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Abstract 23 

Organic peroxide explosives (OPEs) are unstable, non-military, contemporary security threats 24 

often found in improvised explosive devices. Chemiluminescence (CL) can be used to detect 25 

OPEs, via radical formation consisting of peroxide moieties (-O-O-) under acidic conditions. 26 

However, selectivity for specific OPEs is hampered by the ubiquitous background of H2O2. Herein, 27 

we report the differentiation of hexamethylene triperoxide diamine (HMTD), triacetone 28 

triperoxide (TATP), and methyl ethyl ketone peroxide (MEKP) by specific flow injection analysis–29 

CL (FIA-CL) signal profiles, after H2SO4 treatment. The radical degradation pathway of each 30 

structure, and its corresponding FIA-CL profile, was explored using mass spectrometry to reveal 31 

the rapid loss of -O-O- from TATP and HMTD structures, while MEKP formed CL signal-sustaining 32 

oligomers, as opposed to the immediate attenuation of H2O2. The CL response for OPEs in an 33 

aqueous media, measured via the described FIA-CL method, enabled ultra-trace limits of 34 

detection down to 0.40 µM for MEKP, 0.43 µM for HMTD, and 0.40 µM for TATP (combined linear 35 

range 1-83 µM with 95% confidence limit, n = 12). Expanded uncertainties of measurement (UM) 36 

of MEKP = ±0.98, HMTD = ±1.03, and TATP = ±1.1 (UM included probabilities of false positive and 37 

false negative as well as standard deviations of % recoveries and limit of detections of OPEs). 38 

Direct aqueous sample introduction via FIA-CL thus offers the prospect of rapid and selective 39 

screening of OPEs in security-heightened settings (e.g., airports), averting false positives from 40 

more ubiquitous H2O2. 41 

Keywords: Acid hydrolysis, direct flow injection analysis-chemiluminescence, hydrogen peroxide, 42 

organic peroxide explosives, rapid screening, selectivity  43 
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Introduction 44 

Organic peroxide explosives (OPEs) are a special class of explosives not used for military purposes 45 

due to their highly unstable state. OPEs, such as hexamethylene triperoxide diamine (HMTD) and 46 

triacetone triperoxide (TATP), can be synthesized in ‘home laboratories’[1]. Crude synthesis of 47 

OPEs has been possible because their ingredients, including mineral acids (e.g. nitric, sulfuric or 48 

hydrochloric acids), acetone, and hydrogen peroxide (H2O2), are easily accessible. This along with 49 

their rapid and simple synthesis has prompted exploitation of OPEs in several public 50 

incidences[2].  OPEs are often chosen for such activities because HMTD and TATP  achieve near 51 

military-grade detonation velocity, calculated as 60% and 88% of the velocity of 2,4,6-trinitro 52 

toluene, respectively[3]. Methyl ethyl ketone peroxide (MEKP), an emerging OPE, is also claimed 53 

to achieve 51% detonation velocity compared to ammonium nitrate explosives[4]. Considering 54 

their explosivity and illegal use in public places, rapid screening and selective detection of OPEs 55 

is highly important. 56 

One issue that inhibits the selective detection of OPEs via chemiluminescence (CL) is the presence 57 

of a ubiquitous “background” H2O2, originating from household products such as hair dyes and 58 

nail polish remover. This ubiquitous signal poses the risk of false positives during the rapid 59 

screening process. All OPEs contain the peroxy -O-O- moiety, originating from the H2O2 utilized 60 

in their synthesis. The instability of the -O-O- bond within an OPE structure presents a challenge 61 

when attempting to differentiate an OPE signal from background H2O2 in a rapid screening 62 

scenario; a currently unresolved concern. Krivitsky et al. (2019) have reported electrode sensing 63 

of OPE vapor from collected air, unhindered from background H2O2[5]. However, it was noted 64 

that at H2O2 concentrations beyond 150 ppm (4.4 mM) generate peaks at the same voltages as 65 
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TATP and HMTD, raising the possibility of false positives at the higher concentrations of H2O2 that 66 

are expected from household products. To account for the potential broad range of H2O2 that 67 

can be found in security settings, research on developing rapid and selective OPE screening is 68 

warranted. 69 

Several degradation mechanisms of H2O2 in aqueous solutions (e.g., acid/base hydrolysis, 70 

photolysis, redox and enzymatic degradation) could be employed to eliminate the interference 71 

of background H2O2. Of these, acid hydrolysis is the simplest and most inexpensive approach that 72 

could be incorporated into a microfluidic system for interference-free OPE screening. Therefore, 73 

we initially demonstrated a new screening approach for OPEs in aqueous samples, which involved 74 

acid hydrolysis to differentiate OPEs from background H2O2. Following this, we developed a new 75 

analytical method via flow injection analysis-CL (FIA-CL), which enabled ultra-trace detection of 76 

OPEs in a time-sensitive manner without onerous sample preparation compared to conventional 77 

detection methods. 78 

Conventional detection of OPEs has included electrochemical[5, 6], acid-hydrolysis[7], 79 

photolysis[2] , and reverse phase high performance liquid chromatography-Fourier transform 80 

infrared (RP HPLC-FTIR)[8]. Additionally, surface-assisted laser desorption/ionization-time of 81 

flight-mass spectrometry (SALDI-TOF-MS) and direct analysis in real time (DART-MS) were 82 

employed in analyzing liquid OPE samples spread on ceramic tiles[9]. For liquid OPE samples 83 

collected on vendor supplied polytetrafluoroethylene filters, ion mobility -tandem mass 84 

spectroscopy (IM-MS/MS) was employed [10]. The analysis time, as is typically required by these 85 

classical methods, varies between 1 and 30 min, with most requiring large laboratory-grade 86 

instrumentation, arduous sample preparation, and analytes in volatile/aerosol forms, which may 87 
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limit their availability in many on-site investigations [11].  Conversely, solid OPE samples were 88 

analyzed by stand-alone IMS with a built-in Faraday plate electron capture detector, reported by 89 

