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The overall aim of the work was to advance electrochemical devices capable of analysis of forensically relevant
residues using rapid electrochemical sensor technology. In order to achieve this, electrochemical detection of the
propellant stabiliser diphenylamine (DPA) was achieved via voltammetry with signal enhancement realised in
the presence of iron oxide nanoparticle modified transducers. This allowed both mechanistic and analytical
evaluation with the aim to achieve the required selectivity and sensitivity for reliable detection. DPA electro-
chemistry was examined at glassy carbon electrodes in aqueous (3:7 methanol: sodium acetate pH 4.3) elec-
trolyte via potential sweeping, with an irreversible wave at E, = 0.67 V vs. Ag/AgCl. The diffusion coefficient (D)
for the oxidation process was calculated as 1.43 x 107® cm? s™! with an, = 0.7. DPA electrochemistry in a non
aqueous methanol/acetonitrile electrolyte resulted in a D value of 5.47 x 10~% cm? s~ with an, = 0.5. Elec-
trochemical preparation of magnetic iron oxide nanoparticles was achieved via electrooxidation of an iron anode
in the presence of an amine surfactant followed by characterisation with SEM/EDX, XRD, FTIR and thermal
analysis. A surface confined layer of these magnetic nanoparticles served to positively influence the response to
DPA while impeding formation of surface confined oxidation products, with generation of an improved analytical
signal - sensitivity 1.13x 1073 A cm 2 mM ! relative to bare electrode response (9.80 x 1074 A cm 2 mM’l)
over the range 0.5-50 pM DPA using differential pulse voltammetry, with LOD 3.51 x 107% M and LOQ 1.17 x
107> M. Real sample analysis involved recovery and differential pulse voltammetry of unburnt and burnt gunshot
residue with DPA qualitative and quantitative analysis.

1. Introduction

propellant [5]. Organic compounds that are vaporised during the firing
process and then re-condense are less prone to secondary transfers due

Global terrorism and rising gun crime demands decentralised
microanalytical devices which enable sensitive and rapid detection of
explosives and propellants relevant to firearm residue. Confirmation of
traces of organic gunshot residue (OGSR) on individuals/clothing can
establish whether a contact with explosives has occurred, with such
results being often used as court evidence [1-3]. The residue consists of
burnt and unburnt particles from the primer/propellant with the inor-
ganic fraction typically consisting of Ba, Sb and Pb particles while the
organic fraction includes burnt or unburnt particles consisting of pro-
pellants nitroglycerin, nitrocellulose in addition to stabilisers such as
ethyl or methyl Centralite (1,3-diethyl-1,3-diphenylurea (EC)) and
diphenylamine (DPA) [4]. The latter are added to the propellant to
remove nitrogen oxides produced by degradation of nitrocellulose and
nitro-glycerine and prevent auto catalytic decomposition of the
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to adhesion to the skin.

Electrochemical techniques can be exploited in portable analytical
systems capable of miniaturisation with fast time to result and lend
themselves well to dual detection of the metallic and OGSR components,
extending analytical approaches available for onsite detection of volatile
chemical markers with improved detection of explosives. Such forensic
devices have been subject of a recent review by Pereira de Oliveira et al.,
2018 and specifically the electrochemical detection of explosives by Yu
etal., 2017 [6] and analysis of gunshot residue by Dalby et al., 2010 [7].
Speed of analysis following sample recovery is key to prevent compound
degradation, resulting in chemical profiling and provision of evidence of
firearm origin and source of ammunition.

DPA analysis has attracted interest in both forensic [8] and envi-
ronmental [9] areas in recent years. It is most commonly used as a

Received 9 July 2021; Received in revised form 2 November 2021; Accepted 3 November 2021

Available online 6 November 2021
0039-9140/© 2021 Elsevier B.V. All rights reserved.


mailto:eithne.dempsey@mu.ie
www.sciencedirect.com/science/journal/00399140
https://www.elsevier.com/locate/talanta
https://doi.org/10.1016/j.talanta.2021.123039
https://doi.org/10.1016/j.talanta.2021.123039
https://doi.org/10.1016/j.talanta.2021.123039
http://crossmark.crossref.org/dialog/?doi=10.1016/j.talanta.2021.123039&domain=pdf

C. McKeever et al.

stabilising agent for propellent systems in ammunition where it binds to
the propellant degradation products, increasing the shelf life of the
ammunition. DPA is also commonly used to aid in the storage of har-
vested apples preventing a storage disorder called “scald”. DPA has
become more prevalent in recent years as an emerging concern with
regards to environmental pollution. The European Union first imple-
mented a limit on the use of DPA in 2008 and Commission Regulation
2018/1515 [10] limits the presence of DPA on nearly all food items to
0.05 mg/kg, implemented from 1% of May 2019.

Due to ubiquitous background metal residues in the environment [5]
the sole dependence on metal dissolution from a forensic swab with
subsequent electrochemical processing is risky. This is in contrast with
the extremely low residual/background levels of components of the
organic fraction of gunshot residue and due to new regulations and
limits residual DPA will become more closely monitored environmen-
tally. Therefore, there is a growing interest to integrate metal electro-
analysis with organic residue analysis (stabilisers/propellants) realising
a more robust analytical approach [11]. Maitre et al. studied the
persistence of organic residues on shooter’s dominant and
non-dominant hands over time and found that the observed trends for
organic gunshot residue were similar to those observed with the inor-
ganic residue, with three compounds of interest (DPA, N-nitro-
sodiphenylamine (N-nDPA) and EC) still being observed in >70% of
samples up to 4 h after firing with the aid of UPLC-MS/MS analysis [12].
The N-nDPA derivative of DPA is formed as a result of nitration of DPA
involving degradation products of nitro-glycerine. A better under-
standing of the degradation of smokeless powder and OGRS could allow
identification of degradation products characteristic of OGSR [13].

