of one of the pieces of metal debris are presented
in Figures 7.5 and 7.6. While hydrogen peroxide is clearly present in both

chromatograms, there are additional peaks of an unknown nature which are also present.
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Table 7.7. Results of analysis of post-blast debris from a large scale detonation of

hydrogen peroxide/nitromethane. Hydrogen peroxide residues were detected on the metal

debris fragments only.

Material Number of samples | H>O, by HPLC/ED | H,0O, by HPLC/FD
analyzed in PAD Mode
Plastic Fragments 10 No (10) No (10)
Metal Fragments 4 Yes (4) Yes (4)
Soil Samples 5 No (5) No (5)
Cotton Swabs 9 No (9) No (9)

Figure 7.5. Analysis of a metal debris fragment by HPLC/ED in PAD mode. Conditions:
Dionex CarboPac PA10 analytical column, isocratic elution with 150 mM NaOH / 150
mM NaOAc, flow rate | mL/min, 10 pL injection, PAD at 45°C (E;="0.01V, #,=300 ms,
=100 ms, E,="0.65V, £,=150 ms, E3="0.65V, #;=150 ms). Peak 1, unknown, Rt 1.377;
Peak 2, hydrogen peroxide, Rt 2.176 min. Hydrogen peroxide was detected on the metal

fragment despite storage of the debris at room temperature for ~12 months prior to

analysis.
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Figure 7.6. Analysis of a metal debris fragment by HPLC/FD. Conditions: Dionex C-18
analytical column, mobile phase: 1x10~ M H,SO4/1x10* M EDTA at flow rate 0.6
mL/min, 20 pL injection, reagent 8 uM hemin/80 uM POPHA in ammonia buffer pH 9.5
at flow rate 0.2 mL/min, post-column reactor Sm, base 100 mM NaOH at flow rate 0.25
mL/min, Ae,=320 nm, Ae,=405 nm. Peak 1, unknown, Rt 4.639 minutes; Peak 2,
hydrogen peroxide, Rt 5.060 minutes. Hydrogen peroxide was detected on the metal
fragment despite storage of the debris at room temperature for ~12 months prior to

analysis.
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It was hypothesized that because the hydrogen peroxide had been contained
within the plastic barrel prior to the shot, the plastic debris fragments would be more
likely to yield hydrogen peroxide residues than the metal fragments, soil samples, or
cotton swabs. In viewing Table 7.7, it is apparent that this was not the case. Of the ten
pieces of plastic debris which were analyzed, not one yielded a signal for hydrogen
peroxide by either analytical method. The soil samples and cotton swabs were also
negative for hydrogen peroxide residues. In contrast, all four pieces of metal debris

yielded a signal for hydrogen peroxide. The reason for this discrepancy may lie in the
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way in which the materials were packaged and stored. The soil samples were packaged in
plastic screw-cap containers which were not air-tight. The cotton swabs were packaged in
glass screw-top vials. All of the plastic debris was packaged together in a single layer of
gallon-sized plastic Ziploc-style bag. All of the metal debris was packaged in the same
way. These materials were stored at room temperature for approximately one year prior
to analysis. It is possible that during this time period, the seals on the Ziploc-style bag
which held the plastic debris were disturbed, thereby allowing any hydrogen peroxide
residues which were initially present on the surface of the plastic to evaporate. A similar
issue may have occurred with the soil samples and the cotton swabs.

During the summer and fall of 2007, an additional series of tests were performed
by the FBI on small-scale mixtures of concentrated hydrogen peroxide with a variety of
fuel sources. Twenty-four steel witness plates which had been exposed to the detonation
of these mixtures were packaged in heat-sealed nylon bags and stored at room
temperature for up to twelve months prior to analysis. Of the twenty-four witness plates
which had been exposed to hydrogen peroxide, fifteen plates tested positive for hydrogen
peroxide by HPLC/FD analysis. Unfortunately, the HPLC/ED analysis of the plates in
PAD mode was hindered by the presence of high levels of background material, to the
extent that the presence of hydrogen peroxide initially could not be confirmed on any of
the plates (even the “blank” plates). These results are presented in Table 7.8.
Chromatograms from the analysis of one of these witness plates by HPLC/FD and
HPLC/ED in PAD mode are presented in Figures 7.7 and 7.8. Analysis of the
chromatogram from the HPLC/ED in PAD mode analysis reveals the presence of four

peaks, not one of which corresponds to the retention time of hydrogen peroxide for this
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method (2.25 minutes). Because of the strong signal for the unknown peaks, the presence

of the hydrogen peroxide signal is inconclusive. It is unknown how the steel plates were

treated or cleaned prior to use as witness plates. It should be noted that when the witness

plates were later cleaned with water/methanol washes, extracts from the plates were free

of extraneous material.

