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a b s t r a c t 

Smokeless powders (SPs) are one of the most commonly used propellants for ammunition but can also 

be abused as energetic material in improvised explosive devices (IEDs) such as pipe bombs. After a shoot- 

ing or explosion, unburnt or partially burnt particulates may be observed which can be used for forensic 

investigation. SPs comprise mainly nitrocellulose (NC) and additives. Therefore, the characterization of 

both NC and the additives is of significant forensic importance. Typically, the identification, classification, 

and chemical profiling of smokeless powders are based exclusively on the analysis of the additives. In 

this study, information regarding the NC base component was combined with the chemical analysis of 

the additives using two-dimensional liquid chromatography (2D-LC). The system combines size-exclusion 

chromatography (SEC) and reversed-phase liquid chromatography (RPLC) in an on-line heart-cut 2D-LC 

configuration. In the first dimension, the NC is characterized by its molecular-weight distribution (MWD) 

while being separated from the additives. The additives are then transferred to the second-dimension 

separation using a novel analyte-transfer system. In the second dimension, the additives are separated to 

obtain a detailed profile of the low-molecular-mass compounds in the SP. With this approach, the MWD 

of the NC and the composition of the additives in SP have been obtained within an hour. A discrimination 

power of 90.53% was obtained when studying exclusively the NC MWD, and 99.47% for the additive pro- 

file. This novel combination enables detailed forensic comparison of intact SPs. Additionally, no extensive 

sample preparation is required, making the developed method less labor intensive. 

© 2022 The Author(s). Published by Elsevier B.V. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Smokeless powders (SPs) are low explosives typically used as 

 propellant for ammunition but are also encountered in impro- 

ised explosive devices (IEDs) ( e.g. pipe bombs and pressure cooker 

EDs) [1] . SP-based IEDs are of concern among law enforcement 

gencies especially in the USA where SPs are readily available 

2] . In some cases, IEDs can be defused in time, enabling de- 

ailed forensic investigation of the individual parts, including the 
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ain charge. However, after successful activation of the device, SP 

esidues can also be recovered for analysis [ 3 , 4 ]. The identifica-

ion of SP residues is of importance in post-explosion investiga- 

ions to reconstruct the device used [ 5 , 6 ]. In addition, when foren-

ic experts encounter a significant amount of intact SP in a pre- 

xplosion investigation, establishing a chemical profile of the pro- 

ellant could enable a forensic comparison with energetic material 

ound in a suspect’s home or originating from another case. More- 

ver, improved characterization of SPs may be used for quality- 

ontrol (QC) purposes during the manufacturing process. 

There are three categories of SPs: single-base, double-base, and 

riple-base. Single-base SPs contain almost exclusively nitrocellu- 

ose (NC) which is the main propellant in all three types of pow- 

ers. Double-base SPs also contain nitroglycerin (NG) and in triple- 
under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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ase SPs, the propellant mix consists of NC, NG, and nitroguani- 

ine ( e.g. to slow down deterioration). Single- and double-base SPs 

re easily accessible to consumers in certain geographical areas 

notably the USA and other countries where few restrictions exist 

or the possession and use of firearms) whereas triple-base pow- 

ers are primarily used in military-grade weaponry [ 7 , 8 ]. Nitrocel- 

ulose is a structurally complex high-molar-mass polymer that is 

roduced by the nitration of plant-based cellulose using concen- 

rated nitric and sulfuric acid [9] . Additional components include a 

ariety of additives such as stabilizers, deterrents, plasticizers, and 

ash inhibitors [10–13] . These additives are used to control prop- 

rties such as the burn rate and shelf life of the product [14] . 

The identification of common additives in SPs has been widely 

esearched, especially in unburned propellant powders. Already 

n the early 20 0 0s, several forensic science teams investigated 

he analysis of SP additives [ 15 , 16 ]. Wu et al. [17] reported the

se of tandem mass spectrometry (MS/MS) for detecting methyl 

entralite (MC) and later demonstrated the analysis of dipheny- 

amine (DPA) stabilizer and its nitrated derivates in SPs using 

S/MS [18] . In 2009, extraction of additives using methanol fol- 

owed by nano electrospray ionization MS was used to charac- 

erize SPs based on the additive composition [19] . Wissinger and 

cCord [20] demonstrated the use of reversed-phase liquid chro- 

atography (RPLC) coupled to ultraviolet (UV) detection for sepa- 

ating several common SP additives in a single analysis. Later, Laza 

t al. [12] used LC coupled to MS/MS for quantitative analysis of 

thyl centralite (EC), DPA, MC, N-nitrosodiphenylamine (N-NsDPA), 

-nitrodiphenylamine (2- NDPA), and 4-nitrodiphenylamine (4- 

DPA) in gunshot residues retrieved from the hand of a shooter. 

 solid-phase extraction (SPE) sample preparation step was re- 

uired for the purification and concentration of the analytes. In 

013, Thomas et al. [11] introduced an LC-MS/MS method, that was 

apable of analyzing a broad range of SP additives. Subsequently, 

enito et al. [13] reported an LC method coupled to quadrupole 

ime-of-flight (qTOF) MS for organic gunshot residues. In addition 

o LC-based methods, gas chromatography has also been used by 

everal researchers to assess additive composition [5–7] . All of the 

ethods described above require sample preparation to extract the 

dditives and disregard the nitrocellulose component of the SPs. 

ather than exploring the NC as a source of forensic information, 

itrocellulose is seen as an obstructing matrix that needs to be re- 

oved to prevent interference. 