The redox behaviour of DPA (predominately non-aqueous) has been
studied in previous reports [12,14-16] with there being very few reports
of its detection at modified electrode surfaces [17]. Renewed interest as
a forensically significant target molecule is the incentive behind this
work and it is thus an important starting point for the development of an
analytical method for the complex array of compounds found in organic
component of the residue. Here, we evaluate the redox electrochemistry
of DPA at glassy carbon transducers and examine magnetic nano-
particles (MNP) as electrode modifiers, to aid DPA detection. Among
these materials, magnetite (Fe3O4), a Fe?* and Fe3* complex oxide, is
one of the most commonly studied super-paramagnetic nanoparticle,
being widely used in magnetic resonance imaging contrast enhance-
ment, tissue specific release of therapeutic agents [18], in addition to in
vitro binding of proteins and enzymes [19].

Magnetic nanoparticles allow ease of separation in solution [20]
while acting as effective electrode modifiers [21] with applications in
medical imaging [22] drug delivery [23] biosensing [24,25] and bio-
analytical devices [26]. The latter are the subject of a recent review by
Hasanzadeh et al. 2015 [27]. MNP can have particle size ranging 10-50
nm [28] and present different physico/chemical properties compared to
their bulk size, due to the size differences. The material has been suc-
cessfully modified or doped with Cobalt [29] and Manganese [30],
however sensor approaches based on the unmodified form have received
little attention.

Methods to prepare iron oxide include chemical precipitation, gas
phase condensation, thermal decomposition of organometallic com-
pounds and electrochemical techniques. In this work we utilised an
electrosynthetic approach (with the aid of an iron anode and cathode) as
it is a facile, rapid and well controlled process realising good yields. This
has been subject of a recent review by Raminoghadam et al. 2014 [31]
and concentration and nature of electrolyte and current density affect
the size and morphology of nanoparticles produced [26,32]. There are
fewer reports on the electrosynthesis of MNP relative to solution-based
approaches with the former having the advantages of speed, control and
consistency. Here the method of Cabrera et al., 2008 [33] was adapted
for the electrosynthesis of MNP which were subsequently characterised
via surface, thermal and electrochemical means after which they were
immobilised onto GCEs for diphenylamine measurement using cyclic

Talanta 238 (2022) 123039

voltammetry and differential pulse voltammetry. The work includes an
investigation into the redox behaviour of DPA in aqueous and organic
supporting electrolytes which shines a light onto by-products of the
oxidation process at carbon, platinum and MNP modified electrodes. To
the best of our knowledge, this is the first such report of the use of MNPs
as electrocatalysts in aromatic amine oxidation, enabling signal ampli-
fication while limiting follow on homogeneous processes which resulted
in deposited polymeric species. The chemical sensor proposed here also
represents the first modified electrode designed and optimised for pro-
pellant stabiliser electroanalysis with real sample residue recovery and
analysis. This work paves the way towards a sensitive multiplexed
quantitation strategy for OGSR which relies on signal discrimination,
appropriate limits of detection and robust sensing strategies suitable for
laboratory or field deployment. Thus, the data presented provides an
important stepping stone in our quest to realise a rapid and portable
analytical test for forensic chemical analysis of OGSR.

2. Experimental
2.1. Instrumentation and reagents

The surface morphology of the magnetic nanoparticles was measured
using SEM (Hitachi SU-70 FE-SEM with Oxford instruments X-max 50
mm? Solid state detector. XRD was performed by Wynette Redington at
University of Limerick using a PANalytical Empyrean-reflection instru-
ment. ATR was performed on a Thermo Scientific iS50 ATR. Thermal
analysis was performed using a PerkinElmer STA 6000 DSC/TGA ana-
lyser. All electrochemical experiments were carried out using the
Solartron Potentiostat Model 1285 operated by Scribner Associates
CorrWare software package with data analysis using CorrView Version
2.3a. An IR lamp was used to dry the magnetic nanoparticle suspensions
on GCEs and a ThermoFisher thermostatic oven was used for drying the
magnetic nanoparticles following preparation. UV-Vis studies were
performed using a PerkinElmer Lambda 35 UV/VIS Spectrophotometer,
and a spectroelectrochemical (SEC) cell [Path length (0.1 cm)] with
platinum gauze working electrode (geometric area 0.96 cm?).

Ethanol (anhydrous >99.5%), Methanol (ACS Reagent, 99.8%),
diphenylamine (ACS Reagent >99%), acetic acid (ACS Reagent
>95.0%), lithium perchlorate (ACS Reagent >95.0%) were all pur-
chased from Sigma Aldrich and required no further purification. Elec-
trode polishing solution was a 1 pM Monocrystallin diamond suspension
(Akasel). The sacrificial iron anode and cathode rods (3 x 12 cm?) were
purchased from Goodfellow (purity 99.5%). A glassy carbon electrode
(GCE) (3 mm disk 0.0707 cmz) served as the working electrode, while
platinum wire and a standard Ag/AgCl electrode (internal solution 3 M
KCl) were employed as the counter and reference electrodes, respec-
tively. The Ag/AgCl reference electrode was stored in 3 M KCl when not
in use. A non-aqueous reference electrode was prepared using silver
nitrate (10 mM) and lithium perchlorate (0.1 M) in methanol/
acetonitrile.

2.2. Procedures

2.2.1. Electrochemical procedures

The aqueous electrolyte employed was 0.1 M LiClO4 in methanol and
sodium acetate buffer solution pH 4.5 (30:70) (37 mL sodium acetate
(0.1 M) and 63 mL acetic acid (0.1 M) realised a solution of pH ~ 4.5)
while the non-aqueous electrolyte was 0.1 M LiClO4 in methanol and
acetonitrile (50:50). Cyclic voltammetry was performed over the rele-
vant potential range with GCE selected as working electrode. The
working electrodes were prepared by polishing with diamond paste
slurry (1.0 pm), followed by washing in deionised water and air dried.