Oxley and co-workers[12]. The IMS systems were reported to facilitate fast analysis time (<7 90 

sec)[13], but the sample preparation time might take up to 16 days for specific OPEs (e.g., TATP) 91 

in explosive-mode (E-mode or negative IMS mode), mainly due to low detection sensitivity and 92 

high detection limit or LOD (3.9 µg for TATP) in E-mode[12]. In fact, the reported LODs of TATP 93 

(0.8 µg) in the studies of Oxley et al. (2008), were achieved in narcotics-mode (N-mode or positive 94 

IMS mode) through (1) placing human hair directly into the IMS desorption chamber, (2) 95 

swabbing hair with a sample trap and its subsequent placement within the vapour desorption 96 

unit, and (3) adding acetonitrile extract of hair to sample trap and then sample trap to desorption 97 

unit[12]. Ideally, during a rapid screening scenario, a swab is preferable to placing bodily 98 

components into the IMS desorption unit. This together with the high vapor pressures of many 99 

OPEs exacerbate the problem of an increased LOD for trace residual OPEs on a surface, due to 100 

their rapid volatilization in ambient air. Additionally, the selection of positive or negative ion 101 

modes in IMS appears to be a limiting factor in controlling the sensitivity and detection limits of 102 

OPEs via IMS. For example, whilst TATP was reported to be detected only in positive mode[12, 103 

14], HMTD was shown to be determined in both positive and negative modes. Recently, HMTD 104 

was reported to form only negative product ions in the IMS’s drift tube, thereby, acquired in 105 

negative detection modes[15]. This, together with a conventional screening system’s inability to 106 

directly analyse aqueous OPE samples and a reliance on onerous sample preparation prior to 107 

their transfer to a costly thermal desorber[16, 17], demands an alternative screening system for 108 

OPEs. 109 
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OPEs are highly sensitive to impact, friction, and temperature change[18], readily releasing 110 

compounds with unstable peroxy moieties (e.g. unstable C3H6O2 isomers from TATP)[19], that 111 

are detectable at trace levels in various sample matrices via the conventional analytical methods 112 

previously mentioned. In these contexts, rapid microfluidic detection systems such as FIA-CL, that 113 

negate selecting negative/positive modes, presents one of the fastest, most portable, and widely 114 

employed analytical applications [20]  for direct (without sample preparation) detection of OPEs 115 

in aqueous solutions. Previous studies focused on indirect OPE detection (measuring the 116 

concentration of released H2O2) via acid hydrolysis and photolysis[2, 7], involved lengthy sample 117 

preparation. To date, direct detection of OPEs (i.e. in situ without sample preparation) in aqueous 118 

forms via a portable microfluidic platform has not been reported.  Therefore, in this study, we 119 

present the development of a rapid and selective approach of differentiating OPEs from residual 120 

H2O2 via acid hydrolysis, aiming towards their subsequent direct detection (in case of a positive 121 

screening result of OPE) in aqueous forms via FIA-CL without onerous sample preparation.   122 

Materials and Methods 123 

Chemicals and Consumables 124 

Analytical grade chemicals were used throughout. 30% (w/w) H2O2 was purchased from Sigma 125 

Aldrich, Australia. Acids were selected based on gradually lower acid dissociation constants. HPLC 126 

grade 98% sulfuric acid (H2SO4), nitric acid (HNO3), acetic acid (CH3COOH) and lactic acid (C3H6O3) 127 

were purchased from Sigma Aldrich, Australia. OPE standards (99.9% HMTD and TATP in 128 

acetonitrile) were obtained from AccuStandard, USA, and MEKP was purchased from Sigma 129 

Aldrich, Australia. Various oxidizers/reducers such as potassium permanganate (KMnO4), 130 



Page 7 of 30 
 

potassium dichromate (K2Cr2O7), orthoperiodic acid (H5IO6), L-ascorbic acid (C6H8O6), and 131 

potassium iodide (KI) were purchased from Sigma Aldrich, Australia. More information about CL 132 

agents and CL assay preparation are given in supplementary information (Table S1). The 133 

fluoroethylene polymer (part no. 1677L) tubing and accessories (e.g., nuts and ferrules) to 134 

construct the microfluidic FIA-CL system were purchased from Idex Health and Science, USA. 135 

Instrumentations 136 

A Hamamatsu head-on photomultiplier tube (PMT) was employed for CL measurements. The 137 

PMT housed a built-in power supply circuit and a low noise amplifier (H7827-001, Japan) with 138 

maximum emission sensitivity at ~430 nm wavelength. The circular CL reaction flow cell (CNC 139 

milled; 2 mm nominal depth) was sealed with precision-cut quartz glass, having 99% 140 

transmittance of the visible wavelength. A powerchrom data acquisition unit (eDAQ Pty Ltd., 141 

Sydney, Australia), installed with a powerchrom software (version 2.8.3), was employed for 142 

analyzing the PMT data. A Rheodyne manual injector (6 port 2 position Make-Before-Break 143 

(MBB™) Model 7725i, Merck Pty Ltd., Sydney, Australia) was connected to a peristaltic pump and 144 

used as an automated sample loader. Fluid propulsions were regulated in a pulse-free manner 145 

by micro-pressure regulators (IR 1000-01, SMC Corporation, Japan), which were connected to 146 

500 mL Schott glass bottles via pneumatic tubing (6 mm ID, SMC Japan). Liquid flow rates were 147 

precisely monitored with a Sensirion electronic microfluidic flow meter (SLI-1000-FMK, Sensirion 148 

AG, Switzerland). A schematic representation of instrumentations is shown in Figure 1.  149 

