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Abbreviation
AA

AAS
ACN

Ak

CA

CE

CMV

CV
DESEMS
DPA
DPV
DSC

E

Eapp

or

EC
EDOT
EDX

FAR
FBI
FPLC
GC
GCE
HOMO

ICPS
IFAR
IMS
IR
ITO

LC
LIBS
LOD
LOQ
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LUMO
MC
MeOH

of

Li sAbbfeviati ol

Abbreviati ons

Meaning

Acetic acid

Atomic absorptionspectroscopy
Acetonitrile

Akardite

Chronamperometry
Counterelectrode

Capillary microextraction of volatiles
Cyclic voltammetry

Desorption electrospray ionisation mass spectrometry
Diphenylamine

Differential pulsevoltammetry
Differential scanning calomerity
Potential

Applied potential

Peak potentialanodic/cathodic)

Ethylcentralite (1,3diethyl1,3-diphenylurea)
3,4-Ethylenedioxythiophene
Energydispersive xray spectroscopy
Faradaysonstant

Firearmsresidue

Federal Bureau of Investigation
Fastproteinliquid chromatography
Gaschromatography
Glassycarbonelectrode
Highestoccupied molecular oribtal
Current

Peak Current (anodic/cathodic)

Inductively coupled plasma spectroscopy
Inorganicfirearms residue

lon mobility spectrometer

Infrared

Indiumtin oxide

Current density

Ligquid chromatography

laser induced breakdown spectroscopy
Limit of detection

Limit of quantification

Linearsweep voltammetry
Lowestunoccupied molecular orbital
Methylcentralite

Methanol




MNP
MSITOF-SIMS

NC
NR
OFAR
OSAC
Q

RE
RSD
SA
SEM
SPE
SPEC
TEA
TGA
Th
UHPLC-MS
UV-vis
v

WE
XPS
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Magneticnanopatrticle

Mass spectrometry imaging with tiro&-flight secondary ion
mass spectrometry

Nitrocelluose

Neutralred

Organicfirearmsresidue

Organisation of Scientific Area Committee féorensic Science
Charge

Referenceslectrode

Relativestandarddeviation

Sodiumacetate

Scanningalectronmicroscopy

Screemprinted electrode

Spectreelectrochemicatell

Thermalenergyanalyser

Thermogravimetri@analysis

Thionineacetate

Ultra high-pressure liquid chromatography mass spectrometry
Ultra-violet - Visible

Scanrate

Working electrode

X-Rayphotoelectron spectroscopy
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Forensic science is the i mplementation o

be ustehde bcyourts to determine a suspectos

the pharmaceuti cal Il ndustry, It I's simpl
single sector, howevegual i bhytosd df sosrioenése ack y
anal ysstsr eenhget hidcooff oevi denadi | i ty Tthoe teevieln t:
of interest to this body of work is the

Firearm rel ated cri me destarnady K 8t@0d hlei vhe g

increase of firearm violence in thel USA
Unl ess the perpetrator of the violence 1is
ot her means are necessary to identify wh

The act of discharging a firearm creates
professobniahwmemebgtarl d a case. Tool mar k an
determination, woundpahakysasabhpdi svaneb
determining things such as what firearm v
it was t2oHotweev etrar gehtese special ities stil
firearm at the time of disdhewidgedall Tohaad i dhe
firing the firearm requires both evidenc:
(FAR) ammdarfki eqerdence.

1 . Fli rearms Resi due

Any substance which has been deposited o
is classifiedTheséireartuesscdnoneescape t
such as the muzzle, ejection port and hat
sur fhicgsnée 1.1
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Figllel mage of a firearm being discharged wi

FAR can be recovered from various Sour CcE€
suspect, as well as from their clothing

transport the suspects, "weBGlpenger sainslt emc

on surfaces depends on activity; residue:
and enclosed spaces, but t°heyPeaasri shente
performed by Vander Pyl et al. found tha
whil e organic material resulted in | osses

(firing) when in contmgl loed  radmdintgi diman.d s
or different materials gener@&tdd Igensasal
stated that the majority of FAR is%fost

Forensic scientists examine FAR to detern
mat c h t hose of t he suspect (s). To mai n
contamination control procedures and qua

lkaor atory to enlsommre dreee mewdi d @eradbe eigueat hons

the anal ysi s. FAR requires the firearm
propellent is ignited, and so to wunodier st
firearm propell ants.
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1. Ammunition Propell ent For mul ati ol
Chemical explosives typical (hywd rc®andwaibtom 0)x

oxygen often attached t oz niamado®ONi ngyg @r 0.
nitrogen and oxygen mol ecules separate a
| arge amounts of energy andrkratctgafsresm eBh
the difference between the energy requi.t
el ements and the energy released uppon re
HO, andPNopell ants are combustible mater.i
their combustion and burbnusrtatomeri st htaynp i ec:
accompanied by fl ames or sparks and a hi

|l oud bang characteristic of detonating e
spark and transitionmnefroomramioiieetconalsg a
forms of propell ant used for firearms wa
generally consisting of su!pWhirlechameont
bl ack powder may be used in improvised ex
l i mited to the pyrotechnic industry, havi
i nstead of 1ts abil irtoypetlo epnrto ppeolw dneartse rfiaall

of smokeless powders and were devel oped t

possibility of expanding up to 103000 2t9 me
GP® whaoppbriosbmaobel yhe pressure needed to
GP&4% WwWith this immense pressure and the
ammunition, the first component of prope

or base formul ati on.

1. 1PLopeBabantRrdmeit mak aFi ons

The term fibasedo in propellent formulati ol
al kaline material). l nst ead, It refers toc
falling intaositmglee, cdoelgloej eand triple I

commonly contain only nitrogkyteaeatose, gdb

nitrocellulose derivative while triple b
additiomaof dhnhnerooe increraseverméf pstolpaurd d e
from the mixes, each base formulation ha
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exclusively for military purposes$®.6%Thhei gt

gener al public are able to acquire doubl

handgun ammunition commonly <containing

single base propellent. Whil e the Ipegeser

availability of the type of propell ent

formul ations of the propellent mixes, t

1. 1PLopeSt &knti sRrespeiitandkna Fi ons

Shelf 1 ife of propellent powders is a ke
t hat ammuni tion manufactured wi || stil
Propell ants containing nitrocellul ose wi
oxi des, in turn increasingat &3y sTihdee sdfa bd e
prevenctatadtysi s, reacting easily with t

c o mp o’dwmidtsh some of the most common enes

centraliteenBBCImMesrdylt e | (AK | )YFiagnudr eak

1) 2

oo oo oo

Diphenylamine Ethyl-centralite Methyl-centralite
(DPA) (EC) (MC)
| D i | b |
/\N NH, /\N)kl\ll/CHa

H
B S
= |,/

Akardite | Akardite 11

(AkT) (Ak 11)

Fi gz e Chemi cal structufegnodofwicommonpsopélil es
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1. 1PLa8S8ticisers arPd oaH drtaimuili assteircsnswi t hi n

Pl asti cgiesleartsi nansder s are typically added t
and i mprove the mechanical properties. Wi
energetic versions of the materi al (ni tr

energy output and ef?fi cGeemmnon opl atsihe cips
ammuni tion formul a4 i odnsetitiybbltgephdt meltdatyd

(Fi gune 1.3
o)
o~ o ™
< O~
o)

o)
Dimethylphthalate Diethylphthalate
e}
0 /Z<
0

O/\/\ //{/
O
O\/\/ 7/0 %O
o (6]
Dibutylphthalate Triacetin

Fi gb3@hemitcraulctsures of d ommanpwpdtpdesioli ecritls @t son s

1. 1P1Li Miextur Ammunht non

The primeated directly under the rim of
propell ent powder. The primer contains a

stypHhHmiagwr)doel ng the primary explosive ar

oxi df s®nce the primer is struck by the h
occurs which ignites the propellent incr
ejecting the bullet from the casing and 1
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— — 2-
%01
+ +
o7 "o
Pb*
o
+
_ N~
Lead styphnate

Fi g4 e St r uccotnutmmoen opfr i mieradc esmylhmdat e

A generic |

t his

mai n

sour ce

compl ex

specifically

st

of

(1 FAR) .

Smokeless Powder

of

mi

mat
t he |

Compound

Role

Nitrocellulose

Nitroglycerine

Nitroguanidine

Primary Explosive

Diphenylamine

Ethylcentralite

Methylcentralite

Resorcinol

Alkardite T

Alkardite 1T

Akardite III

Stabilisers

Dibutylphthalate

Dimethylphthalate
Diethylphthalate

Glycerol triacetate

Plasticisers
&
Gelatinisers

components Ffigwm.eé¢ Giiivtehni |

xXtur e

er i

ead,

of

al

wh i

mat er i
ch

al s, it

i s

S needed

bar irugma mincd farna d tnioa

Simplified Content List of
Propellent Powders and
Primers

Primer Mixture

Tetrazene

Compound Role
Lead styphnate Primary Explosive
Barium nitrate
[ Antimony sulphate Sensitisers

Calcium silicate

Lead peroxide

Lead dioxide

‘ Ammunition casing ‘

Dinitrotoluene

Flash inhibitor

Fi gdbe Cross

components in

smokel

eSS

Glass powder

Pyrotechnic System

powder

and

pri mer

Breldteasterd @fmmuni ti omnshoWwilre@r| oa:

mi
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1. 1 ndrgani ¢c Firearms Resi due
Within current methods of FAR analysis, t

materi apartildFlAeRs are formed as a resul't
bull et casing and primer cap undergoing

with dischaffhi Thesae fpartairenn es are cl ass

component particles. The components of t
I n al l classifications | ead must be pres
whi | e tchoempmownletnit particles are classified

Scanning electron microscopy (SEM)y i(rEDXor
has been sutoesebwmHlIywahtesenebr phol ogi cal f e
along with el ement?28c canmnaol nylsyi sb eriensgpec $ € &
professional sFif gu@).e& AR waenvaelry,s itshi s i s | i mi

timensuming nature of running the instru

Fi gaée Exampl e of SEM and EDX data which ar
anal ysi s, showing SEM xddadnG@g riioffri cAgdt ildcFMRampeéar B
h

)
part ixdlo€@dbgni fi cati on and C) EDX dat.a for the
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Ot her met hods whi ch have seen success [
spectroséodtyd (IAM&)ctively coupl é&&#¥pIBodmha

t e
su
|
S a
av
an

w h

- T
—_ =

- o Q@ v T u u
-y - ® T T

@ O

c

c

hni ques boast excell ent detection at
cessful -9a0@a loyfs issa nopn e&0 processed. Howe

mited the usefooxbutiheseamnalchsi guwas t he

mpl e required and the destructive natur

(0]
a

e
0
g9
e
0

c

~t

> O @
® X ® u»w O

Il ded for for @amesviicdemnamplreetaemali yeosniros#F,or a
Loysntsracted by either defehaeeofoprese

ch may be used in a court <case.

components of these particles have
duced from braking systems on aut omo
ht er s, indicating false positives in
cgiyf iocfi t his type of sample for FAR. TH
oter was a mechanic for example, that
di smi ssed as the wvalidity of 1itsl sour
dy | ooked at the presence of | FAR | i ke
er al® prthblsi st udy removed the once thou
omotive industry may be able to expl a
ir skin due to their work environment
l-eyx insotnent on the skin of the gener al
h use firearms saw®l cemkbrtiongnbhersp
ence of these particles to the disch
ed clarify that there is no cause fo
ing an individn,alt hteo ctohnec &ri m ifnogr otfh ea

nce purposes has been highlighted by

arms in the hands of the general publ

arming other human beings, with the

nw =5 ©

uch items. Firearms are intentvadl ot |

-~

ting aspect can take place in ranges
side and environmental groups and poli
vy met al contamination in gheéesscaciommbn
for med."!bAse borfu arhye 21052 3h a stende aunsneu noift il oene

ned for use within 100 meters of wet |

9
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Net herl ands have ba-hased &mbumisehof hiasiyi

ammunition manufacturers wil/| be incent.i
contain | ead if they stildl wi sh to have
fronmabove, al | categories of | FAR cont a
classifications currently in place, if | ¢

wonot exist for forensic professionals t

| FAtRo i nclude any particl es wdhfi cihntceornd sati n(s

Antinomy) <could be made, however, It won
removal from ammunition manufacturing.

definition of | FAR, |l ookingntati m nFoAR ewo utly
for a longevity in analysis methods and
comes in.

1. OrJyani c Firearms Resi due

Organic Firearms residue (OFAR) i's prod:
counterpart, however, the source of the n
powder or propellant. This includes all
ammuhi on propell ent Seocrtmualnatli.oln. ddescr i be
Even when freshly manufactured, t he proy
matrix of materials to analyse. The numb
matrix is increased even further over ti |
stabilisat i*®flanmecthhaenihingsh heat and press

fired@msi fication of characteristic comp
type is to be used by forensic professi
compounds <called OFAR was provided by Ma
(EC) hernylpami ne (-dbPAi)t raond |l 2eshe as the th
compofentieswever, in a systematic review
compounds which could be A4ssamcd adfedt lwe $ é

of 20 compounds were proposedTabhpl ilngg ul

10
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Tablle Classifications of characteristic comp
afl

Catecg Descripti Compounc Common
Funct i
1 Compounds thEthylcentrStabilis
strongly ass MethylcentStabilis
FAR with ver NitroglyceExplosiyv
applications Nitroguani Explosiv

GSR
2 Compounds thDiphenyl anStabilis
strongly ass 2Nitrodi phStabilis
FAR with a f 4NitrodiphStabilis
applications 2 -ddinitrot Flash su
GSR Akardite | Stabilis
3 Compounds thNitrocell uExpl osi v

associated wOther nitrFl ash su

which are de Other diphStabilis
frequentl vy, derivative
applications Triacetin Plastici
GSR

I n this work the stabilisers of DPA and

due to their category assignment within
availability within the pt?°pabl emtei f orcml
presence within OERBR analytical literaturil

1. 1DBphenyl £ommpen @8t ald fre Re snsd u e

DPA i s predominantly used as a stabildi
nitrocellul ose °onmdyisciireg abepliovaityieses wi
products within the propell ent-dimdar muli antiit
DPA* i gufe DRDPA is also commonly wused to

appl es, preventing a %% oDRAg ec odnitsaomidneart i ca

11
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more prevalent in recent years as an eme
poll ution. The European Union first 1 mpl
Commi ssion Regulation | imits the presenc

mgbhk i mplemented f°Yom 1st of May 2019

o &

Diphenylamine 2-Nitrodiphenylamine
, ;
o. 0O o .©
N+ N H
N | N |
Ej N C
O=—\* \© O=,\," N+\ T
l}l]' ,?I'I' || ©
o o ©
2,4-Dinitrodiphenylamine 2,4,6-Trinitrodiphenylamine

Figbhte Common nitrat efdordmneerd vdautriivnegs porfo pDePAl en't

1. 1E8h2I1l cen€Conpaneen tpel fae Re sns d u e

Et hylcentralite (EC) appears to have no
Li ke DPA, EC commonly reacts with nitro
ethylaniline nScthreanipepddlodaircii magt iavecson{pl ex
compounds within the propellent matri x.