2.2.2. Synthesis of magnetite particles
The facile electrochemical preparation of magnetic iron oxide
nanoparticles was achieved via electrooxidation of an iron anode in the
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presence of an amine surfactant pH 5.7 (adapted from method by Cab-
rera et al., 2008 [33] and Rahimdad et al. 2019 [34]. The sacrificial iron
anode and cathode rods (99.5% purity) was first polished mechanically
using sandpaper in order to remove impurities, then transferred into a
water/ethanol mixture (50:50 v/v) followed by ultrasonication for 20
min to ensure no further impurities were present. A potential of 5 V was
applied for 1800 s in 0.04 M tetramethylammonium chloride as elec-
trolyte/capping agent with temperature control using a water bath held
at 60°C. The interelectrode spacing was 8 mm (edge to edge) using a 9.4
mm diameter iron anode and cathode with immersion depth 3 cm (see
Scheme 1). During the electrosynthetic process the solution changed
from yellow to brown with eventually a black precipitate forming ac-
cording to the processes below:

Fe (s) — Fe’* (ag) » Fe** (ag) + 3¢ (anode)

H,0 (I) +2¢~ — Ha (g) + 20H ™ (ag) (cathode)

Fe** (ag) + 30H™ (ag) — Fe(OH); (s)

3Fe(OH); (s) + H' (ag) + e~ — Fe304 (s) + 5H,0 (1)

The MNPs (~129 mg yield under optimum conditions) were allowed
to settle in the solution (aided by magnets) decanted and washed with
water x3, followed by ethanol x3. This process was repeated until the
supernatant was clear with a final ethanol wash. The particles were
collected and allowed to dry in an oven at 80°C for 3 h followed by
suspension in ethanol at 1 mg mL ™",

2.2.3. Electrode modification

A polished GCE (using a 1 pM monocrystalline diamond suspension)
was rinsed with ethanol and allowed to dry under an IR heat lamp. The
magnetite suspension (1 mg mL ™! in ethanol) was sonicated to ensure an
even dispersion of particles and drop casted onto the electrode surface in
5 x 20 pL increments with drying in between and loading at 1.416 mg
cm™2. Lower loadings (2 x 20 pL) resulted in poor signal and surface
stability.

2.2.4. Spectroelectrochemistry UV-Vis studies

A Pt gauze electrode was electrochemically cleaned in 0.5 M H2SO4
by cycling for 20 cycles at 200 mV s~ * followed by mechanical polishing
using 1 pM monocrystalline diamond suspension. Voltammetric studies
utilised the spectroelectrochemical cell over the potential range —1 to 1
V at 100 mV s~ ! for 100 cycles in the aqueous electrolyte with 1 mM
DPA. Both the modified electrode and the solution remaining following
deposition were analysed by UV-Vis spectroscopy over the range
200-700 nm.

Fe ANODE Fe CATHODE

| TN
N |

Scheme 1. Fe anode and cathode rods immersed in tetramethylammonium

chloride with electrochemical formation of Fe304 upon application of 5 V for
30 min at 60 °C.
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2.2.5. Surface analysis

Particle size and morphology was analysed using a Hitachi SU-70 FE-
SEM from a 1 mg mL~! MNP sample in ethanol. Average particle size
was determined based on measurement of 100 particles.

2.2.6. Differential pulse voltammetry for standard and sample analysis

Differential pulse voltammetry was performed at bare and modified
GCEs in supporting electrolyte with initial potential —1 V final potential
1.5 V, incremental potential 0.004 V, Amplitude 0.05 V, pulse width
0.05 s, sample width 0.0167 s, pulse period 0.5 s.

2.2.7. Firearm residue extraction and analysis

A portion of fabric was subjected to close range firing using a shotgun
- cartridge Maxam®© CSB 3 powder, a single base powder that is fast-
burning specially indicated for loading low shot weight shotshells (up
to 32 g). The unfired propellant specifications are given below (Table 1)
[35].

Gunshot residue recovery involved application of a methanol-soaked
cotton swab over a designated area (50 cm?) of the textile sample. The
swab was added to a volume of methanol and sonicated for 30 min. The
extracted solution was filtered (gravity filtration) to remove remaining
particulates and the solvent removed under Nitrogen. The remaining
white solid was reconstituted in 1.5 mL methanol and brought up to 5
mL with 0.1 M LiClO4 sodium acetate buffer pH 4.4 (retaining the 3:7
electrolyte employed with the standards). A spent cartridge was sub-
jected to dry cotton swabbing followed by extraction as above. Prepa-
ration of an unburnt propellant sample involved taking 5.9 mg (six discs)
of the unfired propellant powder and sonicating in methanol, filtration
and making up in supporting electrolyte as per procedure above. DPV
followed in all cases and samples were subjected to spiking for quanti-
tative analysis via standard addition.

3. Results and discussion

3.1. Optimisation of electrochemical synthesis conditions for magnetic
nanoparticle formation

The influence of applied potential (1, 2.5 and 5 V) at 60 °C (for 30
min) and temperature (45 °C, 60 °C and 75 °C) at 2.5 V (for 30 min) was
examined during the electrochemical preparation process. Fig. 1 shows
the current-time response evident during MNP electrochemical forma-
tion under three applied potential conditions, with gradual stabilisation
of the current passed over the 30 min electrosynthesis period. Product
yield was 98 mg (1 V), 254 mg (2.5 V) and 141 mg (5 V). Material
formed under high temperature resulted in higher Fe oxidation state
impurities which necessitated lengthy cleaning steps. Overall, the con-
dition which resulted in minimal impurities and highest quality of

Table 1
Unfired propellant specifications as per manufacturer.