 150 
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 151 

Figure 1. Schematic of rapid and selective screening of OPEs via FIA-CL platform showing the 152 

addition of sulfuric acid in a flow system as a rapid screening step that differentiates the 153 

chemiluminescence of luminol via release of peroxy moieties from OPEs from that of ubiquitous 154 

H2O2. PMT= photomultiplier tube. Known concentrations of OPEs on pig skins were deposited 155 

and swabbed from the skin surface within 10 min of deposition. Swabs were dipped in 200 mL 156 

deionised water. The FIA-CL method has two steps: 1. Rapid and selective differentiation of OPEs 157 

from H2O2 by comparing initial peaks without acid with subsequent peaks with acid, and 2. In 158 

case of a positive screening result of OPE, quantitation of OPE via analysing the initial peaks 159 

without acid from step 1. For optimal composition of CL assay, please refer to Table S1 in the 160 

supplementary information.  161 

FIA-CL method of screening and selective differentiation of OPEs  162 

The aim of this study was to understand the screening and differentiation of OPEs from H2O2 163 

using FIA-CL as a suitable microfluidic platform. As Figs. 2-4 were focused on understanding the 164 

principles of differentiating OPEs from H2O2 during acid hydrolysis, equal concentrations of OPE 165 
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and H2O2 (~9-10 µM) hydrolysed by 6 M H2SO4 were injected into the FIA-CL system following the 166 

parameters given in Table 1. The experiment described in Fig. 5 aimed to illustrate the effect of 167 

dissociation constants of different acids on the degradation of OPE. Hence, in Fig. 5, 2.5 µM MEKP 168 

hydrolysed by 1 M of various acids were injected. In our effort to illustrate the determinative step 169 

in case of a positive OPE screening result, the experiment in Fig. 8 demonstrated whether a single 170 

swab loaded with OPE from a model skin surface can quantitatively detect OPEs or not. Hence, 171 

in Fig. 8, 10 µL 30 mM OPEs were swabbed within 10 minutes of deposition on 25 mm x 25 mm 172 

cut of pig skins and dipped into 200 mL DI water blank, followed by injection into the FIA-CL as 173 

per the optimised parameters of Table 1.  174 

The CL line of Fig. 1 (i.e., line connecting luminol bottle to PMT) was fitted with the flow meter, 175 

and hence the flow rate in this line was precisely measured and observed on the computer 176 

screen. The carrier line of Fig. 1 (i.e., line connecting H2O bottle to PMT) did not have a flow 177 

meter, and hence flow rate in this line was only controlled via the SMC pressure regulators. For 178 

optimum performance of both pressure regulators, we maintained a constant 60 psi building 179 

pressure (termed as regulated back pressure) at the inlet. We aimed to maintain a rapid analysis 180 

time (<60 sec from injection to detection) and found that 20 psi in CL line and 50 psi in carrier 181 

line resulted reproducible peaks within ~30 sec of the injection. For this FIA set-up, the CL line 182 

showed a flow rate of 250 µL min-1 via the flow meter. For maximum reproducible peak intensity, 183 

we employed the similar CL assay used in our previous FIA-CL studies [2, 7]. Table 1 provides the 184 

FIA-CL operating conditions.  185 

Table 1: Optimised operating conditions of the FIA-CL system for selective OPE detection (Fig. 1). 186 

Abbreviations: internal diameter (ID); outside diameter (OD). 187 
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FIA-CL parameter Optimisation range tested Final optimal value 

Sample loop 20 - 100 µL 40 µL  

CL line (ID) 1.5- 2 mm 1.5 mm 

CL line (OD) 3 mm 3 mm 

Carrier line (ID) 1.5- 2 mm 1.5 mm 

Carrier line (OD) 3 mm 3 mm 

CL pressure 20-40 psi 20 psi 

Carrier pressure 20-50 psi 50 psi 

Regulated back pressure 60 -100 psi 60 psi 

PMT gain range 980- 1000 mV 986 mV 

CL flowcell  2 mm ID; 1 mL nominal volume 2 mm  

Pneumatic line (ID) 6 mm 6 mm 

Fixed assay conditions 

CL assay luminol (0.51 mM) and cobalt chloride (9.96 µM CoCl2.6H2O) in aqeous media 

with Na2HPO4.7H2O (50 mM) and NaOH (40 mM) 

Carrier media Millipore 18.2 MΩ cm at 25 °C deionised water 

 188 

Characterization of Acid Degradation Products of OPEs 189 

The acid degradation products of OPEs were investigated by direct sample analysis-time of flight 190 

mass spectrometry (DSA-TOF MS), which consisted of a mass spectrometer (AxION2 TOF MS, 191 

Perkin Elmer, USA) coupled with an ionization source (AxION® DSA™, Perkin Elmer, USA). 192 

Acquisition parameters were set at 10 spectra/s, pulsed, in positive mode. Ion source voltages 193 

included: needle 2000 V, endplate 200 V, and capillary 800 V. The drying gas flow rate was 194 

maintained at 3 L min-1. Nitrogen was used as the ionization gas for all DSA-TOF MS experiments, 195 

and the atmospheric pressure chemical ionization (APCI) heating temperature was set to 220 °C. 196 
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The mass spectra for OPEs were collected in full scan acquisition mode (m/z 50 – 2000). APCI-L 197 

low concentration tuning mix (G1969-85010, Agilent Technologies) was employed for DSA 198 

calibration. Initially, 5 µL of OPEs (1 µM), prepared in ultrapure water (UPW), was deposited on 199 

the sample mesh of DSA-TOF-MS to observe their mass spectral signature. Then, 1 µL of 200 

concentrated OPEs (1:4 v/v OPE standard: UPW) was placed on the sample mesh, followed by 1 201 