Table 7.8. Results of analysis of witness plates. Hydrogen peroxide was detected by

HPLC/FD on fifteen of the twenty-four plates, but the presence of peroxide could not be

confirmed due to the presence of interfering components in the HPLC/ED

chromatograms.

Witness Plates H,0, by HPLC/ED in H,0, by HPLC/FD

PAD Mode
Blank (4) Obscured (4) No (4) Yes (0)
Neat hydrogen peroxide (2) Obscured (2) No (1) Yes (1)
Hydrogen peroxide / fuel #1 (2) Obscured (2) No (0) Yes (2)
Hydrogen peroxide / fuel #2 (2) Obscured (2) No (1) Yes (1)
Hydrogen peroxide / fuel #3 (2) Obscured (2) No (0) Yes (2)
Hydrogen peroxide / fuel #4 (4) Obscured (4) No (1) Yes (3)
Hydrogen peroxide / fuel #5 (2) Obscured (2) No (1) Yes (1)
Hydrogen peroxide / fuel #6 (2) Obscured (2) No (0) Yes (2)
Hydrogen peroxide / fuel #7 (2) Obscured (2) No (0) Yes (2)
Hydrogen peroxide / fuel #8 (2) Obscured (2) No (1) Yes (1)
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Figure 7.7. Analysis of a metal witness plate exposed to concentrated hydrogen
peroxide/fuel #1 by HPLC/FD. Conditions as in Figure 7.6. Peak 1, hydrogen peroxide,
Rt 5.003 min. Other than the hydrogen peroxide peak, no additional peaks are present in

this chromatogram.
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Figure 7.8. Analysis of a metal witness plate exposed to concentrated hydrogen
peroxide/fuel #1 by HPLC/ED in PAD mode. Conditions as in Figure 7.5. Peak 1,
unknown, Rt 1.478 min; Peak 2, unknown, Rt 1.862 min; Peak 3, unknown, Rt 2.190
min; Peak 4, unknown, Rt 2.428 min. Hydrogen peroxide elutes at 2.19 minutes. The
presence of a co-eluting peak at 2.19 minutes (peak #3) hinders the determination of

whether or not hydrogen peroxide is present.
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It appeared that PAD mode contributed to the presence of background material in
the chromatograms, most likely through the generation of electroactive species. The
problem of interfering material in the HPLC/ED method in PAD mode led to the re-
optimization of the separation and detection parameters for this system. The re-optimized
system included a CarboPac PA10 analytical column and a mobile phase which was 150
mM NaOAc at pH 10.5 with detection in DC mode at an applied voltage of +400 mV.
When five of the witness plate extracts which had tested positive for hydrogen peroxide
by HPLC/FD were re-tested by HPLC/ED in DC mode several months later, co-elution of
background components with hydrogen peroxide was no longer a problem. Data from a

plate extract re-analyzed by HPLC/ED in DC mode is presented in Figure 7.9.

Figure 7.9. Analysis of a metal witness plate exposed to concentrated hydrogen
peroxide/fuel #1 by HPLC/ED in DC mode. For conditions, see text. Peak 1, hydrogen
peroxide, Rt 1.923 min. Unlike the chromatogram obtained from analysis of this extract
by HPLC/ED in PAD mode, this chromatogram is free of interfering peaks. The

hydrogen peroxide peak is unobstructed.
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The results from the re-analysis of all five witness plate extracts are presented in
Table 7.9. Although the chromatograms for all five extracts were free of extraneous
peaks, only two samples yielded a hydrogen peroxide signal. Despite having refrigerated
the witness plate extracts at -4°C during the time period between the initial and
subsequent analyses, the hydrogen peroxide in three of the extracts degraded to the point

where it could no longer be detected.

Table 7.9. Results of re-analysis of five witness plate extracts. During the original
analysis, fifteen witness plate extracts were positive for hydrogen peroxide by HPLC/FD,
but hydrogen peroxide was obscured by interfering components in the HPLC/ED
chromatograms. Re-analysis of five of the witness plate extracts several months later
resulted in successful detection of hydrogen peroxide by HPLC/ED in DC mode in two of

the five plates.