Gauge Powder (g) Lead Velocity (m/s) Pressure (bar)
12 1.65 30 409 552

Shape Colour Dimension Thickness Density

Disc Grey 1.7 mm 0.3 mm 535 g/L
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Fig. 1. Current-time response during the electrosynthetic process for MNP
production at iron anode and cathode. A potential of 1, 2.5 and 5 V ((black, red
and blue trace), was applied for 1800 s in 0.04 M tetramethylammonium
chloride at 60 °C. The interelectrode spacing was 8 mm (edge to edge) using a
9.4 mm diameter iron anode and cathode with immersion depth 3 cm. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

material (verified by FTIR and SEM) was achieved using 5 V at 60 °C and
hence this conditions was employed for the remainder of the study.

3.2. Spectroscopic and surface characterisation of magnetic nanoparticles

FTIR spectroscopy was used in order to obtain information about the
nature of surface hydroxyl groups and adsorbed water (SI(1) A and B).
Hydroxylation of iron oxides is followed by further adsorption of water
molecules which interact via H bonding to the surface OH groups. Ter-
tiary amine C-N stretch 1125 cm ™! (1250-1020 ecm™Y), intermolecular
bonded O-H stretching 3409 cm ™! (3550-3200 cm™!) and OH bending
vibration 1636.8 cm ™! (1652.88 cm’l) were evident. The characteristic
vibrational bands of pure Fes04 mainly appeared at 561 and 421 cm ™!
(literature values of 572 and 377 cm™! [36] being attributed to Fe-O
vibrations and those at 422 and 611 cm™! ascribed to Fe-O bending
vibrations of Fe3O4 [36].

Thermogravimetric analysis (TG) and differential scanning calo-
rimetry (DSC) (Fig. 2.) (30-640 °C) was used to examine the thermal
stability of the material which can depend on grain size and the

102 — T T T T T T T T T T T 165
endo
100 = \’\ 1
98 |- — 135
96 |- - 120
% Mass —
o4 Heat Flow (mW) 708 %
o o2l 90 =
© E
= 2
2 90 - 75 =
3
88 |- 0 2
J 86 |- 45
84 - 30
exo 82 - 15
80 T TR T RN SR RO TR SR S R R 0

0 50 100 150 200 250 300 350 400 450 500 550 600 650
Temperature °C

Fig. 2. Thermogravimetric and differential scanning calorimetry of a 12.35 mg
Fe30,4 sample from ambient to 650 °C at 10 °C min ™! in air.
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synthetic process [32]. The initial mass variation loss (red TG curve
Fig. 2.) may be due to an overlap of the exothermic process of HoO and
surface ~OH group elimination with an exothermic DSC change at
100 °C followed by the oxidation of Fe(II) to Fe(III) as magnetite
[Fe**Fe,>*10,4 changes to maghemite yFe;>*Os. The second DSC
exothermic (oxidation) signal was a weak process at 290.39 °C (AH =
—4.157 J g™1) and finally an endothermic event at 606.74 °C (AH =
—4.157 J g1 occurred close to the upper temperature limit of the
sample crucible employed. Across the range 170-650 °C the overall
mass loss was 2.05%, below that of the theoretical 3.1% expected for
conversion of magnetite to maghemite.

SEM and EDS analysis together provided information regarding
morphology and elemental composition of the MNP with micrometric
scaled aggregates of the nanoparticles evident. SEM images (Fig. 3(A-D))
confirm the nanoparticle size and spherical nature of particles prepared
using application of 1, 2.5 and 5 V for 30 min at 60 °C with median
distribution plot (E) and average values 55.1, 49.6 and 50.7 nm
respectively (Table 2). The nanomaterial prepared from 5 V resulted in
relatively tighter size distribution.

Elemental identification was in agreement with the synthetic
composition. EDS (SI(2)) spectra for each material were normalised by
oxygen stoichiometry resulting in 75.4 Fe: 23.3 O (1 V MNP), 75.5 Fe:23
O (2.5 V MNP) and 77.1 Fe: 22.5 O (5 V), which align with the theo-
retical atomic mass ratio for Fe3O4 (72.4 Fe:27.5 O).

XRD analysis (SI (3)) was performed with broadening visible indi-
cating small crystallites with characteristic peaks matching well with
literature values [37,38] for 220, 311, 400, 511 and 440 (see SI (3)
Table.) crystal planes of Fe3O4 spinal face centred cubic crystal structure
[39] with both Fe?" and Fe®" occupying octahedral sites and Fe’t
tetrahedral sites. Phase identification of magnetite and maghemite
(y-Fe203) is challenging as both have the same cubic structure with close
lattice parameters [40].

3.3. Electrochemical characterisation of magnetic nanoparticles

Fig. 4 shows voltammograms of the bare and modified GCEs (as
described in section 2.2.3)) examined in 0.1 M KCl, over the potential
range —1 to +1 V vs. Ag/AgCl at 50 mV s~ L. Fig. 4(A) shows CVs for
electrodes modified with MNP synthesised at different applied voltages
while Fig. 4(B) examines the redox properties of the materials prepared
under different temperatures. Hydrogen adsorption/desorption was
evident in all cases between —0.5 and —1.0 V which corresponds to
literature (Yuan et al. [41]). An irreversible anodic wave was observed
at 1.0 V vs Ag/AgCl. During a cathodic scan, it has been shown Fe304
can undergo dissolution with release of Fe?* which can be electro-
chemically re-oxidised (1.0 V vs Ag/AgCl in this electrolyte) with this
process shown to be more evident at lower pH, and dependent on both
the presence of oxygen in solution and the cathodic potential limit.
Further studies focused on use of methanol/sodium acetate buffer (3:7)
as electrolyte to provide compatibility with the optimum DPA dissolu-
tion solvent and more clearly defined Fe?" reoxidation signals.