µL of concentrated OPEs in 3.25 µL UPW and 0.75 µL 6M H2SO4. 202 

Desorption ionization on silicon (DIOS) TOF MS (Ultraflextreme, Bruker, Germany) was also 203 

employed to confirm the acid degradation products of OPEs. The DIOS surface was fabricated in-204 

house at the Melbourne Centre for Nanofabrication (MCN)[21]. After calibration of the 205 

instrument with cesium iodide clusters[21], acquisition was obtained in reflectron positive mode 206 

using a 1 KHz Smartbeam™-II laser, with a 100 µm laser diameter, collecting 1000 shots @ 1000 207 

Hz in a random walk pattern. Spectra were collected in the 40 - 3500 Da range. For DIOS TOF MS, 208 

initially, 0.2 µL of standard OPE sample was deposited on the DIOS surface. Then, 1 µL of 209 

concentrated OPEs was spiked with 1 µL 6M H2SO4. From this mixture, 0.2 µL of aliquot was 210 

placed directly on the DIOS surface for MS analysis. 211 

Results and Discussions 212 

Since H2O2 could be potentially present in an OPE screening environment, we initially determined 213 

residual H2O2 concentration on cotton (shirt), pig skin, acrylic (false nails), and synthetic human 214 

hair; mimicking possible areas where H2O2 contamination might be present. Swabs of 6% 215 

household H2O2 from these surfaces revealed that pig skin elicited the most reproducible FIA-CL 216 

signal, compared to other models (Figure S1). Residual H2O2 recovery from swabs (maximum 217 
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value estimated to be 79 ± 1.4%) were then tested by spiking the sterile polystyrene surface with 218 

10 µL household 6% H2O2 (Figure S3). Its recovery efficiency of H2O2 for other surfaces is shown 219 

in Table S2.  As background H2O2 may interfere with direct OPE detection, we focused on 220 

eliminating this using various oxidizing/reducing agents, namely potassium permanganate 221 

(KMnO4), potassium dichromate (K2Cr2O7), orthoperiodic acid (H5IO6), ascorbic acid (C6H8O6), and 222 

potassium iodide (KI) (Figure S4 & S5). The intent was to conduct a selective analysis to 223 

differentiate OPEs from background H2O2. Our results indicated that neither of these 224 

oxidizers/reducers met that purpose (Figure S6). This led us to employ acid hydrolysis as a 225 

selective screening approach to differentiate OPEs from H2O2. A direct FIA-CL approach to rapidly 226 

detect OPEs, without onerous sample preparation, would be more fitting with screening in a 227 

security environment, and amenable to miniaturization into a microfluidic system.  228 

Distinguishing H2O2 from the OPEs 229 

Initially, the decomposition of H2O2 in the presence of H2SO4 was investigated. The addition of 230 

H2SO4 to H2O2 caused degradation of H2O2 and resulted in incomplete reaction between its 231 

degradation products and luminol, as evident in the broadening of the peaks (heights of peaks 4-232 

6 compared to those of peaks 1-3), as shown in Figure 2. Such broadening of the peaks was due 233 

to the decreasing pH level (pH 2.52 upon addition of H2SO4) in the FIA-CL system. The low level 234 

of pH was probably responsible for an incomplete chemiluminescence (CL) reaction in the system 235 

(as opposed to optimal pH level of ~9-11), which was confirmed by our previous study [7], 236 

reporting the pH dependence of CL reaction between H2O2 and luminol. It was further stated that 237 

the CL signals markedly reduced at pH 8, showing no signal at pH 2.5[7]. The slight increase in the 238 

signals of peaks 1-3 from 3 consecutive injections of 10 µM H2O2 in Fig. 2 might have resulted due 239 



Page 13 of 30 
 

to instantaneous fluctuation in flow regime during injection via the manual injector, although 240 

such minor fluctuations do not affect the measurement as long as the relative standard 241 

deviations (RSDs) of signals were within acceptable limits for analytical measurement (Burrows 242 

and Parr 2020) [22].  Additionally, we emphasize that Fig. 2 is intended towards finding 243 

differentiating phenomena during acid hydrolysis of H2O2, rather than quantitation of H2O2. 244 

Hence, the increase in peak heights 1-3 in Fig. 2 did not affect our investigation of finding the 245 

differentiating phenomena. For quantitative analyses, please see our discussions of Fig. 8 later in 246 

the ‘Direct Detection’ section. Additionally, we maintained a constant gain (i.e., output voltage) 247 

of PMT and almost equal and comparable concentrations of OPE and H2O2 (~9-10 µM) in our 248 

attempt to find the differentiating phenomena amongst these substances in Figs. 2-4. 249 

 250 

 251 

Figure 2. Showing attenuation of chemiluminescence signal intensity (average signal to noise or 252 

S/N of peaks 4-6 = 0.5 V ± 0.05) following spiking H2O2 (200 mL of 10 μM) with H2SO4 (50 μL of 253 

6M) compared to signal intensity without H2SO4 (average S/N  of peaks 1-3 = 1.6 V ± 0.3). 254 

[injection volume: 40 μL, flow rate: 250 µL min-1 in CL line, pressure: 20 psi in CL line and 50 psi 255 
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in carrier line; CL assay: 0.51 mM luminol + 9.96 µM CoCl2.6H2O in 50 mM Na2HPO4.7H2O and 40 256 

mM NaOH buffer]. Approximately 7.3 fold broadening of peaks 4-6 (full width at half maxima or 257 

FWHM = 0.58 ± 0.08 min) resulting from acid hydrolysis of H2O2 as compared to peaks 1-3 (FWHM 258 

=0.08 ± 0.002 min)   259 

Notably, on the addition of H2SO4 (50 μL of 6 M), MEKP generated sustained and saturated 260 

luminescence signals, reaching the maximum voltage limit coming from the PMT detector (peaks 261 

4, 5 with H2SO4 compared to peaks 1-3 without H2SO4) (Figure 3). The signal response returned 262 

to original peak intensity on removal of H2SO4 (peaks 6-8 in Figure 3). A similar saturated signal 263 

was achieved even when a 2-fold reduction of volume of H2SO4 was applied, indicating release of 264 

peroxy (-O-O-) moieties either from direct degradation or from oligomeric derivatives of OPEs, 265 

which can form through hydrolysis and acid condensation/polymerization (Figure 4; volume of 266 