Original Analysis Re-Analysis
5 Months Later
Plate H,0; by H,0, by HPLC/ED | H,O, by HPLC/ED

HPLC/FD in PAD Mode in DC Mode
Hydrogen peroxide / fuel #1 Yes Obscured Yes
Hydrogen peroxide / fuel #2 Yes Obscured Yes
Hydrogen peroxide / fuel #3 Yes Obscured No
Hydrogen peroxide / fuel #4 Yes Obscured No
Hydrogen peroxide / fuel #6 Yes Obscured No
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A field test was performed in September of 2008 to evaluate the ability of the
optimized methods to detect post-blast hydrogen peroxide residues on a variety of
substrates. The test involved the detonation of a small-scale mixture of hydrogen
peroxide/nitromethane which was contained inside of a metal ammunition can. Post-blast
materials from these tests were collected, including plastic remnants, metal debris,
witness plates, and soil samples from the area directly under the explosion. The results of
the analysis of the ammunition can fragments, plastic debris, soil samples, and witness
plates are presented in Table 7.10. Because it is not standard practice at the FBI
Laboratory Explosives Unit to quantify post-blast explosives residues, the level of
hydrogen peroxide present on this set of post-blast debris was not quantified. The
electrochemical and fluorescence analyses were performed as qualitative analyses only.
Samples were reported as positive if the signal strength of hydrogen peroxide was greater
than the limit of detection of 0.02 pg/mL for the HPLC/ED system, and 0.19 pg/mL for
the HPLC/FD system.

In viewing Table 7.10, it is apparent that hydrogen peroxide was detected in all
three sample types by HPLC/FD. Unfortunately, these results could not be confirmed by
HPLC/ED in PAD mode because of problems with co-eluting materials which masked
the hydrogen peroxide peaks. The separation and detection parameters for the
electrochemical method were ultimately determined to be unsuitable for the analysis of
post-blast debris because of this problem. Therefore, the separation and detection
parameters for this system were re-optimized as previously discussed. The re-optimized
system included a CarboPac PA10 analytical column and a mobile phase which was 150

mM NaOAc at pH 10.5 with detection in DC mode at an applied voltage of 400 mV.
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When the same soil samples and additional ammunition can fragments and plastic debris
from this field test were analyzed by HPLC/ED in DC mode, co-elution of background
components with hydrogen peroxide was no longer a problem: hydrogen peroxide could
be clearly distinguished. No additional peaks were noted in the chromatograms from

either analytical system. The results of these analyses are presented in Table 7.11.

Table 7.10. Results of initial analysis of materials collected from a small scale detonation
of hydrogen peroxide/nitromethane inside of an ammo can. Hydrogen peroxide residues
were detected on the ammunition can fragments, the witness plates, and the soil samples
by HPLC/FD. The presence of co-eluting materials made confirmation of H,O, by

HPLC/ED in PAD mode impossible.

Material H,0, by HPLC/ED in PAD H,0, by HPLC/FD
Mode
Ammunition Can Fragments (7) Obscured (7) No (1) Yes (6)
Witness Plates (3) Obscured (3) No (1) Yes (2)
Soil Samples (3) Obscured (3) No (1) Yes (2)

It was theorized that because the improvised explosive mixture was contained
within the ammunition can, the ammunition can fragments would be more likely to yield
hydrogen peroxide residues than the plastic remnants, soil samples, or witness plates. In
fact, hydrogen peroxide residues were recovered from all three of the plastic remnants,
two out of the three witness plates, and five out of the six ammunition can fragments.

Hydrogen peroxide was not recovered from any of the soil samples.
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Table 7.11. Results of secondary analysis of materials collected from a small scale

detonation of hydrogen peroxide/nitromethane inside of an ammunition can. Hydrogen

peroxide residues were detected on the ammo can fragments and the plastic remnants.

Material H,0, by HPLC/ED in DC Mode | H,O, by HPLC/FD
Ammunition Can Fragments (6) No (1) Yes (5) No (1) | Yes(5)
Plastic Remnants (3) No (0) Yes (3) No (0) | Yes(3)
Soil (3) No (3) Yes (0) No(3) | Yes(0)

Data from an extract from one of the plastic remnants are presented in Figures

7.10 and 7.11. Peaks corresponding to hydrogen peroxide can be seen on the

chromatograms from the electrochemical and fluorescence systems. A lack of additional

peaks or interferences in the chromatograms should be noted.