A voltammogram of bare and modified electrodes was performed in
aerated and degassed aqueous electrolyte (in methanol/sodium acetate
buffer (3:7)) (Fig. 5(A)). The black curve representing the MNP modified
GCE in aerated electrolyte resulted in a strong irreversible redox process
at Ep(q) = 0.5 V with weak reduction wave at 0.0 V vs. Ag/AgCl. This is
thought to represent re-oxidation of Fe" released from [Fe?Fe,>"104
following the cathodic sweep and the signal was supressed in degassed
electrolyte (Fig. 5(A)). It has been shown previously [37] that this
anodic peak increased upon addition of Fe?* to the cell and was found to
be pH dependent.

Fig. 5(B) shows the influence of the cathodic limit on this anodic
process with no couple evident when swept to 0.0 V (lower limit) and a
weak process following —0.5 V (lower limit) vs. Ag/AgCl, indicating that
a —1.0 cathodic limit was required to register this anodic process.

Fig. 6 shows a scan rate study (20-200 mVs’l) of the MNP modified
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Fig. 3. High resolution SEM images of Fe;0,4 nanoparticles with electrosynthesis via application of 1 V (A) 2.5 V (B) and 5 V (C, D). Particle size distribution based on

100 particles (1 V), 50 particles (2.5 and 5 V) samples.

Table 2
Average size of MNP prepared via electrosynthesis.
1v 25V 5V
Average (nm) 55.1 49.6 50.7
Stdev 16.0 13.7 12.4
Max (nm) 128.0 98.0 88.5
Min (nm) 25.9 26.6 29.8

GCE resulting in a linear relationship (r2 = 0.993) between current taken
at 0.6 V and scan rate (Vs !) with slope of 1.01 x 10°3Acem2Vls
resulting in a surface coverage value of 1.08 x 10~° mol cm ™2 using the
relationship below (1) for a one electron surface confined species. A plot
of current vs. square root scan rate showed linearity (up to 0.3 Vs™)
indicating a mixed diffusional system, correlating with the concept that
Fe?" release diffuses to the electrode for re-oxidation at 0.5 V vs. Ag/
AgCl. Log current vs log scan rate plots resulted in a slope of 0.82 over
the range 0.05-0.5 V s~ which is more typical of an adsorbed species

(slope 1.0). The magnetite layer exhibited capacitance of 2 x 10™* F
cm 2 which was 3.3 times that of the electric double layer capacitance —
being in line with recent literature [42].

2F2
="

AT 1
»= 4R Y M

A stability study was performed by cycling the modified electrode
over the range —1 to +1 V vs. Ag/AgCl for 40 cycles in 3:7 methanol:
sodium acetate buffer at 100 mVs~1. A continuous decrease in current
was evident (data not shown) which possibly reflects a transformation
process upon cycling resulting in lower Fe?" release following the first
reduction step. The experiment was repeated following addition of 20 pL
of 1% Nafion to the MNP layer in an attempt to improve stability;
however similar reduction in the main redox process was evident with a
96% loss of the initial current after 20 cycles at 100 mV s 1. The lower
potential limit was required in order to visualise impact on the anodic
process (Fe?*/Fe>") to the detriment of the signal. The electrocatalytic
effect of the surface confined material was thought to be intact despite
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Fig. 4. (A) Cyclic voltammogram of MNP modified GCE and bare electrode
over the potential range —1 to +1 V vs Ag/AgCl at 50 mV s~ ! in 0.1 M KCl.
Green trace — bare electrode, blue trace — modified electrode with MNP syn-
thesised at 5 V, red trace - modified electrode with MNP synthesised at 2.5 V,
black trace - modified electrode with MNP synthesised at 1 V. (B) Cyclic vol-
tammogram of MNP modified GCE (MNP prepared at 5 V) and bare electrode
over the range —1 to +1 V vs Ag/AgCl at 50 mV s '. Green curve — bare
electrode, blue curve, red curve and black curve — modified electrode with MNP
synthesised at 60 °C, 75 °C, 45 °C respectively. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version
of this article.)

these surface alterations.

3.4. Electrochemical examination of diphenylamine

Non aqueous electrochemistry of diphenylamine was examined in
methanol:acetonitrile (1:1) in 0.1 M LiClO4 over the concentration range
0.05-1 mM at 50 mVs ! (Fig. 7(A)). The anodic peak at 0.6 V corre-
sponded to the one electron oxidation of the aromatic amine resulting in
diphenylamine radical cation formation (stabilised in resonance forms)
with recombination resulting in formation of a diphenylbenzidine dimer
(DPB). Dimerization occurs via C-C addition in the para position
(Scheme 2) and the DPB species itself is electroactive displaying a weak
oxidation (E, = 0.45 V) and reduction process (E, = 0.3 V) being most
evident at higher concentrations [11,40]. A plot of Ip(a) vs concentra-
tion was linear (0.05-1 mM) based on the main anodic process at 0.65 V
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Fig. 5. (A) Cyclic voltammogram of bare and MNP modified GCE over the
range —1 to +1 V vs. Ag/AgCl at 50 mV s* in methanol/sodium acetate buffer
(3:7). Black trace — modified electrode, red trace - modified electrode
(degassed), blue trace — bare electrode, green trace — bare electrode (degassed).
(B) Influence of cathodic potential limit on MNP redox behaviour from 0 to 1 V
(blue), —0.5-1 V (red) and —1 to 1 V (black) vs. Ag/AgCl at modified GCE. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

with sensitivity 0.374 A cm™2 M ™! (2 = 0.9955).

A scan rate study was performed over the range 50-500 mVs ! (-1
to +1 V vs. Ag/Ag") and Fig. 7(B) shows the response with a clear in-
crease in current and associated shift in Ep(a) from 0.6 to 0.73 V vs. Ag/
Ag". The ratio of anodic and cathodic currents for this process plotted vs
scan rate indicates a ECE process — irreversible electron transfer fol-
lowed by a homogeneous chemical reaction where the ratio decreased as
the oxidised species was consumed by the subsequent chemical reaction
(formation of diphenylbenzidine). Scan rate studies verified a diffusion
controlled chemically irreversible process which may be described by
Equation (2) [43]. The expressions below allowed estimation of diffu-
sion constant (D) and transfer coefficient (o) (assuming n = 1) as 5.47 x
1078 em? s~ with an, = 0.49.

i, =2.99 x 10° x n X an, x A x Cx VD x \/v 2)
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where « is the transfer co-efficient, n, is the number of electrons in the
rate determining step, D, is the diffusion co-efficient and v is scan rate.