12
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1. Cud rTeeamndwmal gsi s of Organic Fireat
As mentioned previoushteyr eO@FAR OIrs ttifos@r ow

practices. Wi th the increased regul ati ons

for the current standards of FAR anal ysi

wi t h t he new sampnluemet ppes.anAs$ ytsiuacadl, me
I mpl emented I n l' iTterature with the aim
i ncorporating OFAR, with the common targ:

the compounds which Goudemi‘dmabeltp all..1 des

Gas Chromatography (GC) was an obvious c
process by which OFAR is generated. Wu et
spectrometry (MS) with a detecitmiotn otfi ndee t
(LOPpf 0.05 to 1 ng for DPA®3ndni addvarirobauy

et al . empl oyedexdolaicd i phasedmiacrnd trogen
devel op a GC method detecting DPA and EC
down to 106° n@Ciswufof ents from incompati bili.i

compounds of OFAR, ( &@goht abse imigt rsoucfeflilculeonst
presence accelerating the degradation of

Bratin and Kissinger compared (QAF&RI amyd lyis

vol tanntefr yt he more energetic materi al f
etc.) stating that the stabilisers woul d
the methods they employed |l acked &luffic
Chromatograplkipcemenhoéds stronhgrgtbep aofl y
OFARiIi th the possibility of optimisation
detection of I ndi vi dual components withi
studihesgpleaoff or mance | i qWHiPd)Gehrhordat cagrea prheya (

within?Fi¢S2fPature

Whil e analysis of FAR appears to be disc
devel opment of methods which can observe

i nvaluable to forensic professional s.

One of the first methods proposed for si
capillary electrophoresis metholdn dtetvied ome

10 inorganic and 11 organic analytes con

14
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successful detection of the residues via
However, sensitivity and selectivity app:¢
% RSD obser&edOtfheerr DA hods of simultane
spectrometry iodiagignhgt wsietcho ntdiamey i oMOFmas s
SI MS) . Thi s met hod proved qgui te pr omi s
information of theiw®snamplse nigi tEh aicid ir yolséh edre
al so been oemmlad ywescke bowhtlevsdeace wgpesan
voltammetry successfully detecting inorg:

printed*®el®ectrode

Whil e simultaneous analysis of FAR comp
anal ytical met hods, sequenti al anal ysi s
bybhal and Lottt fagobl pedtehe UsKHRWE tcthr o
el ectrochemical detection for AABARr (tspac
met als which may ®xiTatpewiltiHitrs tweae es am@mll g
| FAR analysis and subsequent use of -GC wi

mobility spectrometer ®{ 1 ®IBheemmebledsfob
initially on carbon stubs, using desorpt

( DEB®%) and subsequent SEM/EDX for | FAR, |
hi gher than the expet? edt haemmo ugrtou pisn useead
the collection method, employing a capil!/l
t he usMSofforGCt he initial OFAR anal ysis wi
spectroscopy (2°1 B39)BSf owast lues eldFAR T the an
wave anodic stripping voltammetry for th

t hat successful detection of botsleqluRAR ia
met A% d

Simultaneous or sequenti al met hods of a
however, another way of developing an an
and OFAR from the same sample involved

perfodmf hgrent analysis types on each h:;
separation passing the sample in solutio
analysis and wusi ng utlhe grdersagilunrien gl isgou iudt i coh
|l inkedswi shemtdHBEMSfroyr (det ection of®% he o
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e scope of analysis of OFAR is wide ran
ectroanalytical met hods appears to be
alytical methods either as screeqnii’g m
as the fel |l suite analysis

e devel opment of an el ectroanal ytical

r reducing the required | ab space and
gases and solvents associated with m
romatographtcodcdethondsnot only a cost b

eener al t ermeatthiedss ctt  oclhaegams icad !l met hods

l east five out of the ten prgnsiplues
alysis methods, i ncreasing miniaturi sa
nsumption and increasing safety
wever, el ectroanal yttioc al o rneent ghioc s sscotf ef pear
yond the detection and identification ¢
[ ex el ercea rcameahgtiscalan be adapted to

i mpression evidencemashecomhiamambriyitilabhenis

en

countered at crime scenes. By using el e

can potenti amel yo fo vtelrec oanlea Isloe n g e smeatstsmdcs ,a

i n

pr

cluding the preservation of evidence

eparation. This approach may present a

i mprove the accuracy of evidencei minmdly s

pr

oceedings.
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Nomencl at umar lofeviidhegrece i s interesting i

ot her facets of

when r el atmanrgk teovifdiemngceerr The arbitrary di
of l'ittle 1 mportance, as most I ndi vi dual
Within forensic I|iterature, the tedaged.i
contained’?onwha | fei ndweeartkering ftihnegepi ece of
surface after contact with a fingerprint
practice, -maektesmu$s$edgehroughout this w

1. ZvbeBs neaNMamr By i

forensic sci enftfei, n perpprl ial

den 8uer faandle 3| iod at i on

Fi nnpmeark evidence is brokempliastoct hpaeé edti
fi nmgeaerks. Pl-masrtkisc driengfear med when a f i nge
material, allowing for & gwauaB8¢ Dbf the rid;

Figb& e Photograph

-mar k

p h a artasl d nefalbd gee fput t y

17
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Pat entmafriknsgger9) e ar.e f or med when there is ¢
surface of the finger, be it blood, oil

i n an 1 nk stamp I|-m&rek ttrantfhess méatbhdahdén nl
enf orcement pendowniidingdemks wsni ng i nks th

patent prints for their records.

Fi gl e Phoapfh a sebassesdopainakksf bobngpaper

Lat entmafriknsggert ® dr e f ormed by the natur al
the fimgeerai andg behind on the surface ¢

produced by eccrine and sebaceoNhs | @l dbrodd

produce maitieerfiearlr endh itcoh as sweat, the cont
of gland differ. Eccrine sweat 'S gener
i norganic (chlorides, ammonias, phosphate
etc.) mwht éri anlag er i al produced from sebac
mat efgalseri des, fatty? athescompesiot i erst
secretions can change due to a number o
i ndi vmeddu acl4 toiMoerver, the produmaibkniobvolavéd
coating of this materi al on the finger

materi al is not currently of great inter
t hese Itest eamrte mroitn nor mally visible to the

screen devices to the dismay of their us:

18
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Fi gar@Phot ogr aph enfarlkast eonnt hgéliassgse eobfn of a vi o
conswilteh d ilnm&emktghl i ghted within the red cir

Oof these tyymek @fvi Oenger pl-amarks ame p:
coll ected by forensic professionals via
vi sual i sataipanm tmetwomoes hel i ghting for the

The most c¢commemartkysp e eocgfuifriinnggeraddi ti onal

fi nmgaemrks, which need various visualisat
However, before examining visualisnatrikon
evidence wil/l be discussed first

1. Bcdr iFhggmafrEki dence
The qual i tnyarokf rae cfoivlegeerd from a scene is

grades and | evel feamarlksis Theangtriadieed f by
original fingerprinfTabephiesgnieddnlgy stylse et
UK Home Off/icdhiis slowsed to compare the

fi ngemrks on a surface, graded on a scale
or visible detail of the mark increases.
threericas egowot visible (Grade 0), vVvisibl
and 2) and visible and enough detail to |
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Tabll2ze Fi-magrekk Grading system (as 'Defined by tF

GradDescription

0 No ridge detail visible

1 Weak development: evidgecedeohit

2 Limited devel opment: about 1/ 3
cannot be wused for identificati

3 Strong devel opment : bet ween 1/ 3
mar k

4 Very strong ddwgleo pdmed mti ;| sf uldlent

Al ong with htehreesearger adhaseet | evelmar &f (seatnu

Figurlg, 11 dvel 1 details are the gener al
fingaerk. While the Feder al Bureau of | nv
types of categories, these fingerprndnts
who'l sThese |l evel features are useful for
however, It 1 s not sufficient for an ider
contain | oop features, while whorls and

respecfively

Level 2 features are the charalceeatisan,csr
endi ngs, ridge splits, wi dth and shape.
identification. However, when wused <col l
identification can take pl asce.ionBascth mét ¢t h

to a r ef emaernkc.e Tfhien gneurmber of matching poi
the evidence and the reference 1 mage va
evidence is being anal ysedhe Suiantiinsutm cnau nhk
matching points required to classify the
case scenario (bad evidence sampl e) 18
reference if taking the pogpudaenami of ( te
evidence sample) 8 points  woMlidt iopllgy med
for 4dnmamgerc!| assification, ranging from th
relationship between points. While there
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model for verinfarckat itohne soef lae vieilng2erdet ai | s

points of comparison.

Level 3 features are the sfucnheoaded ai t isd gve
contours or scars. These provide the hig
with their presence for c¢claiming an iden

i n the previously mentiaontbhempdebks, hast be
Studies on (%I sainmlehel Yl keadc attol omo&’e hensd e mi no

detail s wil/l see common use when visual. :

ARCH TENTED ARCH LEFT LOOP RIGHT LOOP DOUBLE LOOP  WHORL

“

LINE-UNIT LINE-FRAGMENT ENDING  BIFURCATION EYE HOOK
LEVEL 3 FEATURES

PORES LINE SHAPE INCIPIENT CREASES WARTS SCARS
RIDGES

LEVEL 2 FEATURES

Figurl#&xample of features found withimaétkhe th

Given the above accqQqualiby vhsuemarmlatitamae
met hods by which these marks are visual.:
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1. /i 3 ualMedahtbiddaesn L at enatr KISi nger

There are a wide variety ormharvki sawildesmde
di sposal of forensic professional s, and
vi sualisation method relies on criteria

T The type of surface the mar k -phoarso ubse e n

T The mat eri al on whi ch t he mar k has

magnetic, glass, paper.

T The qualityaok,t heefi agert environment
These common visualisation methods can b
vi sualisation.

1. 2PB8wiMesual i kaattdfinotgreorfk s

Depending on the surface colour, di ffere
contrast of t-mar kisoal heesdurfi ager -bBlsaeak
powder that i's usedhat ks dewu e lcoog htua feac gl
Whi |Ilhed twe powders, generally consisting of
are used f ocroldoaurrke dors umruflatcie s . I n both cas
brush or a feather duster, tadihrert-imagr Ktson ¢
making tHKem visible

Anot her common type of powder whi ch ma
FIl uorescent powders are a type of powder
ul t r awiMVoil ght . 't is usefudmafrks doavesluopiarm
not respond well to othe? types of powde!
One final powder , which may act as the
magnetic powder. This powder 3o nasnids tiss oafp
using a wand with a smal |-brrnuasghngeu (2d Tdlcealt e d
particles within a magnetic field create
process for menraer®K & eTlhiicsa t me tfhibnfigheér s mat @ die a
i nt er est aisd quagxniemii tcy, -k roucdalime | magna o acci d
and possible damage of the mark
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Figlblr2 Photographs of A) | n haduesne -nfaa bkrgiemma tgd ca
visualised with magmeti c¢ powdermarnkd ua@s) isseeedn f
at x1000 magnification.

1. 2LBgSBurcdat £Eommn-gmanVksualisati on

Someti mes | ight sources can be wutilised
fingaemrks onWhi sarfaght is the most commor
mar k photography. It provides a broad s

observation and mhokegr aMhhy eofl i hhgemway
fingaerks to balfeetdheithi she pr&viously r

I n conjunction with other forms of Visu

vi sualisinmgaidlag etniath i mgeernot visible to t
in conjunction with powder s, dyelki toy and
det ai | -noafr kfsi. nglenrf rared (| R) | i gimtar kan obe

surfaces that are not vi si bl e under NOr me

materials amdrkeveahtfangenohtt voirs %V Eloiugnh

gain more information an@aokt tplod atrope@ldody
to reveal details about the orientation &
filtemwv,estthegator can gather additional [

l ighting®conditions
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1. 2CRBemiMebhodat #Fowm-mmarVksual i sati on

When the more simplistic methods porfo dvui cseu a
sufficientl-fyi mgesrikisl eor| atheryt are not suit
chembaasaéd met hods of visualisation can Dbe
the amino acids -marelksentprn oid b @ad erqnd B d Ip ennggelr e
1)2 This reaction can take several hour

per maanlelnotwi nget pamt bgraphed®®for further a

0O

J

OH R
2 X
( OH Amino Acid

o}
Ninhydrin Ruhemann's Purple
(Colourless) (Dark Purple)
Schee Simplified mechanism of ninhydrin rea

within |I-maeks, firegerting in a dark pw@fple co

1 ,-8i azaf9%ouweer e(nDF O) reacts with fi mgarmkrsi ,no
producing a fluorescent col o8chemat DE®n |
iI's particularly usgnafrikls foor dahel\ke loroedmmugyutrifi a
do not respond well to other types of po

Amino Acid

(0]

/

OH

MeOH at 65 0C

Schel®e Si mplified-Dneazhdg%auwem e@dF Q), 8reacti on wi
which can be presmatkwjthesaultateagti fiageompc
under ¥V | ight
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Silver nitrate is a chemical reagent tha
producing a brown or black colour that c.
particularly usef-mhrkKoromepetopsngrufdmge
cardb®aPassi bly the most familiar method
fuming. Cyanoacryl ate f-mami khgevindend ve st @& Xq
vapours, which reactprwistemtt hnea ritkdses tfpirmodeaac
white -o0l durghd print. This method is par

mar ks on nonporous su%faces such as gl as:

Throughout the visualisation meimao ks ,watsh
applied can be a deciding factor. The spe

i's ammunition casings.

1. 2.mdnuniCa s iomg s
Ammunition casings aaklhethetdent ziompronenh

singlfki ggmnmaT e Imat eri al of choice for the

factors including type of &hnPiuansittiicosn,a raer
for casings such as shotgun shell s, or s
modern ammunition. St eel hadl baraddlc® mmo n
ease of fabricati on, however, the steel
reusability of the casings. Brass ammuni
standard, as they are used toc@gygiodgyus.e Bre:

regul arly wused for thiempasiptoiscen caanldl ead s
(70: 30, Cép’°pemszidnd)n the making of ammun

Bullet Casing

Fi gbr3® Ex amplae sofa mimbuein ttii fomi ng casing and bul
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1. Zism-mar ks on Ammunition Casings

Whil e visualisati omame&tsh dhdasy ef dore elna tdd rstc ufs
application of these methods is dependen
SEM i maging has seen successful has been

fi ngperks on a variety of Wettdwe vcers,uriftacie
acknowl edge that SEM may not be the opt
sampl es, primarily due to the challenges
interest, without the pmuicthhr assenedfal videpal

mafP%k surfacédrc cryramwiach?yl ate fuming

Wi ght man and O6Connor umatksednSEMass, dal
steel surfaces, common materials i n ammu.l
furnace, they achieved favourable r@sult
°C FG gur4de ITTh¥k study also explored the inf
promising outcomes. However, | imitations
the inherently destructive nat uroef odfo ntohre

specific®information

Figat#® Latemtarki viesemwa’Ci aétdent 318@dys of stor
O6CofAlhor

Jasuj a et al . investigated the devel opme
fingemrks on metallic surfaces (30 nmi mumt @ <
The metal subst rmarekss wirdrhe |iammerts €d nigrers o
with some experiments involving a seconc

26
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Favour able outcomes were observed on sur

brass. The authors noted that certain me
acidic solutions, while others required
used their own grading scal e, t he met ho

devel opimagr kfsi nfgreorm 10 di fferent don®rs, i

This method was further applied to fired
Whi | e -nfairrkgedrevel opment was successful for
a | imted number (4 out of 60) yietdidedt ec

that the heat and friction associ-marekls wi t
Liu et al . dfbobat hehepwvopamabrikssatiinopnr oovfe sf iwn
deposition times on cases ,hial Ispwicnd ifcori ni
the casings -hwruderiwemetr 6d oh45pefThede( findir
l ight on the chal |l engemnarpko sdeedv eblyo pfmernetd acr

the importance of deposition Huration in

Ca—

Figblr3®at entmafrikngveirsual i sed on an unfired ammt
for 24 hou%s by Lui et al

These corrosion effects have also been e
been involved in a series of works which
i n the visuali-matken o0hiltatéhty, fonhdguscrtiinng
powder onto -maeklaneatbfasgesurface and ¢

di fference to the surface (1.4 kV). Ob s ¢
surface of the brass all ow&% ifnora tshemiil der
how scanning electrochemical microscopy \