Figure 7.10. Analysis of a plastic remnant by HPLC/ED in DC mode. Conditions:

Dionex CarboPac PA10 analytical column, isocratic elution with 150 mM NaOAc¢ at pH

10.5, flow rate 1 mL/min, 100 pL injection, T =45°C, DC Mode with E = +0.4V. Peak 1,

hydrogen peroxide, Rt 1.949 min. Hydrogen peroxide residues were readily recovered

from all of the plastic remnants which were analyzed.
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Figure 7.11. Analysis of a plastic remnant by HPLC/FD. Conditions: Dionex C-18
analytical column, isocratic elution with 1x10° M H,SO4/ 1x10* M EDTA at flow rate
0.6 mL/min, 100 pL injection, reagent 8 uM hemin/80 uM POPHA in ammonia buffer
pH 9.5 at flow rate 0.2 mL/min, post-column reactor 2m, T = 25°C, base 0.1 M NaOH at
flow rate 0.2 mL/min, A=320nm, Ae,,=405nm. Peak 1, hydrogen peroxide, Rt 5.195
min. Hydrogen peroxide residues were readily recovered from all of the plastic remnants

which were analyzed.
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Data from an extract of an ammunition can fragment are presented in Figures 7.12
and 7.13. Peaks corresponding to hydrogen peroxide can be seen on the chromatograms
from the electrochemical and fluorescence systems. It should be noted that strength of the
hydrogen peroxide signal is approaching the limit of detection for the fluorescence
method. The absence of interfering peaks or additional unknown peaks should also be
noted. Both techniques demonstrate excellent specificity for the detection of hydrogen

peroxide.
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Figure 7.12. Analysis of water rinse of exterior of ammunition can debris by HPLC/ED
in DC mode. Conditions: Dionex CarboPac PA10 analytical column, isocratic elution
with 150 mM NaOAc at pH 10.5, flow rate 1 mL/min, 100 pL injection, T=45°C, DC
Mode with E=+0.4V. Peak 1, hydrogen peroxide, Rt 1.940 min. Hydrogen peroxide

residues were present on five of the six ammunition can fragments which were analyzed.
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Figure 7.13. Analysis of water rinse of exterior of ammunition can debris by HPLC/FD.
Conditions: Dionex C-18 analytical column, isocratic elution with 1x10° M H,SO4/1x10°
* M EDTA at flow rate 0.6 mL/min, 100 uL injection, reagent 8 pM hemin/80 uM
POPHA in ammonia buffer pH 9.5 at flow rate 0.2mL/min, post-column reactor 2m,
T=25°C, base 0.1 M NaOH at flow rate 0.2mL/min, Ax=320 nm, Aer,=405 nm. Peak 1,
hydrogen peroxide, Rt 5.196 min. Hydrogen peroxide residues were present on five of the

six ammunition can fragments which were analyzed.
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The second test from September 2008 involved the detonation of a small-scale
mixture of hydrogen peroxide/nitromethane inside of a car. Post-blast materials collected
from the test site included plastic remnants, fabric remnants, glass, witness plates, and
cotton swabs utilized in the sampling of debris which was too large to be transported
back to the laboratory for analysis. It was theorized that because the improvised explosive
mixture was in close proximity to the backseat of the car, the seat fabric and window
glass from that area would be the most likely substrates from which hydrogen peroxide
residues could be collected. The results of the analysis of the collected debris are
presented in Table 7.12. Because it is not standard practice at the FBI Laboratory
Explosives Unit to quantify post-blast explosives residues, the level of hydrogen peroxide
present on post-blast debris was not quantified. The HPLC/ED and HPLC/FD analyses

were performed as qualitative analyses only.

Table 7.12. Results of analysis of materials collected from a small scale detonation of
hydrogen peroxide/nitromethane inside of a car. Hydrogen peroxide residue was detected

on just over half of the collected materials.

Material H,0, by HPLC/ED in DC Mode | H,0O, by HPLC/FD
Cotton Swabs (7) No (3) Yes (4) No (6) Yes (1)
Glass (2) No (2) Yes (0) No (2) Yes (0)
Witness Plates (6) No (0) Yes (6) No (0) Yes (6)
Seat Fabric (3) No (2) Yes (1) No (3) Yes (0)
Plastic Remnants (4) No (2) Yes (2) No (3) Yes (1)
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The data in Table 7.12 show that hydrogen peroxide was not detected on either of
the glass samples, and was only detected on one of the pieces of seat fabric by HPLC/ED.
The presence of hydrogen peroxide in this sample could not be confirmed by HPLC/FD
because the concentration of peroxide in the sample was below the limit of detection for
the fluorescence method. Hydrogen peroxide was detected on two of the plastic remnants,
but this could only be confirmed by HPLC/FD for one of the samples. Of the extracts
from the swabs which were analyzed, four swabs were positive for hydrogen peroxide by
HPLC/ED in DC mode, but the presence of hydrogen peroxide could only be confirmed
by HPLC/FD in one of the swabs. This swab had been collected from the interior of the
car very near to the location of the explosive device. In contrast, hydrogen peroxide was
detected on all six witness plates by both analytical methods. The results from the
analysis of one of the witness plates are presented in Figures 7.14 and 7.15. Hydrogen
peroxide is clearly present in both chromatograms.