Although the additives in SPs yield useful chemical fingerprints 

hat can be used for forensic identification and comparison pur- 

oses, additive compositions are governed by product specifica- 

ions and are strictly controlled resulting in limited variation across 

atches [21] . Therefore, including the chemical characterization of 

C itself, might significantly increase the options for forensic com- 

arison and attribution given the fact that it is produced from cel- 

ulose obtained from natural sources. Size-exclusion chromatogra- 

hy (SEC) is a useful and robust technique to study the molecular- 

eight distribution (MWD) of nitrocellulose [ 9 , 22 ]. To assess the 

WD, calibration with polymer standards is desired which is com- 

licated by the fact that well-defined NC polymer standards are 

ot available. Still, SEC has been applied successfully for the anal- 

sis of nitrocellulose before by using polystyrene standards as re- 

iewed by de la Ossa et al. [9] . However, to our knowledge, the NC

WD has not been used for forensic comparison before. This work 

nvestigates whether the combination of two orthogonal chemical 

eatures of SPs (NC MWD and additive profile) could significantly 

mprove the options for forensic comparison and attribution. 

To obtain information about these two orthogonal sample fea- 

ures, two-dimensional (2D) LC could be explored. The combina- 

ion of organic SEC and RPLC, with SEC as a first-dimension ( 1 D) 

eparation, in a 2D-LC system has a high likelihood of break- 

hrough as detailed by Pirok et al. [23] . Moreover, the additives 
2 
ay be present at low concentration which introduces the addi- 

ional problem of transferring a large volume of 1 D effluent while 

inimizing the elution peak volume in the second-dimension ( 2 D) 

24] . Active modulation may be used to overcome 2 D breakthrough 

nd analyte focusing. Active modulation approaches include active- 

olvent modulation (ASM) [25] , stationary-phase-assisted modu- 

ation (SPAM) [26] , and thermal modulation [27] . Polymer sep- 

rations have been performed previously by comprehensive 2D- 

C (LC × LC) with organic SEC as 1 D using ASM [ 28 , 29 ]. While

hese approaches demonstrate the power of ASM to prevent break- 

hrough when using strong organic 1 D eluent, the use of LC × LC 

eatures low-volume 1 D effluent fractions. To the best of our 

nowledge, SEC and RPLC have not previously been combined in a 

arge-volume heart-cut format that overcomes both breakthrough 

nd sensitivity issues. 

In this work, an on-line heart-cut 2D-LC method is proposed 

sing SEC as a 1 D separation method and RPLC as a 2 D separa- 

ion mechanism for a comprehensive characterization of SP sam- 

les that does not require extensive sample preparation. We will 

rst address the use of the individual one-dimensional (1D) sepa- 

ation methods. Next, the development of a novel analyte-transfer 

ystem, to enable on-line coupling of organic SEC and RPLC, will 

e described. Finally, the performance of the developed method 

ill be demonstrated using two SPs measured ten-fold. Finally, a 

otal of twenty SPs were compared based on NC MWD and addi- 

ive formulation. By characterizing both the NC MWD and additive 

rofile, the evidential value of matching profiles was significantly 

ncreased. 

. Materials and methods 

.1. Chemicals 

All water referred to in this article was deionized (Ar- 

um 611UV; Satorius, Germany; resistivity 18.2 M �. cm). Un- 

tabilized tetrahydrofuran (THF, HPLC grade), methanol (MeOH, 

LC/MS – CC/SC grade), and acetonitrile (ACN, LC-MS grade) 

ere obtained from Biosolve (Valkenswaard, The Netherlands). 

ichloromethane (DCM) was obtained from VWR chemicals 

Fontenay-sous-Bois, France). Polystyrene standards (PS) for SEC 

alibration were obtained from Polymer Laboratories (now Agi- 

ent Technologies, Church Stretton, Shropshire, UK). All additive 

eference standards: diphenylamine (DPA), N-nitrosodiphenylamine 

N-NsDPA), 2-nitrodiphenylamine (2- NDPA), 4-nitrodiphenylamine 

4-NDPA), methyl centralite (MC), ethyl centralite (EC), dimethyl 

hthalate (DMP), diethyl phthalate (DEP), dibutyl phthalate 

DBP), nitroglycerin (NG), 2-nitrotoluene (2-NT), 3-nitrotoluene 

3-NT), 4-nitrotoluene (4-NT), 2,4-dinitrotoluene (2,4-DNT), 2,6- 

initrotoluene (2,6-DNT), 3,4-dinitrotoluene (3,4-DNT) were ob- 

ained from AccuStandard (New Haven, Connecticut, USA). Formic 

cid (FA, ≥98%) and 2-naphthol were obtained from Merck (Darm- 

tadt, Germany). 

Twenty SPs were obtained from the US National Center for 

orensic Science (NCFS) Smokeless Powders Database Reference 

ollection [21] . 