6M H2SO4 down to 25 µL from 50 µL as in Figure 3). The acid-catalyzed (e.g. using H2SO4) stepwise 267 

degradation pathway of OPEs, marked by the release of H2O2 and acetone, was proposed by 268 

Armitt et al. (2008)[23]. This proposition is also supported by Tsaplev (2012)[24], reporting that 269 

the rate of active oxygen (i.e. H2O2) formation from TATP increased with increasing acid 270 

concentrations, which was more prominent in H2SO4 than in HCl. 271 

 272 
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 273 

Figure 3. Effect of acid hydrolysis on MEKP (peaks 1-3: 10 µM MEKP with average peak signal to 274 

noise or S/N= 6.1 ± 0.4 volts, peaks 4-5: 10 µM MEKP after H2SO4 treatment resulting signal 275 

saturation), showing remarkable increase in signal intensity exceeding the FIA-CL detector’s 276 

capacity due to the release of peroxy moieties from MEKP, and peaks 6-8 (average S/N = 6.3 ± 277 

0.01 volts) returned to normal peak intensity when H2SO4 was removed. The relative standard 278 

deviation (RSD %) of six MEKP peaks (i.e., 1-3 and 6-8) = 4.2%, which is well within the acceptable 279 

RSDs at ppb level of analyte concentrations [25]. [injection volume: 40 μL, volume of 6M H2SO4: 280 

50 µL, flow rate: 250 µL min-1 in CL line, pressure: 20 psi in CL line and 50 psi in carrier line; CL 281 

assay: 0.51 mM luminol + 9.96 µM CoCl2.6H2O in 50 mM Na2HPO4.7H2O and 40 mM NaOH buffer]. 282 

 283 

Conversely, it was interesting to note how the CL signal intensity changed when lower 284 

concentrations of H2SO4, along with nitric acid (HNO3), acetic acid (CH3COOH), and lactic acid 285 

(C3H6O3) were used. Noticeably, lowering acid concentrations from 6 M (Figure 4) to 1 M (Figure 286 

5) not only increased the pH value in the FIA-CL system, but also enabled overall sharper peak 287 

shapes with reduced peak tailing and splitting (as compared to Figure 4). Such signal behavior of 288 

the system also indicated more complete CL reactions. 289 
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 290 

 291 

Figure 4. Consistent boost of signal intensity when treating OPEs by H2SO4 with a 2-fold reduction 292 

in the volume of acid used. Peaks 1-3: 10 µM MEKP (average signal-to noise or S/N 7.1 ± 1.1 volts), 293 

peaks 4-6: 10 µM MEKP after H2SO4 treatment resulting signal saturation as in Fig. 3, peaks 7-8: 294 

9.6 µM HMTD (average S/N 0.51 ± 0.01 volts, FWHM = 0.351 ± 0.001 min), peaks 9-11: 9.6 µM 295 

HMTD after H2SO4 treatment (FWHM = 0.95 ± 0.05 min, thus acid hydrolysis resulting ~2.7 fold 296 

HMTD peak broadening compared to peaks 7-8), peaks 13-14: 8.9 µM TATP (average S/N 0.071 297 

± 0.001 volts, FWHM = 0.32 ± 0.01 min, and peaks 15-17: 8.9 µM TATP after H2SO4 treatment 298 

(FWHM = 0.55 ± 0.04, thus acid hydrolysis resulting ~1.72 fold TATP peak broadening compared 299 

to peaks 13-14]. [injection volume: 40 μL, volume of 6M H2SO4: 25 µL, flow rate: 250 µL min-1 in 300 

CL line, pressure: 20 psi in CL line and 50 psi in carrier line; CL assay: 0.51 mM luminol + 9.96 µM 301 

CoCl2.6H2O in 50 mM Na2HPO4.7H2O and 40 mM NaOH buffer]. 302 

 303 

Observing the peaks in Figs. 4, we emphasize that in our attempt to find the differentiating 304 

phenomena during acid hydrolysis of OPEs, the on and off acid-intervention into the system in 305 

Figs. 4 might have resulted pH fluctuations in the system, thereby affecting the resulting peak 306 

heights and shapes of OPEs.  Nevertheless, Figs. 2 -4 established the differentiating phenomena 307 

during acid hydrolysis (i.e., signal boost in case of OPEs and signal attenuation in case of H2O2). 308 

 309 
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The dissociation constant values of acids (pKa) had a pronounced effect on protonating the MEKP 310 

structure and its consequent release of peroxy moieties, which is observed in Fig. 5 through the 311 

gradually reduced signal intensities starting from 1 M H2SO4 (pKa = -10.0) and ending with 1 M 312 

CH3COOH (pKa = 4.75). Figure 5 further indicated that no other acids except H2SO4 were found to 313 

be capable of differentiating the residual H2O2 peaks from that of OPEs. Such differentiation was 314 

evident when 1 M of H2SO4 was added to the OPE samples, releasing significant amount of 315 

H2O2/derivatives containing peroxy moieties from this OPE structure and causing an increase of 316 

the peak signals unlike nitric (HNO3), lactic (C3H6O3) or acetic (CH3COOH) acids. Acetic acid’s 317 

inability to degrade OPEs (e.g. TATP) was also observed by Armitt et al. (2008)[23]. Additionally, 318 

as acid hydrolysis continuously progresses within each sample that were repeatedly injected, the 319 

‘not so good’ repeatability of the peaks in Fig. 5 (e.g., amongst peaks 3-5, or amongst peaks 6-7 320 

and so on) is expected after the start of acid treatment. From the above discussion, we propose 321 

that H2SO4 can be employed for selective differentiation of OPEs from residual H2O2.  322 