As a safety precaution, the interior and exterior of the car were soaked with water
prior to placing and detonating the explosive charge. All of the interior surfaces of the car
were damp to soaking wet when sampling began. To further complicate matters, midway
through the collection of post-blast samples, it began to rain and continued to do so for
the next few hours. It is believed that the rain may have diluted or washed away any
hydrogen peroxide residues which may have been present, making detection of peroxide
difficult to impossible. The delicate nature of hydrogen peroxide may therefore impact

how real-world post-blast crime scenes are evaluated.
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Figure 7.14. Analysis of a witness plate exposed to small-scale detonation of hydrogen
peroxide/nitromethane by HPLC/ED in DC Mode. Conditions as in Figure 7.12. Peak 1,
hydrogen peroxide, Rt 1.925 min. Collected just ahead of the rain, all six witness plates
were positive for hydrogen peroxide. The front and back faces of the plates were

extracted together.
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Figure 7.15. Analysis of a witness plate exposed to small-scale detonation of hydrogen
peroxide/nitromethane by HPLC/FD. Conditions as in Figure 7.13. Peak 1, hydrogen
peroxide, Rt 5.217 min. Collected just ahead of the rain, all six witness plates were
positive for hydrogen peroxide. The front and back faces of the plates were extracted

together.
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A third controlled detonation of a small-scale mixture of hydrogen
peroxide/nitromethane was performed in March of 2009. As in the September 2008 test,
the mixture of hydrogen peroxide/nitromethane was contained inside of a metal
ammunition can. Post-blast materials from these tests which were collected included a
plastic remnant, detonator fragments, ammunition can fragments, and witness plates.
Based on the results of the September 2008 test, it was theorized that the ammunition can
fragments and the plastic remnants would be the most likely pieces of debris to yield
hydrogen peroxide residues. The results of the analyses of the ammunition can fragments,
witness plates, and plastic remnants are presented in Table 7.13. Because it is not
standard practice at the FBI Laboratory Explosives Unit to quantify post-blast explosives
residues, the level of hydrogen peroxide present on post-blast debris was not quantified.

The HPLC/ED and HPLC/FD analyses were performed as qualitative analyses only.

Table 7.13. Results of analysis of materials collected from a second small-scale

detonation of hydrogen peroxide/nitromethane inside of an ammo can.

Material H,0, by HPLC/ED in DC Mode | H,O, by HPLC/FD

Plastic Remnants (2) No (0) Yes (2) No (0) | Yes(2)
Witness Plates (3) No (1) Yes (2) No (3) | Yes (0)
Ammunition Can Fragments (8) No (0) Yes (8) No (0) | Yes (8)
Detonator Fragments (2) No (0) Yes (2) No (0) | Yes(2)
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In viewing Table 7.13, it is apparent that hydrogen peroxide residues were
recovered from all four types of collected materials. Hydrogen peroxide was present on
the two witness plates which were closest to the device at the time of detonation,
although the amount of residue present was below the limit of detection for the
fluorescence method. All of the ammunition can fragments which were collected yielded
hydrogen peroxide residues. Two small detonator fragments were recovered. These also
yielded hydrogen peroxide. These results are in keeping with the theory that the
ammunition can fragments and the plastic remnants were likely to yield hydrogen
peroxide residues. The results of the analysis of the plastic remnant are presented in

Figures 7.16 and 7.17.

Figure 7.16. Analysis of a plastic remnant by HPLC/ED in DC mode. Conditions:
Dionex CarboPac PA10 analytical column, isocratic elution with 150 mM NaOAc at pH
10.5, flow rate 1 mL/min, 100 pL injection, T = 45°C, DC Mode with E=+0.4V. Peak 1,
hydrogen peroxide, Rt 1.902 min. The plastic may have been a piece of the container

which held the improvised mixture.
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Figure 7.17. Analysis of plastic remnant by HPLC/FD. Conditions: Dionex C-18
analytical column, isocratic elution with 1x10° M H,SO4/ 1x10* M EDTA at flow rate
0.6 mL/min, 100 pL injection, reagent 8 uM hemin/80 uM POPHA in ammonia buffer
pH 9.5 at flow rate 0.2 mL/min, post-column reactor 2m, T = 25°C, base 0.1 M NaOH at
flow rate 0.2 mL/min, A=320 nm, A.,,=405nm. Peak 1, hydrogen peroxide, Rt 5.195
min. The plastic may have been a piece of the container which held the improvised

mixture.