.2. Instrumentation 

All experiments in this study were carried out using an Agilent 

290 series Infinity 2D-LC system (Agilent, Waldbronn, Germany). 

he system comprised of two binary Infinity I pumps (G4220A), 

ne high speed Infinity II pump (G7120A), one 1200 isocratic 

ump (G1310A) with an 1100 degasser (G1379A), an autosampler 

G4226A), a thermostatted column compartment (G1316C) and a 

alve drive (G1170A), both equipped with an 8-port 2-position 2D- 

C valve (G4236A) of which one was equipped with two 40 μL 
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tainless steel sample loops for 2D-LC (P/N: 5067–5425) and two 

iode-array detectors (G4212A) (DAD) with Agilent Max-Light car- 

ridge cells (G4212–60,008, 10 mm, V det = 1.0 μL). The autosampler 

njector needle was set to draw and eject at 100 μL min 

−1 with 

n equilibration time of two seconds for all experiments. All tub- 

ng and connections were made from stainless steel. The system 

as controlled using Agilent OpenLAB CDS Chemstation Edition 

Version 3.2 (Build 3.2.0.620)) software. For 2D-LC experiments, 

 Shimadzu stainless-steel SUS variable volume mixer (P/N: 228–

5,093–91) (Shimadzu, Canby, USA) and a Waters 50 μL zirconia 

ixer (P/N: 70 0,0 02,911) were added to the system. 

The 1 D column was an Agilent PLgel MiniMix-C (250 × 4.6 mm 

.d., 5 μm, P/N: PL1510–5500). The 2 D column was a Waters Ac- 

uity UPLC BEH C18 (100 × 2.1 mm i.d., 1.7 μm, SKU: 186,002,352). 

s a trap column, an Agilent ZORBAX RRHD Eclipse Plus C18 

50 × 2.1 mm i.d., 1.8 μm, P/N: 959,757–902) was used. In one 

xperiment, the Agilent column was exchanged for a Phenomenex 

ecurityGuard ULTRA Holder (P/N: AJ0–90 0 0) equipped with a UH- 

LC C18 cartridge (2 × 3.0 mm i.d., P/N: AJ0–8775). 

.3. Procedures 

.3.1. Sample preparation 

For 1D-SEC experiments, the SP samples were dissolved in un- 

tabilized THF at a concentration of 1 mg mL −1 and left overnight 

o dissolve. 

For 1D-RPLC experiments, extraction was performed using DCM 

s described by Wissinger and McCord [20] . A total of 20 mg SP

as suspended in 1 mL DCM and left overnight to extract the addi- 

ives. A volume of 400 μL of the resulting solution was transferred 

nto a vial and dried using a gentle stream of N 2 , the remains were

edissolved in 800 μL of H 2 O:ACN (60:40 v/v). 

For the 2D-LC experiments, the SP samples were dissolved at 

 concentration of 1 mg mL −1 in unstabilized THF containing 

.005 mg mL −1 2-naphthol (ISTD) and left overnight to dissolve. 

.3.2. One-dimensional separations 

For the 1D-SEC-UV experiments, the isocratic pump was con- 

ected to the autosampler, which was then connected to the PLgel 

iniMix-C column and linked to the DAD. Unstabilized THF con- 

aining 5 mM FA was used as mobile phase, the flow rate was 

et at 0.3 mL min 

−1 . At this flow rate, the recorded pressure was

ypically around 23 bar. The total analysis time was 12 min. The 

njection volume was set at 20 μL. The DAD monitored the chro- 

atogram at 210 nm as detection wavelength (bandwidth 4 nm) at 

 sampling rate of 2.5 Hz. However, the full UV-spectra from 210 

o 400 nm were also recorded and stored. 
Fig. 1. Schematic overview of the heart-cut SEC-RPLC s

3 
For 1D-RPLC-UV experiments, one of the binary pumps was 

ttached to the autosampler to which the Waters Acquity UPLC 

EH C18 column was connected and subsequently coupled to the 

AD. The solvent compositions and gradient program were based 

n the work of Thomas et al. [11] . Mobile phase A was a mix-

ure of H 2 O:ACN (90:10 v/v) containing 5 mM FA. Mobile phase 

 was a mixture of ACN:MeOH in a (95:5 v/v) containing 5 mM 

A. The flow rate was set at 0.5 mL min 

−1 and the flow was di-

ected through the 6 μL heater in the column compartment. Both 

he heater and the column were kept at 50 °C to lower the oper- 

ting pressures. The exact gradient program is presented in Table 

-1 of Supplementary material. The total analysis time was 10 min. 

n injection volume of 20 μL was employed. The DAD recorded 

he chromatogram at 210 nm as detection wavelength (bandwidth 

 nm) at a sampling rate of 40 Hz, while full UV-spectra from 210 

o 400 nm were also stored for differentiating the chemical iden- 

ity of the investigated additives. 