 323 

 324 
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Figure 5. Comparison of signal intensities when MEKP (2.5 µM) treated with 1 M acids with 325 

gradually reduced acid dissociation constant values. [peaks 1-2: without acid treatment, peaks 3 326 

-5: after H2SO4 treatment (pKa = -10.0), peaks 6-7: after HNO3 treatment (pKa = -1.5), peaks 8-9: 327 

after C3H6O3 treatment (pKa = 3.86), peaks 10-11: after CH3COOH treatment (pKa = 4.75)]. 328 

[injection volume: 40 μL, volume of acids: 10 µL each, flow rate: 250 µL min-1 in CL line, pressure: 329 

20 psi in CL line and 50 psi in carrier line; CL assay: 0.51 mM luminol + 9.96 µM CoCl2.6H2O in 50 330 

mM Na2HPO4.7H2O and 40 mM NaOH buffer]. The gradual increase in the degree of acid 331 

hydrolysis of 2.5 µM MEKP via utilizing stronger acids is shown in the inset.  332 

Acid Condensation Polymerization of OPEs 333 

To understand how each OPE generates a specific chemiluminescence profile, and hence 334 

generates selectivity in the FIA-CL response, we used mass spectrometry to determine the effect 335 

of H2SO4 on OPE structure. DSA-TOF-MS detected both MEKP and HMTD, as well as their H2SO4 336 

acid degradation products. When H2SO4 was applied to MEKP, a MEKP dimer was detected at 337 

m/z 199.2086 as well as higher order oligomers such as, trimer at m/z 287.2769, tetramer at m/z 338 

322.5292, pentamer at 503.4861, and a Na+ adduct ion of hexamer at m/z 583.4478 (Figures 6a-339 

b). The formation of MEKP’s oligomers via acid condensation polymerization in acidic 340 

environment has been previously reported by Milas and Golubovic (1959)[26] and Yuan et al. 341 

(2005)[27]. All these oligomers of MEKP contain multiple numbers of peroxy (-O-O-) moieties, 342 

and higher order MEKP oligomers contain more peroxy moieties than the lowers order oligomers. 343 

The chemiluminescence (CL) reaction in our proposed FIA-CL approach is a cobalt catalysed 344 

luminol CL reaction with maximum emission at 425 nm. Burdo and Seitz (1975) [28]have reported 345 

that a cobalt- H2O2 complex is the essential Intermediate required for cobalt catalysed luminol 346 

CL. As (-O-O-) moieties are common in MEKP acid-hydrolysates as well as in H2O2, we expect 347 

similar cobalt catalysed CL reactions between MEKP oligomers and luminol. Hence, the increased 348 
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presence of these peroxy moieties leads to more intense CL, thereby likely to contributing to the 349 

saturation of FIA signals as demonstrated in Figure 4 (peak heights 4-6 compared to peaks 1-3). 350 

The DSA-TOF-MS analyses further revealed complete degradation of HMTD (m/z 209.1267) and 351 

its dialdehyde derivative tetramethylene diperoxide diamine dialdehyde (TMDDD) (m/z 352 

207.1487)[29] into decomposition products[30], identified as [C3H7ON+H]+ at m/z 74.097, 353 

[2(CHO)NH] at m/z 73.0735, and [C3H2O+H]+ at m/z 55.0579 (Figures 6c-d). The release of the 354 

peroxy moiety (-O-O-) from the completely degraded HMTD and TMDDD during H2SO4 hydrolysis 355 

resulted in the sharp increase in FIA signals, as it was shown in Figure 4 (peak heights 9-11 356 

compared to peaks 7-8). 357 

 358 
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Figure 6. DSA-TOF mass spectra of OPEs with/without H2SO4 analyzed, (a) MEKP (1 µL of 30.2 µM 359 

in ultrapure water (UPW), (b) MEKP (1 µL of 30.2 µM in UPW) spiked with H2SO4 (4 µL of 6M), (c) 360 

HMTD (1 µL of 96.1 µM in UPW), and (d) HMTD (1 µL of 96.1 µM in UPW) spiked with H2SO4 (4 361 

µL of 6M). 362 

 363 

Employing DSA-TOF MS to analyze TATP appeared to provide inconsistent spectra. This is partly 364 

related to TATP’s high volatility at ambient condition because of its low vapor pressure of 4.65 x 365 

10-2 Torr at 25 °C[31]. Hence, we employed an alternative mild ionization technique, 366 

desorption/ionization on silicon (DIOS) TOF MS for detection and identification of TATP acid 367 

degradation products, which allows partial trapping of the TATP sample into a nanoporous silicon 368 

layer. DIOS TOF MS showed a TATP tetramer at m/z 298.417, following laser 369 

desorption/ionization (Figure 7a). The formation of a TATP tetramer (C12H24O8) is also supported 370 

by Jiang et al. (1999)[32], who reported the existence of a similar oligomer when acetone was 371 

oxidized by 30% H2O2 in presence of tin (IV) chloride pentahydrate (SnCl4.5H20) as a catalyst. The 372 

tetramer was found to further degrade into fragments when TATP was spiked with H2SO4 (Figure 373 

7b). 374 
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 375 

Figure 7. DIOS TOF mass spectra of TATP, (a) before (1 µL of 449 µM TATP) and (b) after spiking 376 

with H2SO4 (1 µL of 449 µM TATP + 1 µL 6M H2SO4). 377 

These fragments correspond to the major moieties found in the TATP tetramer structure, for 378 

example, m/z 190 [M-CH3COOCH3- H2O2], m/z 174 [M-CH3COOCH3-H2O2-CH2], m/z 129 [M-379 