Equation (4) allows determination of k° (standard heterogeneous
rate constant) for an irreversible process [43].

k° =2.415 exp (—0.02 L) \/13,); Vo &)
RT (Ep - E1/2)

where k° is the standard heterogeneous rate constant, R is the gas con-
stant, T is temperature and F is Faraday’s constant. Taking E, at 50
mVs~! as 0.61 V and E, > at 0.561 V this results in a k° value of 1.23 x
103 em st

Following dissolution testing the most suitable aqueous solvent
system was found to be 3:7 methanol: sodium acetate buffer (pH 4.5)
representing a more suitable electrolyte for practical DPA sensing ap-
plications. A scan rate study in 1 mM DPA (Fig. 8(A)) showed oxidation
at 0.7 V vs Ag/AgCl with more dominant electrochemistry evident for
the surface confined follow-on product of the initial oxidation step at Ep
(a) 0.47 and Ep(c) 0.35 V vs Ag/AgCl. The diffusion coefficient was
calculated as 1.4 x 107® cm s™! with an, = 0.7 and k® = 4.08 x 10~* cm
s~} which was 3 times lower than the rate constant in the organic
electrolyte (literature D value 2.5 x 10 % em?s 1 [12]). A plot of log Ip
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Fig. 7. (A) Voltammogram of DPA at an unmodified GCE over the concentra-
tion range 0.05-1 mM at 50 mV s~ ! from —0.1 to 1 V at 50 mV/s in a 1:1
solution of acetonitrile:methanol with 0.1 M LiClO4 with corresponding cali-
bration plot (B); (C) Effect of scan rate on voltammetric response in 2.5 mM
DPA over the range 0.1-0.4 V s~ with an electrode cleaning step be-
tween scans.
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Scheme 2. (A) One electron oxidation of DPA to a radical cation (electrochemical step E) following which dimerization (chemical step C) and (B) leads to the
electroactive diphenylbenzidine species (electrochemical step E) in non-aqueous electrolyte.

(c) for the surface confined cathodic process at 0.42 V vs. Log scan rate
resulted in a slope of 0.7 while a plot of Ip(c) (E = 0.4 V) vs scan rate was
found to be linear with r?> = 0.9966 (SI(4)). The DPA concentration
dependence of the anodic process resulted in a linear relationship over
the range 0.1-0.6 mM (Fig. 8(B)) while the voltammogram of the
deposited layer is shown together with dark field reflectance microscopy
image (insert) in Fig. 8(C).

The visible appearance of films formed on the GCE surface in the
methanol/sodium acetate buffer (3:7) leads us to believe that polymeric
by-products of the DPA oxidation may form and contribute to this signal
[17] resulting in electrochemical processes in line with previous
diphenylamine electropolymerisation studies [44,45]. Formation of
phenolic or benzoquinone products, the latter of which are common
degradation species found in polyaniline films [46] may also occur in
the acidic aqueous conditions examined and such derivatives may be
responsible for the process evident at 0.47 V.

In order to examine this further, UV-Vis studies involved potential
cycling in a 1 mM solution of the DPA monomer at a Pt gauze spec-
troelectrochemical working electrode. Absorption spectra (average n =
4) are shown (Fig. 9) and include (i) spectra taken of the solution
following polymerisation and (ii) spectra recorded at the Pt gauze
electrode in a spectroelectrochemical cell. Fig. 9(A) shows the absor-
bance spectrum before and after cycling in 1 mM DPA with reduction in
the DPA signals (indicative Amax for DPA are 204 and 284 [47]), and
appearance of a shoulder at 332 nm and a weak absorbance at 455 nm

(region II is shown in insert for clarity). Fig. 9(B) presents the data in
absorbance ratio format with relative changes post cycling being evident
at regions I and II of the spectra (Abs ratio >1) corresponding to 339 and
452 nm. Fig. 9(C) shows the spectrum over the range subject to most
change at the Pt gauze electrode pre and post cycling with Amax at 456
nm. In the case of the latter, background correction was ensured by
using 1 mM DPA in the reference cuvette.

Deposition from 1 mM DPA onto Pt results in an unstable film which,
while evident on the electrode at 456 nm (black curve Fig. 9(B) and (C)),
results in a stronger signal for the solution spectrum (in the absence of
electrode (red curve Fig. 9 (C)), with increase in the overall absorbance
of the formed products (>312 nm). The UV studies point towards so-
lution phase poly(diphenylamine) formation with Ay that aligns well
with literature values (subject to pH effects) [48-51] resulting from
coupling of diphenylbenzidine species and appearing less adherent on
platinum relative to carbon. Additionally, an understanding of the
diphenylbenzidine formation is advantageous with respect to optical
detection methods via the reaction of diphenylamine with nitrite and
nitrate ions from nitrocellulose [52] with oxidation to the blue diamine.

Having established insights into the DPA oxidation process upon
cycling, an evaluation of the influence of the electrosynthesised MNP on
the DPA electrochemistry and quantitative signals follows, with the view
to establishing optimum analytical performance parameters for the
transducer prior to real sample analysis.
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Fig. 8. (A) Scan rate study for 1 mM DPA in aqueous electrolyte over the range
5-50 mVs~! with electrode cleaning between scans. (B) CV response to 0.1 mM
additions of DPA with linear response for the irreversible anodic peak at 0.7 V.
(C) film formed following cycling (electrochemistry shown in supporting elec-
trolyte) with reflectance microscopy image on GCE (dark field)- cycles 1-10
shown 100 mV s~ .
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referred to the Web version of this article.)