27
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authors increased the applied voltage to
|l nstead of pvMpe aas ummoirreg stihmp |l i sti ¢ met hod of
all owing for-maatkt eroms osfi ofni mgperbe I maged

ammunitil!dh.'tBpgkeag and Bond continued deve

understanding of how these met hods wer e

C
t

O
e
t

W O T Q@ % O ¥ T O O u o =

~+

3 60 o o o

(0]

e

t
|

o

-~ c O o

o

=]

n

c

> QO o

-

o

cluding that the composition of t he
hh’que

er methodol ogmae& of sbatesbtiongen met
ctrochemical deposition of mat emarak or
act as a mask or stencil o n nt hbee t smerefna
ges odmatkei hibhgemnm visualising a fAnega
oXx polymers have been a pri me eohfoi ce
cept study, Sapstead etfahmgenrhyesn i geatt

faces, particularly focusi ng -ooxni dsattaiionn

copolymers (pyrrole and EDOT) -mar kahar

sidering factors sucandast opadgnm apdlyo url
l i mi nary nature of the study, 4dmlae kaut
ievings®gr8desesford and Hill man repli
|l oying polyaniline films on stainless
d and -mhaeks. FfTMgest udy, tested with o
eratinfg &maglksetryder diverse sweat ind
ssures. The practical wutility of the I

y 40% of t kv rikesoddegecneedd ! Puisnbgbelre man cont i
wn using po(REROT)sedl &EDOT and various

mes were employed t o Fevgaulr@ea tBa hphlee smew ehre

h

Y
t

anced wusing established techniqgues f¢
osition method achieved over 50% succe

ed for samples aged 7 dayso.miThase ofsiinc

mpl ement the cyanoacrylate fuming mettHt

t

hod proveée% unsuccessful
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Figlbr& Sebaceousdgnalrkt emt sftianqdress steel under
M EDOT witB@®&nd® 10 MOH -MaspdyumaNcosinat%® by B

More recently, Costas et al . empimay kd P
visualisation on brass ammuni t i-poont e o & s Bt
chronocoulometric method, observing’ succ
Broncovs8 et al. took a different approac!t
surfaces via cyclic voltammetry, resul ti:
whil e pargualli toyr wiosouwal i sati ondwasmueipDir d

cast¥gi®gurre 1.1

Figbtr?2 Partial visual imaatki om aaf fa rleat emmufnii n
overpottheenang@®. 8ft o 0. 8f o/r aG'°%%Byc ImeVs s

As these conducting and redox polymers
proposed in this work, they are describe:t

Chapter 5

29
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1. Zohducting and Redox Pol ymers
Polymers have seen a wide variety of wuse

such as the <coatings on wires. However,
conducti mpnaducsemyg properties. The condu
dersicbed by the band gap theory of sol i ds
dopi ng!'t@nA omismpl i fied diagram d&fi ghua8ed 1g4d
This illustrates the highest occupied en
valence band, and the | owest unoccupied |
required to transition an electrontiHfegom
band gap energy. For exampl e, i nsul ator s
eV) , hi ndering electron promotion into
emerge when the valence and conductgiyan bz
Semionductors, with an energy gap of appr
i nto the conduction band. Germamal Igpp eonrd
to TTeamM,ering themadémi doB8ductors (

Insulator Semi-conductor Conductor

Conduction Band
Conduction Band

Conduction Band

E,>10eV E,=leV NoE,
Valence Band
Valence Band
Valence Band
Figal®& Gener al energy difference between the

i nsul astekamduct or and conductor.

Tabll3e Band gaps for conventi dédntal and pol ymer
Materi al Band gap Materi al Band gap
Silicon 1.1 Pol yacety 1.7

Germani unO. 7 Polypyrro 3
Cadmium £2.5 Polythiop 2.
Zinc Oxid3. 3 3

o O N

Pol yparap




Chapter 1: I ntr

The conductivitiwoof fuheéyeeppll wvmaeres by bai
pol ymers and redox polymers, whil e shar
functions and di spl ay uni que character.|
conductivity from chparcgael | yarerlieecrt r mao\se noeri
polymer chain, giving them unlityuTehiesl entotbrii
is facilitat-edebyroonngygaemd within-the
bonding mol ecul ar orbitals repamtsielmodmchign
mol ecul ar orbital s c¢orntiilteuttihreg btamed ogoampd
t wo bands can be used to inform the intri
only be observed as a qualitative relat
conductivity. Conduc tniuvmbteyr | iiasnyd enoebrmdrean tl a

carriers witFin utrde®alplolt y ne4

Cycl e

I/mA
b2

Cycl e

0 0.1 0.2 03 0.4 05 0.6 0.7 0.8 0.9 1
E /Vvs. AglAgCl

Figarte Exaoniployall ti @amnioogrr atmh e  fpo FNpeat thiyo n@ ma flai n e
glassy carboverpoiteeanthmaqee ofv s AR@IML(K3&It) 50 mV. s
forcydl es (shdwi mgpdcywvleey Bubsequent fifth c
in area of electrochemical responses.
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\kgagﬁww
(leucoemeraldine)
\%Q\ /@/ \@\ /©/;| Polaronic form

2e

N o
\%QJN/@/ \@rt;@/ % Bipolaronic form

+2e”

+2A° -2A

2 e
N N PolyN-ethylaniline
j A (pernigraniline)
R N+ N+/
) K n

Schelde Oxi dat i v epraoncde srseedse tdfy v@amliy i Ne (adapte
and Stihtivat.

Tabll4e Conductivity values for cldlhmon met al s

Met al Conducti V) Pol ymer Conducti V) ty
DedopeDoped

For m For m
Silve6. 295 x 10 Polypyrr ~1% 10119
Coppe5.65°x 10 Polythio ~1% 10119
Platil.00%>x 10 Polypara|~1% 5 x2 10
Merctl. 04 x 10 ciRBol yace~10 19 16
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These polymers find applications in el ect
making them valuable in areas |ike fl exilkh
redox polymers undergo redwverngiosltatin edd x vy
| ocalised redox sites that can be oxidis

an electron exchange reaction (electron

contingent on segmental mnmidbt diomnsusesnead | i o
Chape6er Redox polymers fall into subcl a:
attached redox sites, either integrated I

organic or orgah!omeétmnaltlhieec malbed alsess comp
pol ymeric systems or paocd tyieMeect oo s yt ¢ gy pi
compounds, are bound electrostatically.
storage, el ectrochemihccani csad n sdeervs ,c eassn d Thhie
the electronic conductivity of conduct i |
reversible redox reactions, making them
Pol ymers | ike these a&oekutiol iaxed awi tchoinnt
i ntention of generating the-mam&yi dwys loyb sm
the areas on the brass surface which do

pol ymer.

1 RBesearch Goals for t his Wor k

Firearm related crime is prevalent acr os:s

forensic techniqgues can aid in bringing
Thttewo oveaiamf hi hgs project are to:

A)Develnmopeedect roanal ytical method for tF
i . Understanding the redox behavio
i nterest fouwnmdicrwgecl hicnvOBARMOhmahetc
i nsightsecondar y f oprmad u ootn ari si
el ectrochemi coarl cnheeansiucraelmednetgsr a d a
i iDevel oping an el ectrocheamiadglt em
analatsia chemically modi fiad el ¢

genuine FAR sampl e.

33
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liTranshkt ai sngnet hecdh btec pakedpeoevinnt e d
el ectrode, suitabloef fFOAR onsite |
B)Devel op an el ectrochemical memaoksfon

a brass surface by:

i . Understanding how the brasisnsurf
selected environments

I 1TEl ectrodep odi tanat esngpenldoft hei r con
ont o the surafnadc e pafi ntihse nbgr @ashse d
for production of -mahrekshi ghest q

Il i Viisualisingnaraserfigr bomgdr and do
brass surfaces foll owi ngrolbimgh t
temperaturienagintheri st adiye firing
and agi ng -noafr ktshe finger

I VAppl yi ngapti ldi,s iwinsowaaltiiseveeh ntioa u e
ammuni tionhicalsimgasudtoysati on of

mar ks.
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Mul tiple analytical techniques were empl
guantitative capacities. The foll owing s:¢
oper ate and produce anal ytical dat a, S
continuing into methods employed for mat
2 .Ell ectrochemical met hods

El ectrochemistry broadly involves the st

in an electrolytic solution By habQ@erofi ng
pot emti aOxi(@Ea@uiaod m)onan2d Ireqweattilj@meJf 2ndame ]

chemical processes that i1 nvolve the tran:
being the | oss of electrons while reduct.
0 0w QQW@d QHe £ Q 2.1

YQQ6 a Q& O b 2.2

Speci es whi ch have thedamatet el & ©t reointsh
Afel ectroactived species. This transfer o
i n an electrochemical <cel | -menndt iad n eodvsp & roa

(LbQanE) to be observed and measur ed

| undergoing oxidation, the species is s
i ncreasing the current, conversely a spe
the circuit effectively decreasing the
curent produced during electftacahaeamica(cap
currfenHlsectron transfer between the anal
which as descr i bEegdu abtyi) oFmmghtd3a y ¢ d eL avmo(u nt
t hat passes through an electrolyte solu

proportional to the amount of chemical C |

~

v € 00 2.3
Wh e@Qies cKa, gre i(s t he nukbBearr aodfa ye@ seacnt tr o(nFs,
C.mMdpl &Nmd the number of moles of substanc

I n tdsesarcaurrent andwocereenhedeunsi égt ar e

total chargseegqueatil®ct2ds4
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M — &6 2.4

wheries the current meatsuwr etd men iampseerceosn d(sA
this value tjp cstirmpehngt cduernrseintty d(i vi ded by
usEggatiddn 2.5

~

Q - 25

wheji e the current déannsti syt meaaveadoint Aec

No-haradai ccaxmpaaietnitvercurrent, i's created
that are present at the interface betweer
i's known as the electrical double | ayer.
chgped i ons in close proximity to the el ec

charged surf aEiegame =2iTte versa

A) Inner Helmbholtz plane

B) Outer Helmholtz plane
:3 C) Diffuse layer

D) Bulk solution

:3 %: ‘Water with Adsorbed ion
33 dipole moment

R R e T

Solvated Cation | Solvated Anion

@
E
Sy
-t
=
]
]
E
)
-
4
@
]
~

Y
~500 A

FigBre El ectrical doubl e loayer dHen tsehiod itdigfptl tas
| ayer interface at an electrode surface, sho
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2. Mass Transport

The movement ofelsecetcriceecshemitchaln saynst em i s
by thePINemnnlkstEquati)on 2.6

® Oy ok a9 26
YUY
Where i n all rcraesfeesr st hteo stuhbes csrpiepcti es of i n

previously (asnttihenaend | iDeas| t ke ( ohé FYfcsassi vi t
the concent¥ giasi otnhe modl. &tm ve ,cehsartglee od | e

pot entdaasl tdred fl uid velocity.

This equation includes the three princi
mi gration and <convection. Di ffusion I nv

concentration gradient from an area of hi

Threef ore, I f a species undergoes oxidatio
el ectrode, the original conwiehtrdéedmedsad
creating an area of | ow conceditfrfausioonn apr
Mi gration involves the movement of <charg

and depends on the charge and concentrat
with the use of hi gh Lco@arewd ataitd m nisnwd | ve
movement of the solution components by
(convection currents) means. This proces:s
without any physiochemiotalti pnoper teil@extof
being BtoglbiNeed. R
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Diffusion Migration P Convection
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For accurate modelling of electrochemical
di ffusion as the sole transport mechani s
el i minabnovexrmodiogm ati on. Firstly, the solu
no mi XxXi ng tod supprresngnacoseeohidbguci ng F:
concentration of a supporting electrolyte
potential range of interest.edcomiseramuteiny | g

the current g ntgh darheeb ynimgirmitmion of el ectroc

Under these conditions, mass transport o
via diffusion, as dEeqgsucarti8foend 2b.y Fi ck' s f i |

0

o O 2.8

When diffaoasti panspotthemet hod, Fick's secor
be simplified(Egoabin®®ndkmensi on

Tdn 1%
60'% 2.9
Combining these | aws allows for the cal cl

active. slpfatd ebamppélentwas apeiudod atdhitso t
complete depletion of the reactant at t
' i mitationsTluws,t httheuacurement EgoabeomelRa
furehamtighe derivation of a model t hat de
under diifnfitseido Eouat it :on2. 11

210

211

£05 0T o gn
The dynamic modemi f od dobisdeuttsti mmdnsg h st he C
equaEgoati pn whilkxh predicts that <current

of time follovwing a potenti al step
w06 & 212
This behaviour is attributed to the thic

di mi ni shes the concentration gradient an

decrease -l nmidtidd usubnent . Despitehatss u
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l i mi teast i oappl i es sloilmiltyed oc Wrirfdrutss,onpr ed
current (which is impractically high to
may arise over ti me, i nval i daAdcdigt itohneal d i

negltehcet spr evi ounsotRya r mealrati ico rceud r el natyse rs ucchha rag:
Nonet hel ess, t hé adcioltittreetld s esgeuvadriaoln expe
characterising diffus,i otnhda nf herl getclt br foldalednd <

i n the next section

2. B3l ectrochemical Experi ment al

2. Lh*ronoamperometry

Chronoamperometry (CA) is a |l arge ampl:
potenti al of the working electrode from
potential at which the surface conzenotrat

(Figurne 2.4

Time

Fi g @eneri c grpamthe retifioiMi hnsgt @ p)f eoat at @ htriome a mp €
experi ment .

To match the assumptilbiespefritmeeane @pt omedlhid
stat  iWEmardy an unst i rareids iusnogl eumhie othe p dmcecdence
moni tdmeer t heseasconeaditt iommesa spsr etvri arusp o, t
exclusively by dHfifmes({fEuwg vridgee®| Boéeé scthee et

the concentration gradient near the el ecl
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v

Time

Fig@5 eneric graph showing the chumomemtmpee ® pne
experi ment .

From t his idam—_twei ld plestulaf & @O éaw hsil cohp ec aenq ubael

for determining the dif fu€hvohygcodfl oamed g

i ntegration of the current r@asfptoeirset he LA

step. The monitored r edgpaoresWhliidntesad weh toad
are very wuseful tools in electrochemica
promi nent form of el ectrochemical met ho

vol t ammetry.

2. 3idhear Sweep Vol tammetry
Linear sweep voltammetry (LSV) i's a coni

whi ch empl oys a stationary el ectrode t

el ectrochemical p rsoopleurttiioens. oLf S Vs piencvioelsv eisn
i ncreasing (or decreasing) potenti al t o
resultifng Thusrdaretchni que provides insight
processes of anal ytes, t heir concentrat

(Fi gurne 2.6

The core principle of LSV centres aroun
potenti al and the observation of the <co

potenti al changes, el ectrochemical react
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changes in the current flowing through
voltammogram, where the current is plott
A) 02 B)4r

G 01 3

<

2 -0.1 < !

< E 0

¢ -0.2 =

> -03 2

w .04 3

_05 D e B _4 PR SN SR N IR SR TR T SN R S

0 0.2 0.4 -0.4 -0.2 0
t/s E/V vs.Ag AgCl

Fi gl e Generic examples of A) potenti al vs. t

experiment for an oxidative process.

2. xyXxlic Voltammetry
I f instead of sweeping in a single direc

potenti al and then return to the origina
t€yclic VoltaminetayveéCy¥)useful and wi del
exploratory evaluation of redox behavioul
an anal ytle lotf dlnlteews sftor the observations
which the species of interest undergoes
potenti al at a constant rate in a triang!
pot etnd itahe maxi mufn qaurde )r2Thbr@Awgeép i s cl
cycle and within this cycle there are tw
sweeps. Dur,tmge tploe esswe®pgt at( Irpeesauslutriensg tfhre
applied (pPHardtthe resulting plot of t his
vol t ammigg ame  Red7iox( Beyct i ve anal ytes produ
which the peak potentials can b® aml@t ai ne
respectively), while at these potentials
0 bserOaan® (
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4
A) B) 3
(@) 2
g 1
o - < O
< E-1
g - ~ 2
> - -3
~ -4
L

-5

R S — 6

0 0.5 1 -0.4 -0.2 0

t/s E/V vs.Ag AgCl

Fi g% e Generic exampltesneBfandlyr pentents alpoesent
or Nernstian system.