.3.3. On-line heart-cut SEC-RPLC 

A schematic overview of the instrumental setup used for the 

eart-cut SEC-RPLC experiments is depicted in Fig. 1 . The 1 D de- 

ector (DAD 1 ) and the 2 D detector (DAD 2 ) were operated at 2.5 

nd 40 Hz respectively. Chromatograms were recorded at 210 nm 

nd the full UV spectra from 210 to 400 nm were stored. Both of 

he 2D-LC valves were used in concurrent mode, meaning that the 

0 μL loops for the left valve (Valve 1 ) and the trap column (RPLC 1 )

n the right valve (Valve 2 ) were both filled and emptied in the 

ame flow direction. To Valve 2 , a low-volume piece of tubing ( ∼
.1 μL) was connected to effectively turn the 8-port valve into a 6- 

ort valve. This modification was necessary because a conventional 

-port valve able to operate above 800 bar was not available. The 

rst mixer (Mixer 1 ) had a mixing volume of 0.5 mL and the second 

ixer (Mixer 2 ) had a volume of 50 μL. 

A detailed overview of the time-programming of each module 

n the system and subdivision into the four phases of the method 

s presented in Fig. 2 and Tables S-2, S-3, and S-4. During the SEC 

hase, Pump 1 operated at a flow rate of 0.3 mL min 

−1 THF with 

 mM FA for 9.5 min. Pump 2 and Pump 4 operated at 100% B for 

 min at flow rates of 0.2 and 0.5 mL min 

−1 , respectively to re-

enerate RPLC 1 and RPLC 2 . Then, both pumps changed to 100% A 

here Pump 2 changes to a flow rate of 0.8 mL min 

−1 to be ready

or the next phase where this flow was used to dilute the SEC ef- 

uent. Pump 4 changes to 0.03 mL min 

−1 . 

During the trapping phase, Pump 1 lowered its flow rate to 

.04 mL min 

−1 to enable sufficient dilution of the SEC effluent for 

nalyte trapping on the RPLC column. Valve 1 switched 30 times, 

very 30 s, starting at 10 min to transfer SEC effluent fractions of 

0 μL to the dilution flow and Mixer for dilution at a 1:20 ratio. 
1 

etup used for characterizing smokeless powders. 
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Fig. 2. An overview of the time programming of each module in the heart-cut 2D- 

LC system. For the valves, dark blue indicates position 1 and light blue indicates 

position 2. The method is subdivided into four phases: SEC, Trapping, Focusing, and 

RPLC. (For interpretation of the references to colour in this figure legend, the reader 

is referred to the web version of this article.) 
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Fig. 3. SEC chromatogram of an SP sample 355 (A) and the 20 μL reconstituted ad- 

ditive fraction in RPLC (B). The red dashed line in B represents the solvent-B% as a 

function of time to illustrate the gradient program used for 1D-RPLC. (For interpre- 

tation of the references to colour in this figure legend, the reader is referred to the 

web version of this article.) 
During the focusing phase, Pump 2 reduced its flow rate to 

.01 mL min 

−1 to preserve solvent. Valve 2 was switched to di- 

ect the flow from Pump 4 to RPLC 1 . Pump 4 changed to 100% B 

or 10 min to elute the trapped additives from RPLC 1 . Afterward, 

ump 4 changed back to 100% A and at 45 min it increased its flow 

ate to 0.5 mL min 

−1 to prepare for the next phase. Pump 3 oper- 

ted at a flow rate of 0.2 mL min 

−1 at 100% H 2 O to dilute, at a 3:20

atio using Mixer 2 , and subsequently focus the RPLC 1 effluent onto 

PLC 2 . The optimization of these elution conditions is explained in 

ection 3.2 . 

During the RPLC phase, Valve 2 switched back to position 1 such 

hat the flow of Pump 4 is directed to RPLC 2 . Simultaneously, the 2 D 

radient program was started which was similar to that in Fig. 3 B 

ut remained at 100% B at the end to prepare for the next mea-

urement. Additionally, Pump 1 increased its flow rate to 0.3 mL 

in 

−1 at 50 min to equilibrate for the next measurement. 

.3.4. Data handling 

The SEC chromatograms were converted to PS-calibrated MWD 

y converting the time-axes to a Log(MW) axes to display the 

WDs. For all the 2D RPLC chromatograms, a blank measurement 

as subtracted due to the presence of some system impurities 

f unknown origin. This subtraction was performed using MAT- 

AB R2021a by aligning the most-abundant peak in the blank (see 

ig. S-1) with the same peak in the sample before subtracting the 

lank from the chromatogram. Afterward, the additive peaks were 

dentified by using the Findpeaks function (part of the Signal Pro- 

essing toolbox, R2021a) to obtain the local peak maxima, being 

he 2D retention times, and peak width at half height (2.35 σ ). 