3.5. Voltammetric response of diphenylamine at MNP modified electrode

The MNP was drop cast onto the GCE as described in section 2.2.3
and a voltammogram performed in 3:7 methanol:acetate buffer pH 4.5
in both aerated and degassed solutions over the range 0-1 V with no
redox peaks evident over this range as described previously. Fig. 10(A)
shows the response to 1 mM DPA in aqueous electrolyte at 50 mV s~
over the potential range and —1 to +1 V (C) (with CVs for ranges 0.25 V
(A) 0-1 V (B) shown in SI(5)). The MNP modified electrode resulted in
an enhanced signal relative to the bare response (black curve vs red
curve) with lowering of the anodic process evident at 0.5 V (34-63%)
which appeared from cycle 2 onwards. Under optimum conditions over
therange —1 to 1 Vat 50 mV s~ ! there was a 87-97% % (n = 3) increase
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Fig. 10. Cyclic voltammogram of bare and MNP modified GCE over the range
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Black trace — Bare GCE, Red trace — MNP modified GCE. All voltammograms
were recorded in the presence of dissolved O. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version
of this article.)

in the DPA oxidation at Ep = 0.7 V relative to unmodified GCEs.

The apparent ability of the MNP layer to impede the diphe-
nylbenzidine dependent polymer redox process (possibly due to stabi-
lisation of DPA™") was evident and can aid in sensor selectivity and
reusability/surface regeneration as required. Linear sweep voltammo-
grams resulted in calibration plots over the range 0.01-1 mM DPA (SI(6)
with sensitivity of 5.10 x 10™* A cm™2 mM ! which is 1.51 fold increase
relative to the bare electrode response (3.36 x 107* A cm 2 rnM’l) at
0.65 V vs. Ag/AgCl. This is in part due to enhanced surface to volume
ratio on the electrode surface and facilitation of electron transfer, but
selectivity and surface reusability is also an important concern for a
multiplexed device. The observed decrease in current associated with
the follow-on oxidation species provides reason to believe that this
modified surface can assist where multiple components are of interest e.
g. in presence of 1,3-diethyl-1,3-diphenylurea (ethyl Centralite) as a co-
target in forensic analysis. A postulated mechanism for this signal
enhancement is given below with DPA generating Fe?" from Fe3" spe-
cies (dominant at pH 4.5) [41].

DPA (req) + [Fe(OH)]*" = DPA ) +Fe?* 4+ H,0

In order to examine lower analytical ranges Fig. 11 shows differential
pulse voltammograms over the range —1 to 1.5 V (A) with focus on
relevant potential range of DPA oxidation (B) and corresponding cali-
bration curve for the MNP modified electrodes (C) over the range con-
centration range 0.5-50 pM n = 3 (SD = 1.27 x 107% A ecm™?) with
sensitivity 1.13 x 10> A em 2 mM %, LOD = 3.51 x 10°°® M, LOQ =
1.17 x 107> M relative to unmodified electrode with LOD = 2.27 x
1076 M, LOQ = 7.57 x 107% M and sensitivity 9.80 x 10~* A cm™2
mM™L.

3.6. Real sample analysis

Firearm residue samples were processing according to the method
described in section 2.2.6 with data shown in Fig. 12. Unburnt propel-
lant was extracted and underwent DPV analysis (Fig. 12(A)) and quali-
tative identification of the DPA signal at E, = 0.676 V vs. Ag/AgCl was
confirmed by overlaying with a 10 uM DPA standard DPV, in the case of
both bare and MNP modified electrodes. A wave representing lead
oxidation appeared at —0.492 V, which matches previous reports under
similar experimental conditions [53], and the signal was observed to be
significantly amplified at the MNP modified electrode with an average
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Fig. 11. (A) Differential pulse voltammograms (average current with error
bars) for MNP modified GCE over the range —1 to 1.5 V vs. Ag/AgCl, in in-
crements of 0.004 V at an amplitude of 0.05 V with a pulse width of 0.05 s and a
pulse period of 0.5 s, in methanol/sodium acetate buffer (3:7) over the range
0.5-1000 pM with zoomed in region (B) between 0.5 and 0.8 V and corre-
sponding calibration curve (C) showing linearity over the range 0.5-50 uM for
the MNP modified surface (n = 3).

37 fold increase in current observed. This is thought to be due to the
co-ordination of Pb2* ions to the surface hydroxy groups of the magnetic
nanomaterials, with the lead response being sensitive to nanomaterial
loading/dispersion with intra electrode variations. Xiong et al., 2013
demonstrated a similar effect at amine functionalised magnetite nano-
particles with a 10 fold enhancement in signal using a stripping square
wave approach [54]. Wu et al. also reported a mixed metal quantitative
system made possible at FesO4 modified functionalised multiwalled
carbon nanotubes [55].

To our knowledge no such report of simultaneous metal and organic
firearm residue has been reported using a magnetic nanoparticle
modified electrode. Fig. 12 (A) shows the unburnt propellant DPV
overlaid with standard voltammograms at both bare and modified
electrodes. Standard addition followed (Fig. 12 (B)) with additions of
DPA over the range 19.6-56.6 mM realising 10.7 &+ 0.3 mg/g of DPA in
the unburnt propellant. Fig. 12 (C) shows the firearm residue DPV trace
following recovery via methanol swabbing of the textile surface. MNP
modified electrodes resulted in a wave at 0.672 V indicative of DPA
which was confirmed by spiking (19.6-56.6 mM DPA additions).
Quantitation realised 25.2 pM + 5.5 pM representing a recovery of
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0.427 pg/cm? (21.3 pg in total) of OGSR swab area. Finally, Fig. 12 (D)
represents electroanalysis of the fired cartridge (internal area ~37.7
cm?) with DPA standard addition over the same range resulting in re-
covery of 0.783 pg/cm? (29.5 g in total). The wave at Ep=1.112Vis
indicative of Centralite stabiliser residue, to be examined more thor-
oughly in the next phase of the work.