For an el ectrochemiYeal EQ trheev eprogielmitd arle ad t
can be used to establish the coEqeati ani
21 Bt hNeer nst “equati on

0 O 8—0(8—9% 213

wheFAe i s the standard poRiesnttihael ufnoirv etrhsealr
8.314 mMH.ITK s the Kel vriins ttehnep enruantbuerre ,of el e
in the rkiacttimen,Farmaday cJoGnsa atOk( Gf /b)), 48 7e
surface concentfiheopeak ¢c¢herertact@anapsens:
anal yte may Bgqudtes ptnhied eRila@rbdyleé(d a*t i on

M Dwpmeodou 214
whemies t he number of el ecAirsonshei red eelcw @ d die

i n?2€ms the concentratidbDi ®9fthbdediahfilyiten

cmsanwi s the potentlial scan rate in V.s

As curdrienetctilsy proportional to concentrat
pl oOv ¢t he process is said to be @OvV&fusio

provides a |inear response, this indicat.

In the case of itrhreervee rissi bslleo w reolceecstsreesn e x
species and t hei ndoirvkiidnuga | e | peecatkrso deer,e r e d u
separated. Totally irreversible systems
(Equatiyn 2.15
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. P
. o YUY L8 ] 00
Q O ™ W afs ai=g 215

whelWreepresents t he tngiasn stfheer ncuonebfefri cafe netl ea
the charge transE®rccsirsp.atCpmos Eqnu é vail tsl ,hti
overpotentkA addifdhi skepeak odi spl acement can b

the scan rate, apndtahesvwita inodgeecpr deraast eesd

The peak cuEqgrueantti ogns v2e.nliby pr oporti onal t
however still | ower (about “80%) compared

P P P
R OCBwp e g, HBAEX 2216
Quarséversible electroxcARemii@mbs perxdsds swehser
current is controlled by both «c¢taraget hter

reversibilkEdquyatpiapwshmzthe7i s( effectively the

k> to mass*transfer rates

Q — 217

Lar ge rveaprueessanetl e ctr orcdeeni ciabl e process,
i ndielae¢et rocihremeceard $diyd.l eThbeehaol bammegr am:
reversable processes appear more drawn o

peak patentials

2. Didferenti al Pul se Voltammetry

Di fferenti al Pul se Vol tammetry (DPV) i s &
of redox behaviour of Ssubstances in a s
i nvol ves the application of a seriesn of I
a potenfFiglbneamp® (el ectrochemical <c®%l 1 co
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- Period —
I

i ) . — Height
-
[44]

—
—&
Width
@ - Area which current 1s measured
I tls

Increment

Fi g2a& e Generi c example of potential pasamei me s
of pul se increment, period, wi dt h, height an

These voltage pul ses are aptpilimedi ntnemrwaapl
as the pulse width) between each pul se. °
up and down, resulting in a volet akgeey pfreoafti
of DPV is that it meapgiurleetf)amnhde ide af rf tekrheen cee

each vol Eqgat ppthsa. (38

Yo Q0 Q 218
This results in | ower capacitiv&McuThiesait
di fference in current is plotted against

vol tammongr aanaoEt he resulting voltammogr ar

the analyte of interest which aEquditreat
2.)%9
® 5% 0. 219
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Wh e iies gi Bewatbiyan 2. 20
. Qonr— 220
And the-tdesmribes the efjiEpcti.DBWV st iparpulcsd

valuable for analysing electroactive spe

ki netics, and el ectrochemical properties.

2. El®ctrodes used in the EIlectroch:
During the previous section reference hay

el ectrodes) . Wi t hda Ine ctthriosd ewocerlke ct m® c h &8 me e
el ectroanal ytical experi ments. s atper et htrheee
WE the <counter el ectrode (CE) and the r

purpose of a WE is to facilitate electr
el ectrochemical reactions. These meafctao
speci es, resulting in the change in flow
the observed current. This observed curr

and CE. The CE6s purpose is twot ctoompflledw (
as a source or sink of electrons). As suc

i nert such as carbon or platinum and shot

l imitations in clurrent are due to the CE
The final type of -eelleeccttrrooddee onaltlhiins tthhee tI
of the WE is controlled relative to the
potentials, mewvdresialbll g psoogssa. I n these

current produces a reduction reaction whi
reaCEgoatPdrepresents the reaction for th
t hroughout t miid vRhrD stiH evseirs3 sthiKedlt @ adter  dAeg / A

006 6Q 2z 0'Q 6 22 1

Anot her type of RE which #sefwegedcien et leic
el ectrode whereby no appreciable current

observe or control the potenti al at- the

6 2
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reference el ectrode ful fils t he rol e of

all owing it to do so are not as well def |

2. Mddi tional analytical techni

Whil e el ectrochemical met hods were t he me

numerous other analytical techniques wer

2. 5cknning Electron Microscopy
Scanning electron microscopy (SEM) is an

beam of electrons to probe the surface st

visual informati oscaltetheveni ccom@mbEds dath®
mi croscopy. The fundament al principle of
el ectron beam and the sampl e, all owi ng

under standi ngFigfer®he ws amplse mpl i fiedl di a:
components of a scanmiehgcelreat gam miearo R
el ectrons with the use of a heated tungst
excited elect-3@nkevfametgerar dted. The v
adjusted by varyidgvoheagep!| Wednadiceéer a
the electron beam is guided through a We

of -51(n. To prevent electron dispedswohhian

i nstrument's chamber. Two condenser | ense
reducing #t0 tnan. ablfdhuts 2 ocused beam then
positioned along its axis, ae@urgenngi ntth
can influence the electromagnetic stren
magni fication through a second | ens, kno\
the sampl e.

When the electron beam interacts with th

signals composed of photons and el ectron
are secondary and backscattered el extron

signal s, such as secondary el-egy r esng,nal

6 3
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Secondary el esetdrbwst heharacaetering from

exhibit °Low energy

Electron Gun

Electron Beam A
- I

LN
-----

Anode

Magnetic Lense

" " i / Spinning Coils
ﬂ"lrllllill U
\ ‘"M’Ih

Backscattered
electron detector

o diffit
W/ Sy

Stage

Specimen

Fi g% e Si mpl i f itehde dci cangpr GdariBeMnotfs of a

2. dEn2edgys pen apwaeatX oscopy
Enedgyspesraiyvesprectroscopy (EDX) is an ana

i n conjunction with SEM to characterise

mi croscopi cprsocvaldee.s BDhWights into the ¢ty
present in a samphgsbemidetedt i whgntbkeeXtr
atoms are displaced dur i n dEniendtgesrpaecrtsaipvne w
Spectroscopy ( EDX) i's commonly employed

generaafti Ay s dur i-sngmpd lee citmtoenr acti ons. Wh e
i nteracts with the sampl e, secondary el e
with Aholeso in their electron shell s. | f
i an unstable state. Electrons from highe

sites, -eamystaangt Xey transitionVFfigamehi2g e

6 4
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Characteristic X-Ray Primary e Beam

Fi gB¥@® Si mpl i f iready igneangeer aotfi oxn dur i ng EDX anal

This process allows for the identificatd.i
each elememtysemwittdy Xharacteristic energy
destructive technique, much | i ke S&dMs, |t
as tirmem. ashe. &miytst @ed iXi nate from a depth

depth of the secondary el eemfons, typical

Addi tionally, EDX analysis can quantify

under the peak of each identified el emer
convert the area under the peak i ntcoy wei
of quantitative analyses is inflltuleercefdo rbe
within this work only qualitative anal ysi

2. 4Xr3aPh ot oelSeedtrommscopy
X-ray Photoelectron Spectroscopy (XPS) sel

el ement al composition and chemical state
| ayer s. I n tslhod-t EaXKS, ptgpessa) 13y kienvet e r eat
onto the material, inducing the ejection

than the enemagyg oOéFtomhebBiXfarce Altheethsr e(s ul
photoel ectrons carry Kkinetic enerhgyt haend

el ements present and their specific cher
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detected using an energy analyser, to pre
determines the binding energy of t he el
corresponding el ements within thentiafmpeéc
at various kinetic energies by detectors,
This spectrum provides valuable informat.i
Mor eovemesohliugth on XPS spectra drse @bitfairn
detailed insights into the chemical stat
the chemical bonding and electronic stru
of XPS is its surface semsbds viept hdhef t
nanometres, making it particularly gdept
Analyser

Detector

Electron lens

Monochrony Photoelectrons

e X-rays
| . |
Anode Sample

Fi gl Si mple diagram of XPS spectrometer.

2. 414 r dviwsilkete spectroscopy
Ul't r aWiisoilkelvVve s U pectroscopy, a widely en

study of a substance's absorption or trar

regions of the electVicmagpret ir©® SO, & da nt.so

light in the UV and visible t3anAsst hd yipnc
' ight (and therefore energy) is absorbed
from an occupied orbital to an unoccupi e

6 6
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transitions between energy | evels. Not ab
specific wavelengths of l i ght . Some of t
Figur an®dati2e? 2. 1

o }Unoccupied
T levels
n
Occupied
levels
Fig@t2Energy | evel t FVa rss iitnidoincsa twintghitnheUVoccu

orbitals

Tab2le Energy | evel -Yirsananaliyosniss witthh ne xUavmp | e s
commonll found

TransitCommonly found within

ay o Al kanes

ay *” Carbonyl compounds

YT Al kanes, carbonyl compounds
ny o Nitrogen, oxygencosuaiphmiumngpaa

substituents.

Carbonyl compounds

The absorption spectrum generated displ a
peak corresponding to a specific electror
to the concentration of the abtothiengpesa
provides information about the nature of
i dentification of ¢ o"fdeoruinvdast.i VW& t shp enc ttrhoi ssc
enhance the r evdsl stpiecrt raufm.t Bgl Wb al yat nge
absorption spectr um, subtl e features an

di stinguished. This refinement enabl es a
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transitions, providing a hi gher l evel (

understanding théir electronic structur e

2. 4.n5fRread  Spectroscopy (I R)
I nfrared (I R) spectroscopy is a techniqu.

aroundcomnmeict i ng bonds when excited by el
region of the electromagnetic spectrum.

el ectronic transitions as | R photons | ac!
theyepossenough energy to induce vibratd.i
concerning the BogdseheAd8maol ebeimeg abso
specific frequencies and wavelengths, the
enesf§i dahis characteristic fingerprint pr
groups and chemical speci es present i n
absorption frequency or bandepdeicEs pirved
value, wavBnumiher f(emuency of vibrations
key factors: the mass of the atoms invol
Heavier atoms vibrate at sl ower frequenci

tend t o ibgei dnordeemand more energy to stret
them. This |l eads to the creation of an |

fingerprint fdr each compound

A
) B ) Molecular
Vibrations
|
= ! 1
% ’ Stretching Bending
- 1 I |
Y Symmetric Bending out of plain Bending in plain
G . Stretching vibrations vibrations
Asymmetric ) Scissoring
Stretching —— Wagging Vibrations
v
Vi o Rocking
v Twisting Vibrations
FigBr® A) SiUmpliohs&df dliagpmammoti on of an el e
l evel and 2) the subsequent release of that
chart of the typed of molecular vibrations

6 8
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2. 4T.héer mogr avi metric anal ysi s

Ther mogravimetric Analysis (TGA) I's a th
mass changes of a materi al as a functi
environment. This method provides insigh

decpas i ti on characteristics of a wide ran
a small amount of the sample is placed i
controlled temperature program. The samg
sesitive bal ance asi nducend etrrgaoressf a remgpteir can
i's gradually increased, and anki ghramg2sl.
The TGA curve obtained displays Mavarl ous

t her mal events, such as decomposition, o
phase transitions, can be identified bas
temperature, peak temperature, lanafexman
about the material's thermal stability ai

105
100
95
90
85
80
75
70
65

60 1 1 1 1 1 1 L 1 1 1 1 L 1 1 1 1 1 1 1 1 1 1 L 1 1 L 1 ]
0 50 100 150 200 250 300
Temperature / °C

% Mass

Figat#® Generic GAmet mogfamh showingnca edsmas
temperatur

D
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2. 4Di7ff ferenti al Scanning Calorimetr
Di fferenti al Scanning Calorimetry (DSC)

properties of materials as they experie
guantity of the sample is deposited in

al ummhpl atinum materials) or reference |

to gradually rise or fall, with the inst:
bet ween the sample and reference. As the
tdér mal event s, it either absorbs or rel e:
heat fIl ow, constructing a DSC curve that
Peaks or troughs in the curve align wi
crystallisation, glass transitions, or ¢
valuable insights into the material's tfF
under the peaks provide nuanced i s8faer ma
transpiring in the sample. DSC is profici
ent hal py changes |linked to phase {frahesit
technique aids in comprehending the intr
exploring-imemgedatdfects on material beh
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3.CCchapter Ai ms

The objective oefn htamicien deehraspttaenrd iinsg tod t he
behavi our,DBA amadnldy € eos oebf sfeskcvildNoPdhief i ed el ec
on sensing t heElsies mai pistuik ®atbe v B | soupi et lheo d a
for electrochemacakhy FARsmagr i x

3. 12nt roducti on

As di s cQhsaspetdertime organic fraction of fire
compl ex mi xture of Sspeci es originally [
degradati opnr opluec @ wc tasf,t er tfhier efaie sniqoFYAeRg v e n
contains burnt and unburnt particles fro
typically includes Ba, Sb, and Pb particl
unburnt particl es conglayicnernign eps enp ethrkoacreetd sl
stadi$i suchoemed hegeentth(ydd Bed hd@ilphenyl ur ea (E
di phenyl atmi nDeecoDM)si t nohmpa odsot i phenyl
nitrodi phenydianaN-enteb yal feamighl i gnoeve peerc i f-i ¢,d mon o
and t-DPAI deo.iTvhaetsdveersg wi t h centralite,

compel |l ing e¥Tihdee ntcweo fnoari NFAARM al ytes of i nt

within the complex matrix of OFAR are DP/

DPA analysis has garnemed antéednbdbinmieanttad b

recent year s. Pri masinlgy aegremlto yierd mrso pae | {
ammunition, DPA binds to propellant degr
l'ife of the ammunition. Additionally, DP
appl es, preventing a slkd"6or®@mRe hdaiss o &l @ o mek
prevalent i n cene¢ atmi g@@e gionfgs caoncern Wwi
environmental pollution. The European Uni
in 2008 and | imits the presence of DPA
i mpl emented fr omECLatppefarMay o2hb¥Ye its in
the ammunition industry being used pri ma
the shelf | i f é°Tohfi st s@meammuci tyomakes EC

OGSR analysi s.

74



Chapter 3: El ectroanalysis of Or

Currently, OFAR a-phhygsiemitrt élwitfétsemo nc osumpllied
| i dtoird gas chrhrbhaMags appect rtoescchohpiiaud ean @i v

with capillat®deaqnedl Ramaophpreesirvoategyal to
However, these met hods neacrefsisnddtien stxrpieme
skill ed Abpdmoatgdhhr .1l ectroanalysis related

been extensively?%&tiheeweed iasn da rneoptoarbtleed s C
el ectrochemi sserrys ocafn dt htehseed rs traebdiolxiBbathianw i €
Ki ssinger I mpl emented an el ectrochemica
chromatography (LC), where the individual
separated through LC anAdu tahnedn ¢leasstseyd c anrdhi
( GC2) Ot her exianffAlIResds cneetnmdpr i n(tSePdEgaml ectr
precursor to confirmationepygr SENM/ EDXomphat
of el ectrochemical i nstr uffeRetnse wienl awuwmt lee |
forensically sigsmisfithanti ncamdgetvemdledc umide
I mportant starting point for the develop
array of compounds found i nEvaltignigghec r e d mp
el ectrocheminsdt ayC 9 f a PP e © tamdoc eesxrgaigm et i ¢
nanoparticles ( MNP) aFARetecobid®enmoldefyi @

research presented in this chapter.