o integrate the peaks that correspond with the known retention 

imes of the additives, a window was integrated that was equal 

o 4.7 σ using trapezoidal numerical integration (trapz function, 

2021a). To calculate the wt% of each additive, the areas of the 

ure additive standards were used as one-point calibration fol- 

owed by correction for the peak area of the internal standard 

ISTD) 2-naphthol which was added to every sample at a known 

oncentration. 
4 
. Results and discussion 

.1. One-dimensional separations 

SEC separations are commonly carried out on columns with a 

elatively large volume (in the order of several mL) as the separa- 

ion power is proportional to the total pore volume [30] . However, 

or the purpose of this study, the aim was to keep the elution vol- 

mes relatively small due to the low flow rates that are typically 

sed in the 1 D separation of a 2D-LC system. Using the MiniMix-C 

olumn, the elution volume of both the nitrocellulose and the ad- 

itives was kept relatively low as the total analysis time at a flow 

ate of 0.3 mL min 

−1 was 12 min, meaning that the total elution 

olume was roughly 3.6 mL. Using 14 PS standards measured in 

riplicate, a calibration curve was constructed (see Figs. S-2A and 

-2B) to calculate the PS-calibrated molecular-weight distribution 

PS-c MWD) of the NC (see Fig. S-2C). It should be noted that, in 

he absence of suitable low-polydispersity NC standards, an accu- 

ate determination of the MWD was challenging. However, the pur- 

ose of this method was to compare MWD of NC in SP samples 

ith high precision, which is possible with PS calibration. Never- 

heless, the degree of nitration of NC may affect its extinction co- 

fficient and with that the shape of the weight distribution. This 

as investigated by inspecting the full, normalized DAD spectra 

hich illustrated that the extinction coefficient was consistent over 

he entire MWD of an SP sample (see Fig. S-3). This indicated that 

he shape of MWD is not influenced by the nitration degree. To 

mphasize that the MWD of NC as established using this method 

ill systemically deviate from the true distribution, the term PS-c 

WD will be used. Because the additives are all low-MW species, 

hey will elute from the column after the NC. As observed from a 

D-SEC measurement of an SP sample (see Fig. 3 A), the additives 

ppear to elute between 9.5 and 11.5 min, corresponding to a vol- 

me fraction of 600 μL. 

Reversed-phase liquid chromatography (RPLC) was used for the 

eparation of the additives present in the smokeless powder sam- 

les. To assess the separation capabilities of the method, 1D-RPLC 

easurements were conducted using an off-line extraction method 

f the additives. Two additive fractions of smokeless powders were 
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ubjected to analysis (see Fig. S-4). From those measurements, all 

ompounds could be recognized by a combination of their RPLC 

etention time and corresponding UV spectrum as was confirmed 

y measuring the individual additive standards (see Figs. S-5 and 

-6). The retention times of 2-NT and 3,4-DNT were nearly identi- 

al, their UV spectra are however slightly different and they may 

e deconvoluted using the DAD spectra. 

To investigate the feasibility of hyphenating the aforementioned 

EC and RPLC methods for smokeless powder characterization, the 

rst experiments were conducted in an off-line manner. In this ex- 

eriment, the additive fraction was manually collected from 9.5 

ntil 11.5 min at the outlet of the DAD used for a 1D-SEC analysis

 Fig. 3 A) of a smokeless powder sample. Subsequently, this fraction 

f additives in roughly 600 μL THF was evaporated to dryness un- 

er a gentle stream of N 2 gas and the remains were redissolved 

n 50 μL of H 2 O:ACN (60:40 v/v). Finally, 20 μL of this solution

as subjected to the 1D-RPLC method described above ( Fig. 3 B). 

or this off-line 2D-LC experiment, the same sample was used 

hat featured in Fig. S-5A. Comparison of the two RPLC separations 

emonstrates similar additive composition. It should be noted that 

n this off-line experiments some unknown contamination was ob- 

erved at 1 min. This was assumed to an artifact of the manual 

ff-line methodology and therefore ignored. This suggests that the 

dditives did elute in the volume that was manually collected dur- 

ng the 1D-SEC measurement and that they can be concentrated 

nd subjected to a 2 D RPLC separation without significant analyte 

oss. Moreover, the off-line 2D-LC experiment demonstrated that 

t would be possible to simultaneously characterize the MWD of 

he NC in SPs as well as the additive composition, two orthogonal 

ample features. Preferably, this process should be automated in an 

n-line manner using a novel modulation interface thereby mini- 

izing manual sample preparation and risk of laboratory errors. 

.2. Development of the modulation interface 

The SEC and RPLC separations were coupled using the instru- 

ental setup presented in Fig. 1 . The coupling of the 1D meth- 

ds introduced several challenges. As explained above, the addi- 

ives elute from SEC in a volume of roughly 600 μL. To ensure that 

ll additives are subjected to the 2 D RPLC separation, this entire 

raction of additives in 600 μL of THF must be sampled and trans- 

erred to the 2 D column while maintaining separation power in the 

econd dimension. THF is a notoriously strong solvent in the con- 

ext of RPLC retention mechanisms. Therefore, additives dissolved 

n THF may exhibit breakthrough when the two separation dimen- 

ions would simply be hyphenated without a dedicated analyte- 

ransfer system. 

To overcome this problem, the SEC effluent was sampled in 

ractions of 20 μL at a time and diluted with a high flow rate of

ater (Pump 2 ) at 0.8 mL min 

−1 such that the analytes could be 

etained on the trapping column (RPLC 1 ). To enable such fraction- 

ng and trapping, the flow rate of the 1 D separation had to be low-

red to 40 μL min 

−1 . This way, the 2D-LC valve could switch every

0 s to subject a 20 μL fraction of additives in THF to the mixer

nd subsequently the trapping column. Another reason to use a 

D-LC valve for this purpose was to ensure that the high pressure 

roughly 750 bar) created by the high dilution flow rate towards 

he trapping column does not damage the DAD or the 1 D SEC col- 

mn which have pressure limits of only 70 and 150 bar, respec- 

ively. The analytes are initially contained on a trapping column 

nstead of directly on the 2 D column due to peak broadening that 

ccurs during trapping as a result of repeated THF injections. 