CH3COOCH3-CH3COO-H2O2], and m/z 101 [M-CH3COOCH3-H2O2-CH]. The release of CH3COOCH3 380 

from TATP, when exposed to H2SO4, agrees with the findings of Armit et al (2008)[23]. MS/MS 381 

analysis (Figure S7) of m/z 298 revealed the loss of CH3COOCH3 fragments from the tetramer, 382 

giving rise to moieties 2(CH3)COO- at m/z 74.44, 2(CH3)CO-H at m/z 56.793, and CH2CO at m/z 383 

42.512. The release of such moieties due to thermal decomposition of TATP matched with those 384 

described by Hiyoshi and Nakamura (2007)[33]. The release of these derivatives following spiking 385 

the TATP with H2SO4 confirmed the sharp rise in FIA-CL signal intensity, shown in Figure 4 (peak 386 

heights 12-14 compared to peaks 15-17). Clearly, degradation of OPEs takes place in the presence 387 

of H2SO4, generating several of their oligomers, which trigger a structure specific FIA-CL signal, 388 

differentiating OPEs from background H2O2 and from each other. 389 

Direct Detection of OPEs in FIA-CL System 390 
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After positively screening the OPEs from H2O2, the logical next-step would be their quantitative 391 

detection via FIA-CL. We mentioned ‘direct’ to highlight the fact that in the event of a positive 392 

screening result in the initial screening step, OPEs can be quantified without any further sample 393 

injection and/or conventional sample preparation on a microfluidic platform. The initial OPE 394 

signals without acid as detected in step 1 of the proposed FIA-CL approach can be employed for 395 

OPE quantitation. If the result of rapid OPE screening is negative, then there will be no need for 396 

their ‘direct’ detection. As mentioned in the supplementary information, pig skins being the 397 

closest model to human skin, we swabbed known concentrations of OPEs from pig skins (25 mm 398 

x 25 mm square pieces as shown in Fig. S2) in our attempt to analyse real samples. In this context, 399 

we emphasize that a sample with both OPE and background H2O2 will boost the analytical signal 400 

after acid hydrolysis as OPEs via either losing -O-O- moieties from HMTD and TATP, or via forming 401 

a multiple number of CL signal-sustaining oligomers from MEKP as we have observed in Figs. 2-402 

4. However, such a sample cannot be used for OPE quantitation in the event of a positive 403 

screening result of OPE, as FIA-CL will only produce a single resultant peak (from both OPE and 404 

H2O2) per injection. Therefore, we only deposited known concentrations of OPEs on pig skins and 405 

swabbed the surface of the skin within 10 min of deposition as part of our real sample analyses 406 

in Fig. 8. We accept the fact that quantitation of OPEs will not be applicable via our proposed 407 

method in case OPEs are present with H2O2 in the sample, although it will positively screen the 408 

sample for OPE.    409 

Herein, we present the FIA-CL analytical method to rapidly screen OPE samples and their 410 

subsequent direct detection (in the event of a positive screening result) from the single swab, 411 

allowing ultra-trace level of detection and achieving linearity (linear range 1 – 83 µM, R2 > 0.99) 412 
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(Table S3 & Figure S8). Spontaneously released peroxide moieties from the OPE samples did 413 

result in oxidation of luminol (Figures 8a-c), enabling such direct detection of OPEs.  414 

 415 

 416 

Figure 8. Direct detection of OPEs prior to acid hydrolysis in FIA-CL via injection of (a) MEKP (1.5 417 

µM), (b) HMTD (1.5 µM), and (c) TATP (1.5 µM). Arrow indicates the sample injection time. 418 

[Samples swabbed within 10 min of deposition of 10 µL 30 mM OPEs on pig skins and swab dipped 419 

into 200 mL DI water blank, injection volume: 40 µL, flow rate: 250 µL min-1 in CL line, pressure: 420 

20 psi in CL line and 50 psi in carrier line; CL assay: 0.51 mM luminol + 9.96 µM CoCl2.6H2O in 50 421 

mM Na2HPO4.7H2O and 40 mM NaOH buffer]. For % recovery of three OPEs, please see Table S4 422 

in supporting information. Relative standard deviation (RSD %) of MEKP = 1.6%, HMTD = 0.2% , 423 

and TATP = 6% .   424 

This direct detection scheme of OPEs via FIA-CL, as demonstrated in Figures 8a-c, has great 425 

implications in any rapid in situ OPE screening mechanism as it is independent of any sample 426 

preparation or pre-treatment. This would save significant amount of cost and time unlike 427 

alternative OPE detection methods which rely heavily on onerous sample preparation. Another 428 

important advantage of the developed approach is that it allows swabs to be inserted into a semi-429 

sealed, water interfaced FIA-CL system for OPE detection. Additionally, the system’s analysis time 430 
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of ~12.5 s (from injection to start of peaks in Figures 8a-c) was close to an alternative rapid IMS 431 

analytical time of ~7 s[12].  432 

For comparison of available techniques, we present the LOD values of the current study along 433 

with other detection methods published between 2016-2021 (see Table 2). The LOD values of 434 

TATP and HMTD achieved via direct FIA-CL were found to be comparable or better than that 435 

obtained with other detection methods. The FIA-CL method’s LOD for MEKP (0.40 µM) was found 436 

to be 1000 times lower than that achieved via direct-analysis-in-real-time ionization with mass 437 

spectrometry (DART-MS)[34]. LODs for MEKP have yet to be reported for IMS systems to date. 438 

Achieving LOD values of OPEs without acid hydrolysis clearly indicate that the FIA-CL system can 439 

directly be employed for ultra-trace level detection of these explosives.  440 

Table 2. Organic peroxide explosives (OPEs) detection methods published over the last six years 441 

(2016-2021). 442 

Name of OPEs Sample 
type 

Detection Method LOD Analysis 
time 

Ref. 