MNP have a widal Vaayd sed yo fofs aupardmhtii loem d ot i
as effective 2Awietcht raopdpel incoadtiifoihésrrsi qp dhildii ¢ e
bi oséhdhdgbi oanaflytThcell atetvdrcesr e the sub
Hasanzat®MNPetaal have parib0chaem ds ipz e sreanrt g idr
physi o/ chemical properties compared to t
materi al has been successf dfalnyd madigfained
however sensor approaches based on the wu
Among these mat ed)i,al’da nFdhiadcempt ex eoxiFde, i
mo st commonl!| y-pantandagegmdets lspemaenmpmar wii ¢eéley
magneti c resonance I maging contrast enha

age’ftsn addi bhiomWotng of prdteins and enzy
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3.B3xperi ment al

3. Mat eri als and Reagents

Et hanol (anhydrous 099. 5%), Met hanol ( AC
Reagentl1,0®96@4),ex hd/il p {ArCYSI Rweraggent O 99 %) ,
Reagent O095.0%), I|ithium perchlorate (AC

Si g-Aladrainadh required no further purificati
emmonocr yedtamomad suspension (Akasel ). The
rods (391 we2ecmpurchased from FRoroafeht b
neodymi um magnets (grade M33) avwsesrye cpau rbcome
(GCE) (3 mm 8{lsdk Ca.mb?0)s eBmieedntaisfithe work
while platinum wire and a standard Ag/ Ag
empl oyed as the counter and reference el
el ectrode was stored nmnaaqueb KLIr emMheerne mod
prepared using silver nitrate (10 mM)

met hanol / acetonitril e.

3.3nxdtrumentation and Software
The surface morphol ogy of the magnetic na

SU70 -FEM wi th Oxf ormaxi n5s0s onminenrn tes d¥t ect or
by Susan Warren at the CREST centre with
XRD was pbyf oMymed t e Redington at Uni ve

PANal yti carle fEImgpgytrieamam i nstrument. ATR was
i S50 ATR. Ther mal anal ysis was performed
anal yser. Alall  eelxepcetrriomcehnetnsi cwer e carried
Potentiostat Mo d el 1285 operated by Scri
with data analysis using CorrView Version
nanoparticle sumgpeasTlhasmohi GICErs taher mo st
drying the magnetic nanop\irgd i <tl leksi & 0| wWerwe
usi ng a PerkinEI mer Lambda 35 uv/ Vi
spectroel ectr odhetni claé n)WSHE G I. dcteidnum g a u z e

el ectrode (geojynetric area 0.96 cm
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3. Prdcedures

3.3EBettrochemical procedures
Al aqueous electrochemical met hods wer
reference electrode with an internal fil

potential svdhahe staGanda@vdVhydr ogen eAfetcetrr oc
brief solubility diteudigause owasr ywilregcttriod yit &t
Li Gli@ met hanol and sodium acetate buffer
acetate (0.1 M) and 63 mL acebD4 cb5 pec whh € 0
nomqueous el ectrobiyn emevialsamoll a&ndli €d ©aponi
sweep (Cy¥)i & vlCtMaansnepeyf or med over the
rangebarid handGoh®uwsdadedvor ki ng el ectrode.
vol tanmetWrays performed at bare and modi fi
with initiafli rpelt e;matieadt itall V1. 5 Vampiln druamee
0. 05 V, pul se width 0.05 s, s alrhel ewowikd tnd
el ectrodes were pr emamrrcaddr ybsyt agd d liinsh (dhigOmmoin
em) foladamwedhadryol dedomsiudbreiéniseek,hédmwed by

with compressed air

3.3S8nPhesi s Poafr tMacglneest i t e

The facile electrochemical preparation of
via electrooxidation of an iron anode i
(adapted from metfand RahCalifeexesamdiafici
anode and cathodwerfddst (POl b%hpdr meghani ¢
to remove impurities, then transferred i
by wultrasonication for 20 min to ensure |

5 V. was applied. 04r M18@®QATr ameitmyl0ammon i

el ectrolyte/ capping agent with t éGpeThd u
interelectrode spacing was  i@mmme(edgeo nt a
cathode with I mmerFkiigur)ede ptulm i B8 g-scyhrhtdhseet B e
process, the solution changed from yello
forming according to the processes bel ow:
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YQ 0o dEE s O © "0Q ¢Q © "0Q pQ 3.1
Y'Q 6 O @mECED YO ¢Q 00 Q) 32
Total reaction in two steps:
StefR1: odb’O ©0QO 3.3
St e pO® ‘O O Q00 ¥ VOl 34
|||—|
Fe Anode Smm Fe Cathode
TN
e WS,
Fi g8 e Repr es gmtnatainmmdeofanid cathode rods i mme
chloride with electi@apbemiapal i tat mani oh 86f VF

The MNPs were all owedi dedskeytheodymit e i
N3)decanted and washed with water three t
process was repeated until the supernat
particles were collected 2 df arl | dwbdf dobl

suspension imLethanol at 1 mg

3. 3EBeBtrode Modi ficati on

A polished GCE was rinsed with ethanol a
magnetite sumslpiemsdtomandl )ngwas sonicated t
of particles and drop castled mnrtemdrhtes ewie
i n bewiweleandi ng atm. 1Lower myoald) nges 2t éd 2i

signal and surface stability.
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Dry with a heat
lamp

20pLofal
mg/mL Sol®
of Fe;04in
ethanol

Sch&mdgypi cal example for a single step of dr
a solutiotmagfnel ime. mlased MNP suspended in et

3.3SBedtroel ebWViosc hStnu kit e sy

A platinum gauze electrode wgHDbgl egtCt 00lye
20 cycl esslfadl I2dDWednVby mecharmmaho@oy $ &l
di amond shislpranksoomatutoinl ifscerd stthuedyspectr oce
(Fi gB2@ever the potentialsl!fangeO0Dlcyol @sVi e
el ectirnoltyhtee plr ensMe ntRRA.0o0fBot h t he modi fi ed

remaining following deiposi tsipectwerseopnyalo
2000 nm.

FigBZe Equi pment f
magni fied i mage o
equi pment

or sHorreocnt rloeefl te ctta orcihgehmti stplya
f mesh, spectroedietct romaeei
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3.3SBrbace Analysis

Scanning electron microscopy (SEM) was p
Uni versity Dubl ianr tancd ee nspilzoey eadn dfé omso irpp dp o & ¢
Hi tach0 -88EM from a 1 mg/ mL MNP sample in
was det er mimead uredmeth tpeorft i cl es.

3. Rlesults and Discussi on

3. Dpt i mi sEhteicom oShretmh eMalegn dNoireparti c
For mati on
l ron kkhagoned im nanoparticles ( MNoPHy shtaevres bte

enhance electrochefff3caBruesbnmenhbodapabMNP!

was devel oped38byThGasb rweorreék edtuidld.s on this
optimisation of the condi thieon anpfaeamnp edNaPt upr
(4/C, A6DQ ah@) 76t 5 V (fand3@a msiubsaepeps d retd
potentials (1 V, AC 5 fWwr axnod mi n)t east) 6 O\

el ectrochemical. preparation process

3.4E4féct of Temperature during electroctl

The temperature of the water bath was ad
60 and) «-pE 5 V was consistent throughout
of the bat?fC wasdovsetantdo b3 ow the t émplemat
Figurtehe3 .e3f fect of temperature of the sol
= 8. 47 om tolbsaervedeimpera@aasie ei mesulting i
densliatb}. 4 hows the initial, maxi mum and fi

the experi ment.
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7 5C

6 0C

4 83C

14 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 J
0 500 1000 1500 2000

t/s

Fi gB3IX@ur rteinnmie resprpothbs® ADrE1800 s, at three d
Ch(ackjC,reé6p axdhl Ir;6howtimeg process of MNP proi
cathode in 0.04 M tetramethyl ammonium chl ori

Tab3le Current density valudser MNBough(oat2)o.e mp

Temper Starting (Maxi mum CuFinal Cur
(°C) Density?d)(rDensity?d)(mDensity?
45 15. 4 20. 3 @ 41 20. 3
6 0 19. 4 25. 2A7@5 s ¢ 24. 9
75 21. 1 29. 7 @ 1614 28. 8

Fi g@d4cacki spl ayssp etéhtoer altRh e mat er i al produced
The purple region highl i gh ebdo,n di nodbisceartveesc
the materlaal°G6535F4tcPOand Malzs5°@)5 wiittker at ur
val ues of ©5%meianngd a3t7t7Oi comi theftht Re@snEenses ol
from materi al g¥¥nehatwed an a5 eandf7hi gh
of 1600cm o ihE0cating remaining materi al
chl ori de fwiotmh n&t hyl groups avioh#€intweado @g
across the rang® dfhelsmad er o 2@ 3 §l@sne mma e da
more apiamerstpo@seliatdi 832A90ngmhydroxide f¢

within the materi al
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45°C

% Transmittance
60 °C

75 °C

1 L 1 1 1 " 1 1 1 " 1 L 1

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber / cm™!

Fi gB4e $RedtorraMNPeat eri al atpap@&@dbc&dfor 1800 s
temperaft u4®s 60duarnidng75el ect r qc hheing hclail g hg yi mtgh e
(purple) -@hbohdthe Feund fHapproxi mately 570

The spectra observed f PCona ptpheea rneadt et roi ahla vgee
within it, indicating |l ess contaminati on
mat ched in the necessity for additional

washes of the materi°€l sogebemaned!| att k 4 Bne
orange/red impurities. This indicated t h:
states and that a di ff erfre®t, ffvaarsmeaf diumr o m
process as opposed ] Ttohd udaédsierre di nrdaeg rsd ta
of the methodology the applied potenti al
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3.4E4fedct of Applied Potenti al During EI

Fig@Briél |l ustratvessi maberespoersée observed dur
formation under three applied posaéenbhalof
t he curr enmi nouteer etlheectIdsyax pecti sdperhedi
applied potenti al resulted in an i Awgreas
EappflVand 2.5 V resul tjddAifvnsh.i me Ep lgame 3h &
compared to thafTab¥2ab s¥v. i Dati & awietshitmhe st
density across the time perioda.ghydadoged.
2.5 V observed as t hepsbi nvalr emeud st terde menn tt sh
95 seconds before the experiment was Cc0my
potent 98| sngwi 2’k 4 nogb,t aainnde dl 4flormgl, 2.5 and

30
25 5V
(\I‘ N '/-\w
e
Q
< 15
e
—10 2.\5
5 /
1 VvV
O 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 J
0 500 1000 1500 2000

t/s

Fi g8 @ur rteinnte r els@lodh speo tadp +li abl a(ck2f. S W) (+Aand
Vbl(ue) for “C80Obseratn®O0t he process of MNP pr
M tetramethyl ammonium chloride (typical trac
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Tab3d2&€€urrent denfSe tynh wehe wighsespuptt i ed potenti al
formgmi=@n .

AppliedStarting CMaxi mum Cu Final Cur
Potenti Density?d(mDensity?)(mDensity?

1 1.98 2.10 @ 180 2.10
2.5 6. 31 9.60 @ 180 9.60
5 19. 4 25.21 @ 17 24. 9

FTI R spectrocrop ynwadedt@asaeadi nf ormati on ab
hydr oxyl groups (RARingBBaeHydrwmd | wat en of i
foll owed by further adsorption of water

surface OH groupsN sTerretticaht y 1 282 0D&)he @

i nter mol eciiH agt rbeotnadheidn IGFHBBONF)*Can€imd OH bendi
vibration(163838'58®emem evi dent. The charact
of pemmaiFrel y appearett(httsBb6atane #2aluem o
being attiO bviuitberdantt otnEese at'd2@r iamiadd 6tld
bending vids*4ti ons of Fe
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w,

% Transmittance
25V

1 L 1 " | L 1 L 1 L | L |

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber / cm™

FigB&lR spectra for the MHMPRL n2atSe+& nadl wphrio deu cbee
heat edC,athi6gohl i ghti ng peaks of interest with

Scanning el ecSEMamamecgysaiopye ( ED) e gseptehcetrr
provided information regarding morphol og)
mi cr oma tzaegdgr egat es of the nanoprFaugt@.tq1 es
confirm the nanoparticle size and spheri
of 1, 2.5 and 5 V for 30 mimFigTeirdAC wi
average Wall,6esdb 3@nod B 0OL&ZmirespEabdiBel Yhd

nanomateri al pr eparreeldatfirvoem y5 tVi ghetseurl tseidz &
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$3.6nm

5.0kV 5.5mm x50.0k SE(M)

0
00um

135 T
E ) —K— I Maximum
Minimum
25%
[ | Median
105 |- @®  Outliers n
I - ¥ Extremes
. or 2 2 ]
S
S
° 75 |- -
N
0
60 |- -
- |
45| | .
15 ' '
1.0V 2.5V 5.0v

F i g 8.7 Mdigh resolution SEM images of MNP electrosynthesis via applicatiéy) dfV, B)
2.5V andC &D) 5 V.WithE) a particle size distribution based on 100 patrticles (1 V), 50 particles
(2.5 and 5 V) samples.
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T a b3l3:eAverage particle size of MNP prepared via electrosynthesis.

1V 2.5V S5V
Average (nm) 55.1 49.6 50.7
Standard Deviation 16.0 13.7 12.4
Max (nm) 128.0 98.0 88.5
Min (nm) 25.9 26.6 29.8
El ement al identification was in agreemen
(Fi gunffoB.8&8ach material were normalised b\

Fe: 23.3 O (1 V MNP), 75.5 Fe:23 Oa(2.5 "
i n good wvaigtrhe etnfeentt heor et i cscas 72t d&F)ewdE b s

standard deviations of. N 1.70 for Fe and

1V - Stub Spectrum [Processed] 2.5V Spectrum [Processed)]
A) B)
o (o)
Mn
Fe
Fe
Fe Mn
Fe
Si S . Fe
g P f{\ e I S f l R
T T T T T T T T T T T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 14|10 1 2 3 4 5 6 7 8 9 10
Full Scale 22088 cts Cursor: -1.641 (0 cts) keV| |Full Scale 152161 cts Cursor: -1.641 (O cts) keV]
C ) 5V Spectrum [Processed)]
(¢]
Fe Fe
I\
I]' l b
cl ’ c l Fe
_n S S, Y
T — T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10
Full Scale 43475 cts Cursor: -1.641 (O cts) keV

Fi gB& e EDX spectrum @dmfmirrcmicrognpesidandnOfrom £
5 p

g
\% reparati ons.

87



Chapter 3: El ectroanalysis of Or

Given that the more uniform particle si zc¢e
generated materi al wi t bprdibf VEQaewat® 0 aepnppl i oey
henceforth.

3.4TheBmal Analysis of Magnetic Nanopart.