To investigate on-column trapping, the SEC dimension was 

mitted and a six-component standard mixture of DMP, NG, MC, 

EP, EC, and DBP was prepared for testing purposes at concen- 

rations of 0.05 mg mL −1 each in THF. Where DMP is the least- 
5 
etained and DBP is the most-retained compound on RPLC out of 

ll additives investigated in this study. In this setup, a binary pump 

as connected to the autosampler which was coupled to a 2D-LC 

alve to direct the flow either through the 0.5 mL mixer and sub- 

equently the 2 D column, or to direct the flow through the column, 

ypassing the mixer and reducing dwell volume for gradient elu- 

ion. Finally, the 2 D column was connected to a DAD (see Fig. S-7). 

o simulate 20 μL fractions being sampled, 20 μL of the standard 

ixture was injected using a flow of 100% H 2 O through the mixer 

nd subsequently onto the column. The valve was then switched 

nd the gradient program was started as described in the previous 

ection. To simulate multiple fractions being trapped, multiple in- 

ections of 20 μL were performed before switching the valve and 

tarting the gradient elution (see Fig. 4 ). Due to significant peak 

roadening during trapping, it was necessary to perform trapping 

nd focusing as two separate stages in the overall method. 

It was also investigated whether the trap column (50 × 2.1 mm 

.d.) could be replaced by a small-volume trap (2 × 3.0 mm i.d.). 

owever, contrary to the larger-volume trap column, the additives 

ere found to be insufficiently retained on the small-volume trap 

s these compounds were no longer observed in the 2 D RPLC sepa- 

ation (see Fig. S-8). It should be noted that these traps were from 

ifferent manufacturers and therefore the selectivity may have also 

aried. However, for the purpose of this two-stage modulation in- 

erface, it is not necessary that the selectivity of the stationary 

hase is identical to the column used in the second dimension as 

he trap column is not involved in the actual separation of the an- 

lytes. Therefore, the 50 × 2.1 mm i.d. C18 column was considered 

ptimal to trap the additives from a total volume fraction of 600 μL 

HF using the proposed setup. 

To optimize elution from the trap column, the following setup 

as used, similar to Fig. 1: Pump 2 was connected to the injector 

nd subsequently to Mixer 1 thereby omitting SEC and Valve 1 (see 

ig. S-9). In both of the above-mentioned systems, the same gra- 

ient as in Fig. 3 B was used for elution of the additives while the

AD was operated using the same settings as for the 1D RPLC ex- 

eriments. Step 1: a 20 μL injection of the six-component stan- 

ard mixture was performed and directed through the mixer and 

ubsequently to RPLC 1 . Step 2: the valve switched, Pump 4 pumped 

00% mobile phase B at 30 μL min 

−1 for 10 min to RPLC 1 . The an-

lytes were diluted and mixed using Pump 3 (100% water at 0.2 mL 

in 

−1 ) and Mixer 2 and were finally focused on RPLC 2 . Step 3: the

alve switched, Pump 4 started with the 2 D gradient. 

The effect of elution flow rate and duration was studied and 

he results are displayed in Fig. 5 . As can be seen from this Figure,

he elution volumes of mobile phase B were varied at 150, 225, 

nd 300 μL. This was achieved by either using a lower flow rate 

r altering the elution time. The results demonstrated inadequate 

ransfer of highly retained analytes, like EC and DBP, when using 

ower elution volumes. Moreover, the retention times of the poorly 

etained analytes, like DMP and NG, were further reduced. Never- 

heless, this did not seem to alter the sensitivity of these analytes. 
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Fig. 5. 2 D RPLC separation of a six-component standard mixture using different 

trap-elution conditions, 20 μL min −1 mobile phase B was used for 7.5 min (blue), 

30 μL min −1 for 7.5 min (red), and 30 μL min −1 for 10 min (black). The red and 

black chromatograms are offset on the y-axis for illustration purposes by 350 and 

700 mAU, respectively. (For interpretation of the references to colour in this figure 

legend, the reader is referred to the web version of this article.) 
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herefore, it was concluded that the above-mentioned conditions 

ere optimal, using an elution volume of 300 μL. However, ana- 

yte transfer now significantly adds to the total analysis time with 

oth the 1 D and 

2 D separations taking roughly 10 min individually 

hereas the final analyte-transfer method encompasses 15 min of 
 D effluent fractionation and trapping followed by 18 min of trap 

lution and analyte focusing on the 2 D column. This highly com- 

lex analyte-transfer system was far from ideal but proved to be 

ecessary as demonstrated above where simpler instrumental se- 

ups did not suffice for this application. Nevertheless, errors in cal- 

ulated additive contents might be reduced by using an ISTD in 

very sample in addition to calibration using the full 2D-LC setup. 

.3. On-line heart-cut SEC-RPLC 

A number of smokeless powder sample solutions all at concen- 

rations of 1 mg mL −1 with 2-naphthol as ISTD at a concentra- 

ion of 0.005 mg mL −1 were individually injected and analyzed us- 

ng the developed heart-cut 2D-LC separation system. Fig. 6 shows 

verlays of the obtained PS-c MWD from 

1 D SEC ( Fig. 6 A), and the
 D RPLC chromatograms ( Fig. 6 B) of four different smokeless pow- 

ers samples from the NCFS collection. Variations in the PS-c MWD 

ere observed for these four samples and sample 395 revealed sig- 

ificant differences compared to the others. For samples 355 and 

98, however, the difference in PS-c MWD was minimal. 