Table 3 summarises chromatography and spectroscopic approaches
to identification of OGSR in forensic chemical analysis with many
focusing on qualitative identification of residues. GC-MS is used widely,
however, artefacts can be formed during analysis and degradation can
occur once compounds are exposed to the heat of injection, therefore
complementary analysis via lower cost non-laboratory confined ap-
proaches have significant merit. In relation to quantitative electroana-
lytical approaches at modified electrodes, comparative analytical
performance data for forensic electroanalysis of DPA at modified elec-
trodes is constrained by few reports in the literature with the sole
exception of Sakthievel et al. (2018) reporting a EuMoSe modified GCE
resulting in LOD of 8.8 nA [17] for DPA quantitation in apple juice.
Other reports in relation to gunshot residue [11,56] realised DPA
quantitation at bare GCE and screen printed electrodes resulting in
detection in the pM range. The chemically modified electrode proposed
here has demonstrated comparable analytical performance and is
unique in so far as it has its basis in an examination of DPA redox
behaviour at electrosynthesised magnetic nanoparticle modified GCEs.
The reproducibility of the MNP application to the GCE was examined in
the case of the DPV study and it was observed that the drop casting
method led to slightly wider variation (SD = 9.36 x 108 A (n =9)
when compared to its bare counterpart (SD = 5.24 x 10~ A (n = 9)).
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4. Conclusions

The work was motivated by the on-going demand for organic residue
rapid testing as a tool for onsite use by forensic scientists and the lack of
reports of modified electrodes for propellant stabiliser residue analysis.
Being able to measure molecules that survive the firing event opens new
opportunities for trace analysis and persistence studies. Persistence
times of OGSR on the hands of the shooter are typically 4 h with half-life
of 1 h so time is of the essence in relation to detection [58] and the
methodology proposed here is capable of sample to result within <2
min.

We have also advanced understanding of the electrooxidation of DPA
in organic and aqueous electrolytes realising key insights into follow up
products and processes which could arise during degradation. The work
presented progresses this via a successful study into the electrochemistry
of DPA coupled with the first time use of iron oxide magnetic nano-
particles, positively influencing the sensing capabilities of the modified
GCE.

MNPs were prepared using the accessible and controlled process of
electrooxidation at iron anodes followed by characterisation via surface,
thermal, spectroscopic and electrochemical techniques. DPA redox ac-
tivity was probed in both aqueous and non - aqueous environments (D
values 1.43 x 107 and 5.47 x 108 ecm? s~ respectively). The cathodic
limit influenced the redox process of the surface confined MNP and also
enhanced the DPA electrooxidation which was followed by formation of
a surface confined electroactive product of the initial oxidation step.
Peaks associated with the latter process diminished at the MNP electrode
which has benefits of signal reproducibility upon cycling and calibra-
tion. Spectroelectrochemical studies pointed to the formation of poly
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Table 3
Summary of analytical approaches to DPA analysis.
Method Linear range  LOD (Absolute = LOD Reference
detection (ng/
limit)\2 mL)
“Solid phase - - - [57]
microextraction GC
(qualitative)
“Ton mobilise - [58]
spectrometry
“Transfer to TLC with - - - [52]
luminescence
detection(qualitative)
“GC-MS - - - [59]
“UHPLC-ESI-MS/MS - - - [60]
“Surface enhanced - - - [61]
Raman spectroscopy
MS/MS - - 1 ng/ [62]
mL
Solid phase - 0.12-1.2 ng [63]
microextraction with
ion mobility
spectrometer
Thermal desorption GC- 5ng - [64]
MS
LC-EC detector (Au/Hg) - 0.039 ng - [65]
HPLC tandem MS/MS 0.029-2.95 - 3 x [66]
uM 1074
EuMoSe,/GCE - 8.8 nM 1.49 x [17]
103
Glassy carbon disk Up to 188 - - [11]
pM
C-SPE 9.4-188 uM - 0.4 [56]
Bare GCE 0.5 - 50 pM 0.384 pg/mL 0.384 This work
MNP modified GCE 0.5 - 50 pyM 0.594 pg/mL* 0.594 This Work

2 These articles reported qualitative forensic detection of DPA in addition to
other organic components of gunshot residue.

(diphenylamine) via potential cycling on a Pt gauze electrode (1 max =
456 nm).

DPA quantitation was achieved via differential pulse voltammetry
realising precise (SD = 9.36 x 1078 A for n = 9) and robust analytical
performance with sensitivity 1.13 x 10~> A em™2 mM™'. Real sample
analysis of both unburnt and firearm propellant residue realised quali-
tative and quantitative DPA analysis resulting in clear signals for the
stabiliser residue in addition to the main metal residue (lead), both of
which were found to be enhanced by the magnetic nanoparticles. Re-
covery and DPA spiking studies were performed in the base of an un-
burnt propellant powder sample and the recovered residue, realising
10.7 + 0.3 mg/g and 0.427 pg/cm? (21.3 pg in total) respectively.

Further work in our group will progress a total analysis system for
firearm residue with development of ferrofluids (graphite inks with in-
clusion of MNP) with capability for thick film transducer printing with
extension to ethyl centralite following residue sample recovery via tape
lift/integrated solvent swob including persistence studies. This will
include testing of OGSR swobs with integrated sample collection - screen
printed electrode transducer.

Overall, this work makes a positive contribution to (a) the currently
limited number of reports of electrochemical synthesis and optimisation
of magnetic nanoparticles with optimisation and full characterisation
(b) the novel examination of the influence of this modifier on quanti-
tation of DPA propellant stabiliser using both CV and DPV (c) our means
to realise a rapid analytical test for forensic chemical analysis of the
organic components of firearm residue.
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