Thermogravi metAyiananadil yseserffTiGal Bic@aume n
3.)9 (6400 AC) were employed to aswNePssa t h
characteristic influenced b3 Tpgpeaimisiak
vari at iRed ¢t,d8 gadf.&® may be due to an over
proces@ aorfd HsQH fgarcoeup el i mi nation with art
Bl ue curv®,atFilgowr eAC3.fol |l owed by the oxi
magnetlFted O Ranges t oF ghlsgh€®met second DSC
(oxidation) signal was a weak process at
606. 7TH=AC4( D tclirged close to the upper |
crucible employed65®cA®stshe hev eraalgle mads
that of the theoretical 3.1% expected f ol

endo 102 4 140
100 | oree o oeee N
oz | Tte—— 4 120
9 r 4 100 "';-;
@ 94 - === % Mass ~
Eﬂ 92 Heat Flow 1 80 _.E
90 ¢ leo =
88 | K
86 | 1 40
84T {20
82 |
exo ED I T T T [N TR T T TR [N TN TR TN TN AN TR TN TN TN [N TN TN TN TN NN N TN T TR (N |:I

0 100 200 300 400 500 600
Temperature / °C

Fi g 89 BI| o ttleermogravimetriqreddash)and differential scanning calorimeti{plue-
solid) dataof a 12.35mg FeO, sample (generated &.p,= +5 V at 60°C) in air at a flow rate
of 10 ml.8" with a temperature programme witm initial hold of 30°C for 1 minuteand an
increasing ramp of 36C to 600°C at 5°C.min* (typical traceshown).
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3. 4XRaBi ffrAcaliwéi Magneti c Nanoparticles
X-Ray di fafnrad cydssRByi g 8r d Owas perfor mempleavk & h

Vi s,ibnldei cati ng smal | crystallites wi t h (
literatidrf®drva@l2wes 311, TabIde) 5¢dyanddodgbDan
spinal face cent rtéwli tchubb'ach i3 oFfges ualyi agr oct ¢
sites3taemtdr Freedr al si tes.

2500‘l
2250 |
2000 |
1750
1500
1250 -

750 F

Intensity

500 |
250 |

1 1 1 1 1 1 1 1 1 1 1 1 1 1 | e

0
2000 28.00 3600 4400 5200 6000 6800 76.00
Position 20

FigB8r@-rxay diffraction patter msoyfntMMR iBepmert ait
=+5 V &t f1eB0iOn sOt ed4r ®Mmet hyl ammoni um chl ori de.

Tab3lddeXRD data for Magnetite MNP.

Pos. Crystadspaci FWHM L Rel . Mat c he

[ A2d]pl anes [ ] [ A2d] [ %] by
30.2¢220 2.95 0.4015 19. 18 0410 84
35.6¢311 2.51 0. 2676 65. 78 049 8-4
43.27400 2.09 0.4015 14. 71 040 84
57.1¢511 1.61 0.4015 22. 87 01 84
62.80440 1. 47 0. 3346 43.95 041 84

* Matched against the I nternati eddalt a®earster e f or Di

Phase i dentificati on o6 83 maigsn ecthiatldel argh nrga
the same cubic struct ®’PHoweduver clXRRk dmalty

confirms t hes0Ogbeanseerda tMNoPh ionf IFHene with | ite
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3.4ELebtrochemical investigation of MNP |

Figurlsh®dws voltammograms of the bare an
section 2.2.3)) examined in 0.1 M KCI, o
at 50LFm\W usrle Asshadws CVs for electrodes mod
at different aphilguwrté Bepx.talenmhiead!| $ hewhielde x |
materials prepared wunder different tempe
evident in all cases between 10.5%5' amnd 1
irreversi ble anodic wave was observed at

has beetnhBgscvwem undergo di ssol?2tmthiicrh wiatnh

el ectrochoexmidciadddy (rle. 0 V vs Ag]| AgCl i n t
more evident at | ower pH, and dependent ¢
the cathodic potenti al l i mi tanoFuUumsblde ums @a

buffer (3:7) as electrolyte to proivamde ¢

solvent and mor’& ewlxd araltyi ode fsii gench | Be

A) E B) E
0.4 04 r —
0.2 0.2
N 0.0 N 0
%-0.2 '(EJ-O.Z
< -0.4 < -04
§-0.6 §-0.6
.08 .08
-1.0 -1
12 V—— 12
-1 0 1 -1 0 1
E /V vs.Ag|AgCl E/V vs Ag|AgClI

F i g 81 1Cyclic voltammogranfshowing cycle 3)f MNP modified GCE and bare electrode
overthepot ent i al r a n gAg|AgCllat 50 onVistil 0.1VM KCs including A)
modification material generated at different potentials, showing bare @&terf), 5 V MNP
modified GCE§lue), 2.5 V MNP modified GCEgd), and 1 V MNP modified GCB#ck). And

B) with modification material generated at different temperatures showing bare G&é&nj,
MNP modified GCE with material generated at ®D (blue), 75 °C (red) and 45°C (black)
(typical traces throughout).

90



Chapter 3: El ectroanalysis of Or

Cyclic voltammetry of bar e andaemoad netdi,e d
nitrogen bubbled degassed aqueous el ectr
(Fi gur2eg( n3=11)The bl ack trace representing t
el ectFiogyRéA)fesul ted in a strongOi 0Ot é&ver
vV (1) with smalQ 0e@uv¥ti(bh) wase Ag| AgCl
representiatéoel ehsEdFFF OmoI[IFoewi ng the cat
and the signal was supFriguas2xd3i. Ml td elgaas skeae
previously that this anod3d'tco ptea&k d enlclr eaarnsdc

to be pH*®dependent

E/V vs. Ag|AgCI E/V vs. Ag|AgCI

Figr2yClic vol ¢tsammwigngmeypbteheeBadngeé 1T 1 to +1
Ag| AgCl ™@itn 5®: mansd ihamtoat @ HAu BfHh ebbhaek)] and MI
mo di feideld GEEe riamm edid 8y assedtyspdlcuad) dmrsac(e

Fi gBi3shows the influence of the cathodi
couple eviddmtdmODBdVu ds)Wegantcde a weak process
V rd t,r aicredi ctahid n\§ bl(tahcakt ctartahcoed)i ¢ | i mi t wa

register this$)anodic process
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S S ——
1 0.5 0 05 1

E/V vs.Ag|AgCl

Fi gBtLtBCyc hoilct a mmo(gsrhaommsi ngofc yMNPe n3o)di fi ed GCE
influence of cathodic pot@mtiicald). tPreanctei ®h MaAPR
to b ue)(telOoksd) andl ibMaltb) vsat Ag|shEadl *tate o
in 3:7 gxedhamtodt@Hdupbd)epi cal traces) .

Figure 3.14shows a scan rate study {200 mV.s' } of the MNP modified GCE resulting

in a linear relationship{= 0.993) between current taken at 0.6 V and scan rate with slope
of 1.01 x 10 3A.cm’ 2/" s resulting in a surface coverage value of 1.08" h0ol.cm’ 2
using the relationship belovEquation 3.5° § for a one electron surface confined species.
A plot of currentvs.square root scan rate showed linearity (up to 0s3)Vindicating a
mixed diffusional system, correlating with the concept thdt Fedease diffuses to the
electrode for reoxidation at 0.5 V vsAg|AgCl. Log currents log scan rate plots resulted

in a slope of 0.82 over the range 0.0% V.s ‘which wasmore typical of an adsorbed
species (slope 1.0). The magnetite layer exhibited capacitance of 2Kk 2which

was 3.3 timeshat of the electric double layer capacitgnioeing in line with recent

literature®,
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0.18

s 0.16 |
J 0.14 r .
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) 0 I I I I 1 I I I I )
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A)04 ¢ oo _jv c B) 02
0.2 | 20 mMM.

j / pA.cm2

T
‘e
.

E /V vs.Ag|AgCI

Fi gBr®A) Cyclic voltammograms (showilnglocYcl e
VSs. Ag]| AgCl for a scan rate study for MN P
20@Vi'eEn 3:7 sedihemobat @ Hblu §pdrcal .B)r £oes psponc
pl ot of ¢ ursrceamntu sdaehrgs idtay( av==L.) om ( A)

A stability study was performed by <cycl.i
+ vs. Ag/ AgCl fnoert h4aOn od y. csloedsi uitmn ¥ '€® aAt e |
continuous decrease in current was &evide

transformation process u’roenl ecayscel ifnayl Iroevsiul

-~

eduction step. The experi merrL whsl%epaht

to the MNP | ayer in an attempt to I mprove

-

edox process was evidenmt awi thir aem®té %a fl to
10@V/ls The | owleirmiptotwas i aéquired in order
anodic pirléEees® (he detri ment of the sign;

surface confined material was thought to
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3. £l 2ctromhbd mpisdal of Diphenyl amine
3.4Vel tlammeeisitcgati ons

No-agueous el ectrochemistry of diphenyl am
(1:1) ing4s0véar Mt heCtOncehtmMt atsh@E® gy®e 0. C
(A)The anodOcc.weak (dt) corresponded to t he
aromatic amine resulting in diphenyl ami
resonance forms) with recombination resul
(DPB) m&artii on odCuaddivtii imaorC i nSd iheSmgBaa md ptohse
DPB specwas elesélrbactive di @34 a@Qi g ¥) wi
reducti oh=p®o pbBeei¥nsg (Mmost evident’°atAhplghtr
jvsc.oncenbDPAFtiigur e )vaks5 | (BlRamMf Ob@aSed on

anodic process at OmMBGSAMIWEt B6) 98nsitivit)

A) 04 ! B) 04
0.35 0.35 | A
0.3
~ 025 002'2
5 02 e 0
< 015 g o2y
E o1 £ 015 | .

0 008 % y=0.3761x 0.010
-0.05 e R2 = 0.996
01 b 0 ' !

0.1 0.4 0.9 0 0.5 1

E /V vs.Ag|Agt Concentration of DPA / mM

Fi gBIr5) Cyclic (slhttavmmagragm|l enmodi fi ed GCE ¢
rang-8. a1t o/s .|A@It a scan P &xreceonft r5alt innivasange
0.05 to 1 mM in a 1:1 solutionBdfcaceesepdhndi
of | (from peak |I) VYys. concentration of DPA
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The ratio of anodic and catvisbhdamr ratre einn
anel ectron transfer, chemical r eparcd d e:s a |
irreversible electron transfer followed
rati o decreased as the oxidised species

reaction (formation of diphenyl benzidine]

A)
T H
N I
-€
DPA DPA*
H H
e I
H
|
pA* DPA
B)
T T "\ VA
N N o N N
IOASRNO R G Ere A
H H
DPA* DPA* DPB

ST = Y

DPB (red) DPB (ox)

meMechani sm of diphenyl benzidine formati
tron oxidatio f DPA to a r addiineaatli ocna t(iBo

n o
(chemical step), and | eads to the el ec
Ja qiure ousn el ectrolyte (B (11)).
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Scan rate studies verified a diffusion c
may be deEsqgeuraistBeodd By 3THWe expressions bel o)
of ditdbasf(opiaemd transdflas(somehgi ai eiftl) ( a:
crhstwi thh=0. 4 9.

N ¢wwpmm & [& © & VMO M 36

8 37

0o O

whelWies the transifert toeddmikernaef @&l ectron
st ®ps the deiffffi(cafitdatnsd s s c(avi).FgautaeBiad@nl ows

determi Past andafdkheterogeneous raf% con:

NV c¢dpawnmie— ©O

—W0 3.8

whekea s the standard hetRirsogeheogslsirsatoa s
tempe( ) nllies Far aday' s Ep@dn s5tfaadV. 0 Ta ki Wgar
0.561 V thksalres uod ft®shsi'h3 al 10

Foll owing di odolDiPtAEomoséstsiumdg abl e aqueou
found to be 3:7 methanol : sodium acetate
el ectrolyte for pracAisaednDPAtsesbfudyrapp
3.(A) showed oxivdsag| AgClatwiOt ¥ More domina
evident for the -sorpaocoduconbinsethePolai owa

0.470a0d40Ag AgCl . The diffusion cod¥fici
cmlwi th @®.n®= 4. 0'8c s whti ch was 3 times | o
constant in the orBaaioceelebt)i®alptetj( di tk

for the suanhadiecactahmaldiiacg@ r @ c4 3 sV a(nfde=ak | )

OO0 (peakslddg ) 3 cdmni gr3a@ideB) es ul t ego 0i.n7 89l.adchpde
respeavthiivel ypaysptah pbphte was fduadueésPode |

and 0.981 (Fies@Qraé€C) i1 vel y
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r(é+ aQ .iddelnh itph ¢05maMn g e

using a frechbiGIC& S0rmMa.
me t h an o l5Qacsrordei supmo nadci entga t pel
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A) 0.1 -
[ J
0.08 ,/
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f—_— 0 ’/
®
-0.02 y =0.1661x + 0.008
R2 =0.9983
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. 0 0.5
E /V vs.Ag|AgCI Concentration / mM

FigBrZz A) Cyclic(yvhbhdtwiammogyalméh ed)pot entvaeal ra
Ag| AlgcCDhPA concehudgatuseinng a freshohnGChadyarnfiom
t he rOanmgle. ®™M DPA n a 3:7 methanol :sodib5um ace!
Corresplooghvecfo ncentrati o® =f Or.( fredslp oln)s.e at

| Rigur é A3hveb8 t ammogram of thewdéepoaitedpb
O = 0.t4ogvet her with dar k fiimagigruerfelBgx.tlath

i ndi aatiexg ured surface of the GCE.
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j / mA.cm?
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3. 4U%i2s Spectroscopy of Films Formed fro

The visible appearance of films formed
acetate banotfteheatté 3p:o7Hpyrnoedruicct sbyof t he DPA 0
and contriburesudtti migsisi ghalctrochemical
di phenglamitmepol ynéri°Ffatr imani smudifephenol
products, the |l atter of which are c¢c®®mmon
may al so occur in the acidic aqueous con

responsi bl e for OtZ0e 4p/ir &cess evident at

I n order to exaiMisesthidsebuinkhet vedVpot e
solution of the DPA monomer at a Pt gauz
Absorption spectra Kiay@lr¥ geen dn l)=n 4p e cadr re@ stl

o f the solution follldpwispgcpoaymercios atido
el ectrode in a spekitgBred Adthroavsh etnhiec ad b scc
spectrum before and after cycling in 1

(i ndiiegadktoir DPA ar en nP0 4amch da@mBetar ance of a
and a weak absorbance atnédes5 cifrag(@i@&di)on |
presents the data in absorbance ratio foc
evident at regions | and |1 of the spect:
respedgtigBgal4yCohows the spectrum over the
at the Pt gauze el ectrmaptiedpbenmndl poshecy
background <correction was ensured by wus
Deposition from 1 mM DPA onto Pt results in an unstable film wrapparentlyevident

on the electrode at 456 nm (black cufigure 3.19 (B) and (C)). Thisresults in a

stronger signal for the solution spectrum (in the absence of electrode (redrigumes

3.19(C)), with increase in the overall absorbance of the formed products (>312 nm). The
UV studies point towards soluti omatimhase
aligns well with literature valuebetween 424 to 514 nrsubject to pH effects® °

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 refction o
diphenylamine with nitrite and nitrate ions from nitrocellufo%eth oxidation to the blue

diamine.
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FigBA®Aver ag¥ddp&¥t(madj 1A) mPDPA msol uti3arw of
met hanol :sodium abeptfadtrec fuf &red) épHelidfg 100
t hpeot emam@é +1 1V tat L1NDetomymadck giimn bet ween 350
| ndi cagatfiore DPA are 204 and 284 nm which dec
Absorbance ratio spectra fred) paedivamidtkp) oot af y «
gauze. C) Overlaid spectra fgoey)Ptamdufzel li awit
(bl kQRed curvesoeptéesenbnly spectrum (backgrou
mM DPA) .