Nevertheless, when studying the 2 D separation as well, signif- 

cant differences in the additive composition were apparent be- 

ween all samples. The ISTD (2-naphthol, at 3.52 min) was visi- 

le in all samples. Most notably, sample 315 stands out the most 

n both the 1 D and 

2 D separations. A large amount of nitroglyc- 

rin was present in this sample, revealing its double-base nature 

hereas the other three samples were classified as single-base 

owders due to the absence of this organic nitro-ester. Addition- 

lly, the dominant presence of EC was characteristic for this sam- 

le. Sample 395 also exclusively contained MC in this small sam- 

le set, DPA however appeared to be present in all four samples 

t a similar concentration. DPA as well as EC and MC are used as 

tabilizers in smokeless powders [13] . These results suggest that 

PA might be less suitable for SP differentiation. Sam ple 355 and 

98 both contained 2,4-DNT, which is used as a flash inhibitor, but 

t significantly different levels. Aside from the most obvious peaks 

n the 2 D chromatogram, the presence of distinctive constituents 

t trace levels was also observed including, 4-NDPA and N-NsDPA, 

hich are known degradation products that can be present in the 
6

P in small amounts. These degradation products can be very valu- 

ble features to distinguish products of the same brand and man- 

facturer that have a different shelf life and/or storage conditions. 

verall, these four samples suggest the potential power of the de- 

eloped 2D-LC separation system to assess both the MWD of the 

C as well as the composition of the additives simultaneously. 

oreover, no extensive sample preparation was required compared 

o the 1D-RPLC analysis of the additives. Simply dissolving the 

hole sample in THF with 2-naphthol as ISTD was sufficient for 

nalysis by the SEC-RPLC system. 

Moreover, to assess the robustness of the method, samples 315 

nd 395 have been measured tenfold over the course of a week. 

sing this data, the average SEC chromatogram was calculated 

ith its corresponding standard deviation (SD) at every data point, 

he results are displayed in Fig. 7 A. The corresponding normalized 

S-c MWDs are depicted in Fig. 7 B. The results demonstrate that 

hese samples can confidently be differentiated by their MWD. 

The 2 D RPLC chromatograms of the ten-fold measurements 

ere used to calculate the additive contents in weight percentage 

wt%) using one-point external calibration with and without ISTD 

orrection (see Table S-5). The average wt%, the SD of the wt% and 

he relative SD (RSD) were calculated for all identified additives 

n both samples. The results demonstrated that the errors can be 

reatly reduced by using a one-point calibration corrected for the 

STD peak area. However, when the analyte was present at low 

evels (below 0.3 wt%), the RSD becomes substantial although the 

bsolute error in wt% remains acceptable. Therefore, quantification 

f low-abundant additives was challenging and unreliable but the 

resence of these additives was confirmed using the correspond- 

ng UV spectra. The presence of such traces could therefore still be 

sed qualitatively to compare SP samples. 

.4. Comparison of smokeless powders from different manufacturers 

Twenty SP samples obtained from the NCFS SP database were 

easured in triplicate using the heart-cut SEC-RPLC system. The 

EC and RPLC data were compared separately and the SEC com- 

arison is presented in Table 1 . For the comparison of the NC PS-c 

WDs, the SEC chromatograms were intensity normalized to avoid 
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Fig. 7. Average 1 D SEC chromatograms of samples 315 (blue) and 395 (red) calcu- 

lated from ten-fold measurements over the course of a week (A) and the corre- 

sponding PS-calibrated MWD on a normalized intensity scale (B). The light-shaded 

area represents one SD over the entire chromatograms. (For interpretation of the 

references to colour in this figure legend, the reader is referred to the web version 

of this article.) 

Table 1 

Pair-wise comparison of the sum of all residuals from normalized 1D SEC MWDs 

of twenty SPs, identified by their sample-reference number (SRN). A red highlight 

indicates a sum of residuals from the PS-c MWD comparison below 2 SD (‘in- 

distinguishable’), a yellow color indicates a residual between 2 and 5 SD (‘most 

likely different’) and green shaded cell represent residuals exceeding 5 SD (‘clearly 

different’). 
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ias resulting from total additive content. The MWDs were com- 

ared pair-wise where one MWD was subtracted from the other 

WD to obtain the residuals (as a measure of the difference be- 

ween the shape of the MWD). The sum of the absolute residu- 

ls was then calculated and this was presented in Table S-6. Since 

he samples were measured in triplicate, they were also compared 

ith their repeats using the same method. This resulted in an av- 

rage sum residual of 6.46 with an SD of 2.47. Therefore, sample 

airs yielding a residual less than 11.4 (6.46 + 2 SD) were consid- 

red to have SP-c MWDs that were statistically indistinguishable 

sing the current method. Residual values of sample pairs corre- 

ponding to the range of 2 to 5 SD above the average within- 

ample variation were marked as ‘most likely different’. For resid- 

al scores exceeding 5 SD, the sample pairs were considered to 

e ‘clearly different’. Table 1 displays the results of such pair-wise 
7

omparison purely based on the NC PS-c MWDs of the twenty 

amples. From these results, the potential to differentiate SP sam- 

les based on NC PS-c MWD was studied by calculating the dis- 

rimination power (DP) using the following equation [31] : 

P ( % ) = 100 ·
[

1 − 2 · m 

n ( n − 1 ) 

]
(1) 

Where m is the number of indistinguishable sample pairs and 

 is the total number of samples. For the current sample set, a 

P of 90.53% was obtained based on the NC PS-c MWDs ( m = 18

ndistinguishable sample pairs out of 190 total pairs). 