100.004 1

80.004

- o
o o
= =
o o
1 1

Fluorezcence

20.004

000

T
050 1.00 1.50 2.00 250 3.00 3.50 4.00 4.50 2.00 .50 6.00
Minutes

A question arose as to whether the use of cotton swabs to collect post-blast
explosives residues would result in the collection of all of the residues which were
present on the surface of the debris in a single swabbing, or if additional rounds of
swabbing would yield detectable levels of hydrogen peroxide residue. To answer this
question, swatches of cotton were used to collect peroxide residues from the exterior and
interior of a piece of ammunition can debris. Each face of the debris was swabbed three
separate times, and each swab was analyzed on both systems. The peak area of hydrogen
peroxide decreased with successive swabs. Interestingly, hydrogen peroxide was detected

on both faces of the debris even on the third round of swabbing. It was noted at the time
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of sample collection that the surface of the ammunition can was bent and pitted as a result
of exposure to the heat and pressure of an explosion. Hydrogen peroxide residues may
have deposited in these areas, resulting in incomplete recovery of hydrogen peroxide
from the debris by the cotton on the first and second passes, thereby allowing peroxide to
still be recovered on the third pass. These results indicate that swabbing of debris may not
permit collection of all of the post-blast residues which are present. Figures 7.18 and 7.19
present the results from the first round of swabbing. It should be noted that this piece of

debris contained unusually heavy deposits of hydrogen peroxide.

Figure 7.18. Analysis of 1¥ dry swab of interior of ammunition can by HPLC/ED in DC
mode. Conditions: Dionex CarboPac PA10 analytical column, isocratic elution with 150
mM NaOAc at pH 10.5, flow rate 1 mL/min, 100 pL injection, T=45°C, DC Mode with
E=+0.4V. Peak 1, hydrogen peroxide, Rt 1.925 min. Swabbing of post-blast debris may

permit the collection of some, but not all, of the explosives residues which are present.
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Figure 7.19. Analysis of 1¥ dry swab of interior of ammunition can by HPLC/FD.
Conditions: Dionex C-18 analytical column, isocratic elution with 1x10° M H,S04/1x10
* M EDTA at flow rate 0.6 mL/min, 100 pL injection, reagent 8§ uM hemin/80 uM
POPHA in ammonia buffer pH 9.5 at flow rate 0.2mL/min, post-column reactor 2m,
T=25°C, base 0.1 M NaOH at flow rate 0.2mL/min, Aex=320 nm, Ae,=405nm. Peak 1,
hydrogen peroxide, Rt 5.237 min. Swabbing of post-blast debris may permit the

collection of some, but not all, of the explosives residues which are present.
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Several conclusions can be drawn from the results of the three field tests
involving the detonation of small-scale mixtures of concentrated hydrogen
peroxide/nitromethane. The first conclusion that may be drawn is that changing the mode
of detection from PAD mode to DC mode and re-optimizing the composition of the
mobile phase resulted in a dramatic improvement in the ability to detect hydrogen
peroxide residue in post-blast materials by HPLC/ED. The HPLC/ED in DC mode and
HPLC/FD methods are both relatively free from interfering compounds. During the
course of the analysis of all of the post-blast samples, the majority of the extracts from
the post-blast debris only displayed peaks for hydrogen peroxide. Not one sample

displayed any additional chromatographic peaks on either the electrochemical or the
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fluorescence systems. Considering the “dirty” nature of post-blast debris, and that no
sample clean-up steps were performed other than the filtering of particulates, the lack of
interfering matrix components is notable.

Another conclusion that may be drawn is the negative effect the presence of water
has on the recovery of hydrogen peroxide residues. In comparison to the test involving
the detonation of a small-scale mixture of hydrogen peroxide/nitromethane under dry
conditions, the small scale hydrogen peroxide/nitromethane mixture which was detonated
inside of a wet car and then rained on was less successful in terms of recovery of
peroxide residues from post-blast debris. This result highlights the delicate nature of
hydrogen peroxide. Special precautions may need to be taken to successfully collect post-

blast hydrogen peroxide residues from actual scenes of terrorist or criminal activity.