Having established insights into the DPA oxidation pro&ess cycling, an evaluation
of the influence of the electrosynthesised MNP on the DPA electrochemistry and
guantitative signals follows, with the view to establishing optimum analytical

performance parameters for the transducer prior to real sample analysis.
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The apparent ability of the MNP | ayer t
pol ymer redox process (p9s smabsl ye vd ues ntt o amt
senseld ecti vity and reusability/surface
voltammograms resulted in dbh|l mibr BRPAQul epl

3.R21with s ®BB8NO0I2ZNAI tE3Mm®{ n =w8h)i c h -fi &1 d .i5dcr e
relative to the BaBibe 0ard® ZImmde 3 8 s pvosn. 6 & |
Ad Ag&slt ati stically signi(fpi cant TOhD4&)easeni
to enhanced surface to volumeaha@tiedtoon

transfer, but selectivity and surfatcer e e

mul tiplexed device.
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Cal cul ations of the LODEgnatlLoOo@Qswé8r d0pami

00 H— 310
00 g— 311
Whedes t he standard deviati on of t he b a

background solution of 3:7 NhetOBAD @a0x@W3 odi

respectively), while m is the slope or s

Calculation with ar M@PlamedDd fh edIN Qx5 r od
LOQ 1ZxMN OxM4r7el ati ve to unmodi fiedN eld.e@x3r
OM, LOQxMN706MOiwh a signidocadtbedi wWéenel
LOD (p = 0.001) anldt twaes LpOrQo p(ops=e0d. 0tOH g t

deviation observed with the MNP modified
of the simplistic method of drop cast mo
LOQ estimations event wi tAl tienrch ®&taisvea metnlsd
such as the uslksofavertrtibél podenti al t o i

the deposition process of the materi al

Overlmé lobserved desrcgaesasocciiat ecdu rovmetnbix it that if
species provides reason to believe that
component s are of i nt edieesstt rddd p g e n Vi Inu r perae

ccntrali-taea)gats Eanchomwdnccihc i &an &Ilxypdiog ed i n

3. £l & ctr oknhad myisd asC eonft rEatl hiytle
I n order to gain insiegthkywint Edfbntdbée br edaxr

to tphtehfdd i terature on the eiltesct b eviadseimo s
examined in acetousitnmpgi cgc( 0 cThd|Ifinten®t cy
an irreversi lvigedAgvaivieh aa rleducd/ti on proces

Subsequent dcyglBGear 42 eardl 8d(a new weak an
(Pedk IPIvtsscarf rate resulted in a decrea
scan rate indicatoinngc hae no acmad e tpirnogc efsesl [whw

oxidati on.
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potemdsuwllted in no signifidNa®t 0dBHfFendtucan
2. 8p .

,%)0.5 - BE) 06 r
© 04 © 05 F
< < 0.4 |
~ 0.3 Y 03}
< <
o1} E |
= 0.1 =00 |
0.0 -0.1
-0.2
_0'1 3 3 13 3 ' 13 3 ' J _03
0 0.5 1 15 -1 -05 0 05 1 1.5
E/V vs.Ag|AgClI E /V vs.Ag|AgCI

FigB2&@&Cyclic vol tAglmrvo gerC:m7nomet hanol : sodi um ac
~4.a%3) a GCE over tthée. 5 oM edaltshi 6adi mya neglel (tPtph rcead ¢
trac®) .l nfluence of the cathodic | imit.®8n the
over the pdt dmtiual) , r-G.n do(lrbecdd}y pticon add). t r ac e

I n order to examine any film/redox produc
anal ytilkiad @.2vfo Askh,ows t he effect of continu
mM EC at the GCE, wiOt=h la 2d ev)r eeavsi ed eonft pferao
mAc M.Wi t hyicn ec 2 of the voltammogram the em
V(lwdebservlend i nvestigation in 3:7 methanc
i n an anodic shift (1R6| MFCIg B2 dEdR)eakeil ng i
suggestive of a pH effect with no eviden:

108



Chapter 3: El @rcd amiam aKkiyrse ar mfRe s

Aé 05 r
o 04 F
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a 06 F = 0.0 Cyclle
< :
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-04 F
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Fi gB2®yclicowgolawmammt he potlenrioi 2l VIAg@E€ReAdLf

mM EC: ¥nm8&8t hanol : sodpH4dd) aatc ea (@@ @E dbwd If(ep i s odwn
traceB) dndnM EC in 3:7 m@tHvaladl :ap(htdbGEpyhcalt ees bsuhf
typicalnsetacedycle 22 shown at 50 mV. s

Foll owing potenti al cycling in 1 mM EC,
GCEFi(gBr8&® A yel ative toA@Qpnt Thli sswabadeat

warranted further investigations. Film f
as shbwgB2&®Bwi th peaks at 1.0, 1.2 and 0.
purpl e, |l ess uni f oFimg®82 & AB) Wist s heowind d mc @ nx

f or marFtrioom .t he wvtohlet apnenalebtsr yiver eIl f bimbdht mobe
defined in the case of depodgFiitgiG@& BAndm 5
(Chespextwivehyan add.it9 oviad YVperdkdod dh o(wi ng
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the electrodes were gently rinsed with w
background el ectrolyte (it was notwad ht hat

of ethanol ).

A)

- i
-1 -0.5 0 0.5 1 15
E /V vs.Ag|AgCI
0.7 0
C) 0.6
0.5
~ 0.4
£ 0.3
< 0.2
E o1
— 0
-0.1
-0.2
-1 -0.5 0 0.5 1 15
E /V vs.Ag|AgCl
Fi gB2&@A)Phot og(rxasipéhgsni fliod gptaireen GCE p olaindh ead GsCUEr
sur ffaddé owi ng 230 mivy3addnardEMdi B : mMet hanol : sodi um ac
(pH -2a4. 8)aBowm&r t hle tdoa b@yWwec | i ¢ ogolamammt he pot
range afo V vs. Ag| Ald®B)5atmBBan dnVC)s 1i @nM7 EC
met hanol : sodi um aaé¢t atbddCheud dfleavs N ¢ Hec y~dtl. by 1 t
e Vv esruyb s etqauretple(ty@)i c all ntsregace)zoom8d5i hor @gboWN ©6
for clarity of peak 1|V
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The resultant film formedifymamsenmMaEC 1.
0. 04sAg| AGFCIlgBr28ue to the soluble nature
PeafO=l 1.0 V) decrease(@. OnBA.68MM0 oOMAX55HM cycC
whipleeaKO #-0. 04 V) showed a sté¢addp4B6ndAe ame

0.4

j / mA.cm?

-1 -0.5 0 0.5 1 15
E/V vs.Ag|AgCI

FigB2a® Cyclic vehbwmmggegml €éhé potile#ltoiBZalV rvasn.
AAgCl at tilm03:mNV. met hanol : sodi afn faiclemaft @r mad f
cycling in 1 mM EC (redn=1r)el ati ve to bare GC

Given the acidic pH conditions employed i
proposed to expl®damd bs elmakapweantofdeEpCosi t i
producSche3sdler proposed meswalgagrisd r)deNwhlitc hi
ethyl anthyhépaedyé ) car beatnsdcda taec i tdh a tS ald ivfeusn
base buffers ar e particul arly efficien
( CBBOOH/sCBQ i mpl em%ntlend thheerier wor k, nonl ir
rate constant on buffer concentrations st
i socyanate), with this intermediate form
given the di subsECt utedm&Nt adomwmmaef this int
as both th& eyl agrdot hk( @4 dD)madn ct hrd nmgi t(r
| eaving greupaslopbaedaepossi bl e mechani sm

of phenydiudieasmeae cdhi aae laismiama taidam t me@eahani sm
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the protonated nitrogen byf owameng aa t ael
i nt er fPReigaatredll ess of the intermediate pat
formation and subsequent breakdown of a

under acidic conditions.

The second potenti al product, ethyl (phen
carbamic acids are generally ung{Sableemean c
33) , mdy sexpbabbl dtheobserved during the
el ectrodes cy.clRidme rniNssd thiyM fffn@ d i mes uN-t an't
ethyl a®chemenaly. expl ain the yellow col ou
sur flace

|©\NiN/© E O\NH " O\Niw
J L ) )

1,3 diethyl-1,3 diphenyl urea N-ethylaniline ethyl(phenyl)carbamic acid

)

ethyl(phenyl)carbamic acid N-ethylaniline

0
[ )O\NXOH — O\NH + 0O—Cc—o0

Sche&3®e Aci d chtyalrpsgdi s of EC with breakdown
andifjurt her r-etalkyli @ami loifneN formed from hydrol
ac.i d

112



Chapter 3: El @rcd amiam aKiyrse ar mfRe s

Both breakdown eadrod bl es’banrtee hhhaeolsome r e

the electrode surfaces i n thhee a@QVWsosikBower
FigB2%Bn particular bear an interesting re¢
ofN, #li met hyl aniline af3wbarboB6Dpasteed!| ast
stabilise the aniline radical cation, th

effects due to the ethylf grmpumpyceay es X gIv:
together with steric effects dueysttoen haen de

| ower cdhj’ugati on

The redox mecNmdrkiysmamfi [pdhiZW(} i daci odepr @e
the | eucoemer al-kkimee afgdurlmeayg rraendiulciende) ( f ul |

withe aid of the mobiFlod | aoowe tnagt & hceo U mti é ri iad

Peak |1 i3n 2MBi,gaurseubsequent <cycl es, redox
poiNe¢ hyl ani lI&1lned)5 W 1N dV rlespecteaseéy(cyc
foll owed by a decrease (cycles %ort ol 2909 .c

el ectroactivity upoNebDhegerani dabhepnpled nit d
bul ky et hyl Ssubstituent mayreaseed he @con
semi oxidised emeral dine, i ncreasing the
fofm with this reduced form possiblay feat
0.11 V.
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Leucoemeraldine

LML
P N

-2 +2¢€
+2A° 2A

)
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: 2 | frae

YOS
KIJ.U Q{X

-2e +2e
+2A° S2A

N N

Pernigraniline

str umodtulryelda mihldigrodgy § N g

oxiédati on

pos

Due to the weak nature of the adsorbed
conditions, a scan rate study was not
in 1E@Mmper f oFimpud3 & A 2. The effect of scan

10 .si¥nd

28 rmV shown f or tFiieg uf3i@B s28)). Charte e

sl ow scan rates ( ha&n dr lo.cleMsespées naott 1v.i0s5i
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experimental timedaadleeavhi ¢ @um@mlte@ODDHO .MO/B s

V. A currvesh'fl densot yt i{dw)apse alki naeta rl .oB0ET t h
mVAIwhi | e Ivisedroggd i a s ovpd hofeqWjad 5 ®.n5 4.9 ¢
Log+ 3.(3#230.997) refleontngliked diatunei of

A) 18
1.3
t 08
(&)
<
E 03
-0.7
B) o020
0.15
~ 0.10
5
< 0.05
=
= 0.00
-0.05
-0.10 .
-1 05 0 05 1 15 -1 05 0 05 1 15
E /V vs.Ag|AgCI E /V vs.Ag|AgCI

Fi gB30ACycvolct amelegowmopbfeasdgn ratEGdt wmdypaocfe G
ovehe potentli #llo ¥ s\HAyR@Glafan r attéeds0 omPvi.is8t 3 cyc
of 1EGuMt h 0. 2i ™M AL:i7TImMet hano!l :(spoHl i~atd .BF)e’l 8t ]V

and C) 200 mV. s
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The aver afpeEyvaasl use fofncti on of scdmtemame v
was esteEgmat Bgi(as 0. "2as (Daikks nges bl Ls 4inT]
di ffusi omDowaxefdsitciimatted f r Bgmu aQyiciine 121 d & i a
i n 3.°35%&MWhen scan rate data from cycle
i mproved forvsoanphoate€ewst hypeaks |1 and
confined re®awi7rduran@dr 0. 9908videmsglect $ vied 1y ) |
(1) r esauslltoipneg oifn 0. 7 idn dfif ceadtifiencgt . a Smiche df
vol meatmr i ¢ st udibedravwfi otulmre ameldonec hani sm f o
t heseomendorveel i nsights which inform the f
devel opment stage, exploiting glassy catl

nanoparticles syngecetsiicsre d2 .ax. Adescri bed i

Differenti al pul se voltammetry was empl o
above upon cycling and to isolate the mai
Figdr3d A) amsdhhoWwB) the concentration depend
modi fied (magnetic nanopho&d@.cl e) GCEs oV
A) 40 40 -

B)
35 r 35 |

| / A

o R
1 1.2 14 .
E/V vs.Ag|AgCI E/V vs.Ag|AgCl

Fi gB3AvermRyjeat a ofn=EB3Q hoeveprot entli 4llo. Vv & r gMggCd f
with additional parameters a#gegiedan edfecEC ogeeel
V onl yfoshawmr)oncend rtad «iN)&O GA)Y i asre and B) MNF
with current stROndkébr  ode WNia RO afnalr omcdobised h
entirp series
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When the concentratd opolsymadmisalwarse splomtste
i ndicating that more than oRegBir32eBwhd)ser i
l i near series were dReirg &rsaR) §(vB=r3 )t h &0 rha @de
l0XMand Isew@rngdr3*2)ac)oss the rxbMgiaont bft B
highest sensitivity being achieved at th
and 0. 0637WAxM!f®.rO00bdadr e and modi fileidmietlse caf
detection and quantification values were
for DPA were achieved and LWDsndf LOQB87 of
N 0.85 1wM. veNeOo®5ained for both bare an

A) 35 ¢
30 +
..... ®
25+ _eTT e
< 20 | )
w
=15 L
10 o
> [ t....-""
O__-,!:||||||||||||||||||||||||
0 200 400 600 800 1000
Concentration /eM
B) 35 - MNP Modified: C)a .
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30 L y-oF.{c2)2:83x92542.3758 : 3.5 Fy=0.0637x+0.2773
) » R2 =0.9906
25 | 3T
25
< 20 | §.
2 : 2 B _ I
— 15 x )
p 15 T -7
10 1 = Bare GCE: 1 b1 e
5 y = 0.0266x + 1.7791 5f ,;’ Bare GCE:
& R2=0.9953 05 | + 2 y = 0.0386x 0.1541
O L L L L L L L L L I O LI‘K IR I N N |RI2:|0|9|9]: J
0 500 1000 0 20 40 60
Concentration /eM Concentration / uM

Fi gB3¥32 Average datua relodtne s(nint £&)t ii ofn3 T met han
acetate DbaubF)ebba(pH andrethpdiGCEedver the conce
to XAB) 50 #*Mo ah@@O@CKM.5 to 50
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Tab3d5e Comparison of LOD and LOQ values for
GCEs.

El ectrode L O DxM() L O QxM)

Di phenyl ami ne

Bare GCE 2. R70. 0. 7.870.1

MNP modi fi ed 3.6810. 1 11N70. 4

Et heyelnt ral i te

Bare GCE 4. 070. 2 13N60. 8
MNP modi fied 4. B90. 2. 14N60. 9

aqueous

3.8oncl usi on

n this chapter, new insights into the

products and processes which could ari se

The work presented within this chapter,

el ectrochemistry of DPA iamed uEsCe coofu pil readn wo

nanoparticles, positively influenciMNPsthe

were prepared using the accessible and

anodes foll owed by characterisation Vi
el ectrochemical techniques.
Fol lupwproducts were proposed, with the gc¢

subsequent dimerisation of DPA and degr a

nstances deposition of some materi al

preceaovsLog scan rate) or visual i nspe

appeared that the modified el ectrodaet hi

easisorption to the electrodes surface.
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asmndushee of DPV was moL©®Dadrmdnt@@eoars, b o
culated at bare and MNP modified GCE.

the next chapter, i nvestigation into
hin t he s ame sampl e matri x i s prog
ctroanalytical method for OFAR anal ysi
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4 . Clhapter Ai ms
I n this chapter the three main aims wer e:

T To develop an wunderstanding of how t
organic fraction of FAR behave as t he\)

T To apply the developed methodol ogi es
case FAR.

T To exttheinsd met hodol og¥yi te di 9 pgwy achdiset d s

el ectrode configuration.