MEKP, HMTD & 
TATP 

Aqueous FIA-CL MEKP (0.4 µM) 
HMTD (0.43 µM), & 
TATP (0.40 µM)   

~12.5 s This work 

HMTD & TATP   Air Electrochemical <10 ppb 3 s [5] 
HMTD Liquid Dopant-assisted 

photoionization IMS 
0.2-0.3 mg L-1 10 s [17] 

HMTD & TATP Aqueous Electrochemical HMTD (3.0 mg L-1) 
TATP (1.5 mg L-1) 

>5 min [35] 

TATP Aqueous Electrochemical 0.31 mg L-1 >55 min [36] 
HMTD & TATP Aqueous LC-APCI-QToF-MS HMTD (0.5 ng) 

TATP (10 ng) 
4-8 min [37] 

HMTD & TATP Gaseous Electrochemical HMTD (not reported) 
TATP (8.7 ng) 

60 s [38] 

TATP Gaseous Electrochemical 40 ppb 60 s [39] 
TATP Liquid Colorimetry 0.1 mg L-1 >11 min [40] 
HMTD Liquid Paper spray mass 

spectrometry 
2.5 ng 0.5 min [41] 

HMTD Liquid DART-MS Closed-mesh (250 ng) 
Direct insert (5 ng) 

6-10 s [42] 

TATP Liquid Colorimetry 5.13 x 10-4 mol L-1 –  >17 min [43] 
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3.54 x 10-7 mol L-1 

 443 

Measurement Uncertainty 444 

As discussed earlier, the proposed FIA-CL method has two steps: 1. Rapid and selective 445 

differentiation of OPEs from H2O2 by comparing initial peaks without acid with subsequent peaks 446 

with acid, and 2. In case of a positive screening result of OPE, quantitation of OPE via analysing 447 

the initial peaks without acid from step 1. Therefore, in our proposed method, quality control 448 

and quality assurance (QA/QC) parameters for the detection (i.e., step 2) are always related to 449 

that of screening (i.e., step 1) since only a single swab is proposed for both the steps. As in any 450 

other analytical method, there is always a degree of uncertainty in the screening. The method’s 451 

uncertainty might be caused by 1. False positive, 2. False negative, 3. Reported limit of detection 452 

(LOD) of OPEs in the study 4. Reported % recovery OPEs from the pig skin. The probability of ‘false 453 

positive’ might occur if organic peroxides different from OPEs are present in the sample. Out of 454 

7 different types totaling with a list of 151 organic peroxides (UNECE 2022)[44], the probability 455 

of occurrence of an organic peroxide other than OPEs in the sample would be 1/151 = 0.007.  The 456 

probability of ‘false negative’ might occur in the case of expired CL assay, which will be very rare 457 

as we proposed weekly replacement of the CL assay in our previous studies. We prepared 458 

approximately 100 CL assay over 1 month period and only 1 of those assays expired before 7 459 

days. Hence, in our case, monthly probability of occurrence of expired CL assay were 1/100= 0.01. 460 

We have undertaken a 4-point calibration with three replications of each observation (Fig. S8 in 461 

ESI), hence, there were 12 observations or samples in total. Therefore, Standard deviation (Stdev) 462 

of ‘false positive’= Square root (sample size * probability of occurrence * (1- probability of 463 
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occurrence)) = 0.29 and that of ‘False negative’ = 0.34. The standard deviations of LODs and 464 

percentage recoveries of OPEs were provided in Tables S3 and S4 of ESI, respectively. 465 

The ’Expanded Uncertainty (U)’ of the screening of OPEs would be expressed as (Taylor and 466 

Kuyatt 1994) [45]: 467 

𝑈 = 𝑈𝑐 × 𝐾                                                                                                                                              (1) 468 

Where 𝑈𝑐 = Combined standard uncertainties and K = coverage factor. Here we considered K=2 469 

for normal distribution at 99% interval and Uc was calculated using eqn. 2 according to Taylor 470 

and Kuyatt [45].  471 

𝑈𝑐 = √∑(𝑆𝑡𝑑𝑒𝑣1
2 + 𝑆𝑡𝑑𝑒𝑑𝑣2

2 + ⋯ … … … . . +𝑆𝑡𝑑𝑒𝑑𝑣𝑛
2)                                                     (2) 472 

So, 𝑈𝑐 for MEKP = √∑ 0.292 + 0.342 + 0. 22 + 0.0142)           = 0.489 473 

And 𝑈 for MEKP = 0.489 * 2 = 0.98 474 

Similarly, we calculated 𝑈𝑐 for HMTD = √∑ 0.292 + 0.342 + 0. 262 + 0.0032)           = 0.517, and 475 

And 𝑈 for HMTD = 0.517 * 2 = 1.03 476 

𝑈𝑐 for TATP = √∑ 0.292 + 0.342 + 0. 332 + 0.0412)           = 0.557, and 477 

And 𝑈 for TATP = 0.557 * 2 = 1.1 478 

 479 

Conclusions 480 

The current study demonstrates the ability to differentiate OPEs from background H2O2 using 481 

acid hydrolysis. The mechanism of differentiation of OPE signals from the ubiquitous H2O2 signals 482 

was confirmed by the mass spectral analysis of OPEs with/without H2SO4, corresponding to acid 483 
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condensation polymerization of MEKP and hydrolysis of HMTD and TATP. H2SO4 induced 484 

degradation produced OPE derivatives with clear and selective FIA-CL signal, distinguishable from 485 

the reduced FIA-CL signal intensity of H2O2. These structure specific signals afford the opportunity 486 

of direct and rapid sampling, requiring minimal sample preparation prior to selective analysis, 487 

and distinct from any possible source of confounding H2O2 seen in security screening 488 

environments. The FIA-CL analytical working range had significantly improved LODs (TATP: 0.4 489 

µM, HMTD: 0.43 µM, and MEKP: 0.4 µM). FIA-CL could find the balance between selective 490 

analysis of OPEs and speed of analysis, with an arrangement that is feasibly deployable in security 491 

environments with a need to detect trace OPE levels. 492 
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