F. Analysis of Organic Peroxides

Because the fluorescence and electrochemical systems were optimized for the
separation and detection of hydrogen peroxide, it was unknown whether these systems
could be employed for the analysis of organic peroxides. In this study, a set of five
commercially available peroxides were analyzed on both HPLC systems. This group
included urea hydrogen peroxide, dicumyl peroxide, #-butyl peroxide, benzoyl peroxide,
and cumene hydroperoxide. Urea hydrogen peroxide is also called carbamide peroxide,
and it is used as a tooth whitening agent. Dicumyl peroxide and ¢-butyl peroxide are
utilized as cross-linking agents in polymer chemistry. Benzoyl peroxide is the active
ingredient in many acne medications. Cumene hydroperoxide is used in the synthesis of

phenols. The structures of these compounds are presented in Figure 7.20.

226



Figure 7.20. Structures of organic peroxides. Each of these compounds is commercially
available. It was unknown whether they would interfere with the separation and detection

of hydrogen peroxide by HPLC/FD or HPLC/ED in DC or PAD mode.
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Each of the organic peroxides was initially tested without the analytical columns
in place to determine whether or not they would yield a signal under the standardized
detection conditions. The peroxides were initially prepared individually in ethanol; they
were then diluted to 100 uM in the appropriate mobile phase (0.001M H,SO4/ 0.0001 M
EDTA for the samples analyzed on the fluorescence system, and 150 mM NaOAc for the
samples analyzed on the electrochemical system). To ensure that the signal generated on
the fluorescence system was only the result of interaction between the organic peroxides
and the hemin/POPHA reagent, the peroxides were also tested without the addition of the
reagent. For all five organic peroxides as well as for hydrogen peroxide, no signal
resulted when the reagent was not present. The results of these experiments are presented

in Table 7.14.
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Table 7.14. Results of testing organic peroxides without the presence of the analytical

column. Each compound was analyzed at a concentration of 100 uM in the appropriate

mobile phase for that analytical system.

Compound (100 uM) Abbreviation Ave FD Signal Ave ED Signal
Hydrogen peroxide HP 19.4x 10° 31.6x 10°
Urea hydrogen peroxide UHP 16.7 x 10° 28.6x 10°
Tert-butyl peroxide TBP 8.04 x 10° 1.05 x 10°
Cumene hydroperoxide CHP 2.79 x 10° 7.95 x 10
Benzoyl peroxide BP 1.68 x 106 7.87 x 10
Dicumyl peroxide DCP 92.9x 10’ 5.61 x 107
Water 91.3x 10’ 55x 10

At a concentration of 100 uM in the mobile phase, the organic peroxides each
yielded a detectable signal on the fluorescence system, with the exception of dicumyl
peroxide. As expected, hydrogen peroxide gave the strongest signal on the fluorescence
system, followed fairly closely by urea hydrogen peroxide. Tert-butyl peroxide, cumene
hydroperoxide, and benzoyl peroxide were also detected on the fluorescence system at a
concentration of 100 uM, though not as strongly as urea hydrogen peroxide. Dicumyl
peroxide was not detected on the fluorescence system even at concentrations up to 1 mM.
In contrast, urea hydrogen peroxide, tert-butyl peroxide, cumene hydroperoxide, and
benzoyl peroxide were detected on the fluorescence system at concentrations as low as 10
uM. Figure 7.21 represents the signal strength of all six peroxides from strongest to

weakest at 100 uM. There appears to be a trend between steric hindrance and signal
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strength: the more constrained the compound was, the weaker the signal for the reaction
product was. This is reasonable when one considers that in order for the fluorescent
dimer to be produced, the peroxide moiety had to interact with the hemin enzyme and the
p-hydroxyphenylacetic acid reagent. Peroxides which were more sterically hindered were
less able to interact with the reagent compounds, resulting in production of less (or none)

of the fluorescent product.

Figure 7.21. Fluorescence response to peroxides from strongest to weakest. Dicumyl

peroxide was not detected on the fluorescence system.
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At a concentration of 100 uM in mobile phase, the organic peroxides each yielded
a detectable signal on the electrochemical system, with the exception of tert-butyl
peroxide. As expected, hydrogen peroxide gave the strongest signal on the
electrochemical system, followed closely by urea hydrogen peroxide. Dicumyl peroxide,
benzoyl peroxide, and cumene hydroperoxide gave electrochemical signals which were
almost two orders of magnitude lower than the signal yielded by samples of hydrogen
peroxide and urea hydrogen peroxide at the same concentration. Tert-butyl peroxide was
essentially undetected at 100 uM, and its signal strength did not increase at higher
concentrations. When the peroxides were re-tested at a concentration of 10 uM, only

hydrogen peroxide and urea hydrogen peroxide yielded a detectable signal. Figure 7.22
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represents the signal strength of all six peroxides from strongest to weakest at 100 uM.
The trend between signal strength and structure is not as clear as for the HPLC/FD
method. The electrochemical detection method is affected by steric hindrance to a much
lesser degree than is the fluorescence detection method. Rather, it is the ability of the
organic peroxide to undergo oxidation at the detection potential of 400 mV that

determines signal strength in electrochemical detection.