For the comparison of the additives present in the SPs, the 

verage wt% for each additive was calculated from the triplicate 

easurements (see Table S-7). The SP additive profiles were found 

o enable a high degree of discrimination. Differentiation was as- 

umed if the wt%s for at least one of the additives exceeded 2 SD 

etween a sample pair. Only one sample pair could not be dis- 

riminated, resulting in a DP of 99.47%. Based on the sample set 

sed in this study, from the NCFS SP database (different prod- 

cts and/or different suppliers, see Table S-8), the additive profile 

emonstrated to be a near-perfect discriminator, which explains 

hy additive composition is the conventional method for SP dif- 

erentiation. 

Nevertheless, the MWD information may be of great forensic 

elevance when SP samples of the same brand and supplier are 

onsidered. It can be expected that additive profiles are carefully 

ontrolled and maintained within tight specifications by the man- 

facturer as this strongly affects im portant product properties such 

s burning behavior and storage stability. However, it is anticipated 

hat the MWD of the NC will vary given the natural origin of the 

aw material cellulose. So possibly batches of the same product 

ype can be distinguished based on of the variations in the MWD. 

. Conclusions 

A novel on-line separation system for the characterization and 

omparison of SPs based on heart-cut 2D-LC was developed. The 

eparation system enables forensic experts to relate the NC MWD 

o the additive formulation. In the first dimension, SEC was used 

o obtain the PS-calibrated MWD of the NC component. The first 

.5 min of the SEC separation were performed at a high flow rate 

fter which the flow rate was lowered to enable the additive seg- 

ent of the SEC chromatogram to be fractioned and diluted with 

ater using a mixer. A dilution ratio of one part 1 D effluent to 

wenty parts water (1:20 v/v) resulted in effective trapping of the 

dditives. For elution of the additives from the trap and subsequent 

ocusing on the 2 D separation column, a volume of 300 μL mobile 

hase B proved to be necessary to elute the highly retained ana- 

ytes from the trap column. To maintain sufficient dilution for fo- 

using on the 2 D column, a dilution ratio of trap-column effluent 

o water of 3:20 (v/v) was used. These conditions resulted in com- 

lete analyte transfer of all additives prior to separation by gradi- 

nt elution. Except for 2-NT and 3,4-DNT, all additives that were 

nvestigated in this study could be separated in the second dimen- 

ion. Their UV absorbance is however slightly different and could 

e used for deconvolution. 

By measuring two SPs tenfold over the course of a week, the 

ystem’s performance was assessed and the error margins for both 

he NC PS-c MWD and additive profile were established. These 

argins were significantly lower than the variations observed for 

ifferent SP sam ples as illustrated by the calculated DP values of 

0.53 and 99.47%, respectively. The combination of the NC PS-c 

WD and the additive composition of smokeless powders adds an- 

ther orthogonal dimension for the forensic comparison of these 

ypes of propellants. Moreover, the developed 2D-LC method omit- 

ed the need for extensive sample preparation to selectively re- 
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ove the NC fraction from the additives. Essentially, extraction of 

C was performed in an on-line manner, resulting in an overall 

ess labor-intensive and less error-prone method. Furthermore, the 

escribed modulation approach may be of interest to separations 

sing different mechanisms ( e.g. combining NPLC and RPLC). In the 

urrent state, the modulation interface is too slow for LC × LC im- 

lementation but with further research this might be a feasible so- 

ution. 

Ultimately, MS-based detection could be added to the 2 D RPLC 

s an extra dimension for identifying the additive peaks and as- 

ociated trace impurities. This will also solve the problem of the 

verlapping peaks of 2-NT and 3,4-DNT by being able to identify 

oth based on their mass rather than the need to deconvolute their 

ummed UV spectra. More additives could be added to the method 

s well as a calibration scheme based on multiple levels rather 

han the current one-point calibration. Furthermore, using a differ- 

nt 2 D column with larger internal diameter and more-retentive 

tationary phase may mitigate strong solvent effects. Moreover, 

here is still information in the NC fraction that was not yet ex- 

racted with the presented method, such as the degree of nitra- 

ion and variation in nitration position. At this moment, it was 

ot possible to use the UV data to estimate the degree of nitra- 

ion and it may be interesting to have the degree of nitration as 

nother orthogonal dimension for forensic comparison ( e.g. by IR 

pectroscopy). Finally, no post-explosion material was investigated 

n this study, which would be interesting for future research. In 

uture work, we intend to explore the options for post-explosion 

P residue analysis with the current method and to investigate 

hether different SP batches from the same brand and type can be 

istinguished based on small changes in the MWD and the pres- 

nce of impurities due to product degradation processes over time. 
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