Figure 7.22. Electrochemical response to peroxides from strongest to weakest. Tert-butyl

hydroperoxide was not detected on the electrochemical system in DC mode.
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Further analyses of the organic peroxides at a concentration of 100 pM in mobile
phase were performed with the analytical columns in place. For both the fluorescence and
electrochemical methods, only urea hydrogen peroxide was detected. This peak was most
likely a result of degradation of urea hydrogen peroxide into hydrogen peroxide, as it
showed identical retention time to hydrogen peroxide. In contrast, dicumyl peroxide,
benzoyl peroxide, t-butyl peroxide, and cumene hydroperoxide did not elute from either
column within sixty minutes of injection. It is likely that these compounds were
excessively retained on the column due to a lack of an organic solvent. As discussed
earlier, addition of organic solvent to the mobile phase resulted in suppression of the

hydrogen peroxide signal.
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During the course of the experiment, the question arose as to whether these
organic peroxides might degrade to form hydrogen peroxide. To explore this, the five
organic peroxides plus a hydrogen peroxide standard were diluted to a concentration of
100 uM. They were allowed to sit in a darkened refrigerator for three months, after which
time the six peroxides were analyzed. The peroxides were then allowed to sit in a brightly
lit room for fourteen days, after which time the peroxides were analyzed again. At each
point in the experiment where peroxide analysis was conducted, the samples were tested
by HPLC/ED and HPLC/FD without the analytical columns in place to determine the
response level of the total peroxide content of the sample. The peroxides were then
analyzed with the analytical columns in place to test for the presence of hydrogen

peroxide. The results from these studies are presented in Figures 7.23 and 7.24.

Figure 7.23. Analysis of peroxides by electrochemical detection in PAD mode (without
analytical columns). Analysis of the samples with the analytical column in place did not

reveal the presence of hydrogen peroxide as the organic peroxides decomposed.
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Figure 7.24. Analysis of peroxides by FD (without analytical column). Analysis of the
samples with the analytical column in place did not reveal the presence of hydrogen

peroxide as the organic peroxides decomposed.

Peak area of organic peroxides by HPLC/FD as a
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An examination of Figures 7.23 and 7.24 reveal that from the time of the initial
analysis until the second analysis three months later, the peak area of all of the organic
peroxides and hydrogen peroxides decreased. From the time of the second analysis until
the third analysis fourteen days later, the peak area of all of the organic peroxides and
hydrogen peroxides decreased further. These data indicate that the organic peroxides
were degrading with time. However, it does not appear that the organic peroxides were
forming hydrogen peroxide as a degradation product because re-analysis of the samples
with the analytical columns in place on both systems did not reveal the presence of any

hydrogen peroxide.
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G. Analysis of TATP and HMTD

Because the fluorescence and electrochemical systems were optimized for the
separation and detection of hydrogen peroxide, it was unknown whether these systems
could be employed for the analysis of the organic peroxide explosives triacetone
triperoxide (TATP) and hexamethylene triperoxide diamine (HMTD). The structures of

these compounds are presented in Figure 7.25.

Figure 7.25. Structures of TATP (left) and HMTD (right). Concentrated hydrogen

peroxide is a precursor in the manufacturing of both of these explosives.
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Analysis of samples of intact TATP at concentrations up to 4.5 mM in ethanol
failed to yield a detectable signal on either the electrochemical or fluorescence systems,
both with and without the presence of the analytical columns. Per Schulte-Ladbeck et al.,
a UV lamp was employed to photolytically degrade the TATP into hydrogen peroxide
(65). However, the addition of this step failed to yield a detectable hydrogen peroxide
signal. In contrast, samples of intact HMTD at concentrations up to 4.8 mM in ethanol
did yield a hydrogen peroxide signal on both the HPLC/FD and HPLC/ED systems, as
well as several additional, unidentified, peaks. These results are presented in Figures 7.26

and 7.27. Given that previous researchers have been able to detect HMTD using
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