4 . 12nt roducti on

With an understanding of how the analyte
(Chaptdarhe3)i,niitni atlhes tdeepvsel opment of an el e
FAR have been pFARensedot Whi reg0Ol arl y us

anal ysi s, Ehagpi, ectuhdesreed iisn i ncreased inter
met hods for reliable detection of the <ch
matri x. Examples of conventi ohald4 déwet hods
chromatographic met hods being a cC ommo

resealrpcrhaecrtsi t i oner s
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Tabdlle Neolnectrochemical met hods of analysis fo
Method Analyte Linearrange LOD (ng.mL?) Ref
(ng.mL™Y)
Solid phase microextraction GC DPA & qualitative !
EC
lon mobilty spectrometry DPA gualitative 2
Transfer to TLC with DPA gualitative 3
luminescence detection
GC-MS DPA 107 5000 2.09 4
EC 107 5000 0.382 4
UHPLC-ESFMS/MS DPA i 95.64 S
EC - 11.06 °
Surface enhanced Raman DPA qualitative 6
spectroscopy
MS/MS DPA 51 200 1 !
Solid phase microextraction wilt DPA | 0.12ng 8
ion mobility spectrometéer EC - 1.2 ng 8
Thermal desorption G®S? DPA - 0.05ng (Vial) °
5 ng (Swab)
EC - 0.05 ng (Vial & 8
Swab)
LC-EC detector (Au/Hg} DPA | 0.039ng 10
HPLC tandem MS/MS DPA 5-500 0.03 1

aLOD values quoted as mass not concentration valu

However, with the | ab confined natliye of
| arge costs rosustwusedae @tdr omaintahl yt i c al met ho
i nterest as a more vVviable approach for
(speci fically DPA haonudg hE G hien utshei so fwoerl ke)c.t r
EC are very | imited, DPA has been the sub
devel opment . This i s due in part to the
t he environmemany Sdinfcfeertemits,el ectr ochemi
devel oped with soTeebde&ampl es shown in
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Tabd2e El ectrochemical met hods for analysis o
Electrode Method Analyte Linear Sensitivity LOD  Ref

Range(uM) (uAapm ) MV
PM012/GO/GCE DPV DPA 0.05 400 2.00 0.006 *?
EuMoSe/GCE DPV DPA 0.011 243.17 2.32 0.008
DPA/MIP/CPE DPV DPA 50071 30T 100 ¥
TiC/-CNF/ICSPE LSV DPA 0. 041 5 16.47 0.003
RGO/FgQu- DPV DPA 0.17130T 0.05
MIP/GCE
Lax(WQy)3/SPCE DPV DPA 0.01i58.06  0.094 0.0024 17
MgxNis 1 S@C/GCE DPV DPA 0.171761 0.016 ®
AgNP/GGLSPE DPV DPA 0.019.09  6.879 0.0054 *°
Bare Carbon SPE | SWASV DPA 5.9 47 - 273 |*
Bare Carbon SPE SWASV EC 1.8129.8 - 1.67
Bare GCE C-SWV DPA i - - |
Bare GCE DPV DPA 0.57 50 0.0629 2.27  The
MNP modified GCE DPV DPA 0.57 50 0.0801 3.51 | Ths
Bare GCE DPV EC 0.57 50 0.0386 4.07  Tns
MNP modified GCE DPV EC 0.57 50 0.0637 439  This

work
*Forensic appl

With the wide variet-FARfamaelt hoids, awlaettabd el
a growing interest in the research space.
optimisation of the method was uetdkRod-atkem
site capabilit-test wmwmotdhfacat mphembhowrial ,

by the methods given in the above tabl e.

4 BE3xperi ment al

4. Mat erials and Reagents
Et hanol (anhydrous O 99. 5%)d i pnmeetnhya naomi n(eA

Reagent1,0®964),ex hd/il p { ACYSI Rweraggent O 99 %) ,
Reagent O 95.0%), | ithium perchlorate (A«
potassium chloride Sviegmladadinhcchpueghiased ¢

pur i f iklagcdtornode pol i shignmg nesomlowtriyssnt aivh B n e
suspension (Akasel). The sacrifi®i aleriero
purchased from Goodfellow (purity 99.5%).

were purchasdeodrfrndhm KEdaremelcla.l precip,tatdi
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iron(l 1 1) chl ofliode€%, h AX d tay dAreastaeg ) (94 ron (I 1
99 %, Fl uka) and ammonium hydroxide (25%

empl oyed.

4. 3 nAtrumentation and Software

Al l el ectrochemical experi ments were car
1285 operated by Scribner Associates Cor
using CorrView Version 2.3a and a CHI E
operlay e@HI software (version 19.10) with
data analysis. A (gd aGasmb rcia@gr GEI) el &icitamordhie <
=0.070%7 <enrved ael eber avbe ki wigi l e pl atinu
AgAgCl electrode (internal solution 3 M
reference el ectrotlersCl rreesfpeercean cvee | g/l. e cTthreo ¢
KCl when not in use. An IR | amp was used
on working eTkhet moBiesheamdt mer mostatic ov
magnetic nanoparticles following synthes,|
Di spersive X Ray spealHir boacll ySHiva swip enr fOoxrfr
i nstrumant sS56X anigitcht e .deAteocmiocr Force Micr.
measurements were taken on an Agil e&t 55
cantilevers from Budget Sensors were use
spring constSanteenf p40 nNeh. strips were fa
pol ymer thick film (PTF) carbon i nk, Gwe
terephthal ate (PET) substrate taond a Ther |

4. Prdcedures
4. 3EBettr ofribemidaale s

El ectrochemical procedures util Chegt wrtaih
section 3.3.3.1

4. 3SgnP2hédMapgesdNaheparticles

El ectrosynthesis of magnetipceGhamposmat 8on al
3.3.3.2
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For the purpopesntodd tédleecstcrroedeen modi fi cat
guantities required, a chemi ¢&aTlhicso pirnevcoil p
di ssol vai &® (F=.C333 g¥bBanad. F£<ZIl g) in 100
foll owed by 2gtastrriwhgl e cttedibh Nagwas 7@l | ow

of 10 mL of 25% ammonium hydroxi de. T
i nstantaneously, and t he& nioxt var & uwa sh efru r2t
then all owed to cool to room temperature
foll owed that of the electrosynthesis ap|]

4. 3GBa8sy Carbon Electrode Modificati on
As 9pectdidn3. 3

4. 3SB8réen Printed El ectrodes

Screennted electrodes ( SPE) werien fhadbus e
devel oped protocoisees hedihe sODreme itlihe@rhbhaaga nR
was measured to size, protective masks (v
a 1.5 x 1.3 ¢cm sample well. Carbon ink w
dry &€t f®@0 2 hour s. Foll owing curing, the
t hcehanaared ,t he printed | ayers were aphlied
of adhesive backed tape. The pseudo refe
chloride i nk wR3 dhrwa2s 5c throeud sat TehOe el ect
cooled to room temperature with an expos
crh Magnetic nanoparticle modification o
casting in a similar fashion to that of

to facilitate the di mensiomns) .of the sampl
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PET Substrate 0.2 em
e
0.6 cm
oe 0 o
8cm 204 protective ‘ —
. PET layer, L5em
Carbon ink st i .
i printi 1% protective defining well
stencil printing PET layer for sample
10 cm ' ' l

Silver Pseudo
reference
application

R e
2ecm 0.9 cm

Schamé&chemati c showing fabricat i ount ipwiiodcdedsrs f

this work.

4. 3SBrbace Analysis

Scanning electron microscopy sampl ehanal
OFAR from the textile target s?amphlea owadi :
from the hole produced from the ammunit.i
(Au/ Pd) and EDS anal ysi s. At omi c bfDorr.ce 1
Shane Murphy of Technwohodiheals abrei wsearmpil tey
same recovery method with tapping mode el

4. 3EBréarm Residue Extraction and Anal ysi

A portion of fabric(p ol yest er / c o t)Wwas subjdctecctor dose(rahdge /ffirh$ )
using a shotgun cartridgeof ELEY Super game, branded ammunitidtiglre 4.1)
containingMaxan® CSB 3 powder, a single base powder that isfashing specially
indicated for loading low shot weight shotshells (up togB2The unfired propellant

specifications are given belofable 4.1)%

137



Chapter 4: El ectrochemical Anal ysis of Anal

to Real Sampl e A

ELEY

Fi g4l e Photograph of super game shotgun

T a b4l3:eMaxanf CSB3powdes peci fi cati ons as per manufact

Parameter of PropeVal ue

Gauge 12
Powder 1.65 ¢
Lead 30

Vel oci ty 409 Tm. s
Pressure 52. 2 Mpa
Shape Di sc

Col our Gr ey

Di amet er

Thi ckness

Density

1.7 mm
0.3 mm
535‘19. L

Firerageonovery invol ved
desi gna(ta? camfeat he f(Feixgtdp)ee Thammslwea b

apphkedticon toh aw

wa s s

vol ume of methanol and sonicated for 30 n
filtration) to remove remaining tpraogenc.ulT
remaining white solid was reconstituted i
0.1 Mydoil Om acetate buffer pH 4.4 (retai
the standards) .
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Fi gdxRrhot ogfagpbnshot hole in 65% polyester 3

DPV foll owed in all cases and samples wer
via standard additi-pnintaedtbéakeectbsedefsam
of propellent disks was dissol viean i ap®| ime
to a?@dértctimon of polyester fabric, which
being recoveresoalkedgcat men hawahb.

4 Rlesul ts and Discussion

4. HDukb!|l Analyte Analysis
I n the previous chapter, analytes were e)

with the formation of secondary products

met hods. Duent @« htehme cfadl Ipowcesses iamnwdl ve
EC, DPV was selected as the electroanal yi
DPV was performed in a standard test mixt

and MNP modAd$ i may GiFE sdd3deahA &ndBHhhal yt es s hi
good response resoloabDi 6bB4wNt andedk 2potWVet

anodic signal sOerveaslpueacttiiovne | eg\)eddl.i tt then 1t dareg eni
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MNP mo d2 fN eof. o0i 70¥p a c

i ncr(emaxs3wi th no sighp fFc@am3diRlatemeande t
a-dradn emevde IEIC
d

t hough

observe

A) S0 r
45

40 F DPA

35
<‘:30
225
— 20
15

10

here to

05 07 09 11 13 15
E /V vs.Ag|AgCI

45 ¢

C)

DPA -
40 Fiy =0.0368x + 2.1158

35 ki R2=0.9923 .

30 |
<25

peak shape was evide

a grekhitgd3(ex)ent rel ati

) 50
45

40

35

< 30
325

~ 20
15

10

5

0

— 20

5 -4 y—2x105x2+00376x+22852

R2 0. 9979

Fi g4 e Average dat a

DPA

10 &a EC

05 07 09 11 13 15

E /V vs.Ag|AgCI

: DPA: : ,
[ly=0.0435x+25031 /M
R2=09911 | .
....................................... ,
/
/
/
7/
7/
/’ ----- 19]
/7 ~ -
V4 .
w7
,‘_.f ..................................................

§ iy=-2x10%+o0. 0398 + 3. 006

r : R2 = 0.9946

500 1000 0 500 1000
Concentration / uM Concentration / uM
(n=3) f dr tIoP¥% s\OWv Agqd qdigeed p 6
1.5 V wintlhy asdhdoiwni)on al p ar a npertoecresd uarse s

of 90e. 8%

secti @mcuoanlcent rati ons owér rDikEetach @OKME Ci n a 3:7
:sodi um ac eAt)a tbea rbeu fafnedr B() p WiP4 hbo)d u & tri €

met hanol

standard

wi th correspondifnagr

NOv il&dt iOAn f NoddA rfeoranmodi fi ed across

c@)l ibbarraet iaonnd cDu)r vneosd i f i ed
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As DPA bwegs tsaw pol ymeri sat fé%fpba dktpldeehyb
presence of botahl taenradtyitoens icna upsbesdirsaiegpeoen scef
for(FEQure)Bhe NMRP modified electrode i mp:
resul ting i nfThe <hhamnmmer fpeoark.cycl i c met hoc
continuous use of MNP modi ficati on was
pol ymerisation of the analytes on the el
r edutcheed ,change in signal ofi €£Cbymaigtpsaenldfd c &
that smmeehitrod the surface remained. Conc
in the shape of the anodic Fegpopgpsd. #oB |
A) 40 r
35 ——Auvg Bare EC & DPA
——Avg MNP EC & DPA
30 ——Avg Bare EC
——Avg MNP EC
25
<
220
15
10
1 1.1 1.2 1.3 1.4 1.5
E/Vvs.AgbAgClI
B) 50 -
40 r ——Avg Bare EC & DPA
——Avg MNP EC & DPA
——Avg Bare DPA
30 t+ ——AvgMNP DPA
<
3
:20
10
O ro T T TN SN SN NN TN TN TN SN NN SN SO N TN N TR SR S S |

0.4

0.5

0.6 0.7
E/VvssAgbAgClI

0.8 0.9

t he

Fi gd4 e Av ©Pa(gne=BV er
i ndividual
procedurseilsowiercg i A)n
at both a bareG@md

amsdy s dwitbh aaxchd iyttieon al

p o tle nttlo. &v sV.r aMfgjeA go@lot h
par ameters
1 mM EC peak and B) 1 mM

MNP modi fi ed
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As observed with the analytes i ndi vi dua
concentration r angal iubsreadt iiom tchuer varsa Ifyosri st
i nt ¢Friegsutn@r & . S$oewul t i n sxda@GEi 0 A0 Paensd 7. 4
5. 496N 0. 6rOAMM4'f or DPA and EC respectively
decre@BAR BE@dsensitivity relative to indi
(8. ONGRk 0. 0063.48T7HNd 0. BAORNIEr es p ex(tni=vdel vy

4 r
35 F .,
i @ DPA : -7
3 F 1y = 0.0749x- 0.2441, L7
.- ' R2=0.9995 L -
o F TTTTTTTTEETTETTT ‘-
£ 2
~ 2 F ~
— 41
15 _ ;% : EC :
P 'y = 0.0549x + 0.3453
1F . ' R2=0.9987 !
. P Vd Y
05 F
0 a3 1 3 3 [ PR B 1 [ []
0 10 20 30 40 50

Concentration / uM

Figd4sRl ot of cowrcreenittdbratsho DPA namd nEGed anal yt e
t he concent rta@ @Wvant rMNPRy emoddfi f5i ed GC
Using the data from the | ower cal i brat:i

guant i (Eiquattiioom 3)d#&n amea Somdared for bot
anal yte standards along with @daldden)p awii tslo |
t he MNP modified electrode realising a |

DPA relative to the bare el ectrode.
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Tabddsd OD and LOQ comparison for bare and MNP

El ect r « Syste Anal yt LODkM) L OQxM)
Bare GCE Single Ethyl C 4.0870. 13N60.
Single Dipheny 2. R70% 7. 87
0.2 06
ed Ethyl C 7.0862. 23N58.
l yte
Mi x ed Di pheny 4. K802 14N0912
anal yte
MN P mocSingle Ethyl C 4.B890. 14N60.
GCE Single Dipheny 3. B810° 11N7o0b
Mi x ed Ethyl C 4.RK60. 15N91.

X
anal yte

Mi

an

o X

~

Mi x ed Di pheny 3. R50. 12N50.

anal yte

Tabl shd4ws the overall comparison ofvsLOD
mi xed anal yte «yYWNPemso dainfdi etdh ee Ibeacrter ode s .
significancet esvti)a wansp afiagwerdd twi th the exc
calcul ated for (a) WD®A xierd barsdednad d terad diet
and (b) bare vs. MNP modified elPedtabbdes
4.)4
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Tabdse Compast aoinsiofrial il ¢ asntl @b fafnedr eln@@ val ues
for DPA and EC at different electrode modi fi

Modification Comparison P value Statistically Significant
Difference

Bare EC single vs mixed - 0.1103 No

LOD

EC single vs mixed - 0.1121 No

LOQ

DPA single vs mixed - 0.0100 Yes

LOD

DPA single vs mixed - 0.0028 Yes

LOQ
MNP EC single vs mixed - 0.2461 No

LOD

EC single vs mixed - 0.2306 No

LOQ

DPA single vs mixed - 0.0618 No

LOD

DPA single vs mixed - 0.0523 No

LOQ

Statistically significant

SysterrAnalyte ~ Comparison P value Difference
Single  analyte Bare vs MNP LOD 0.2138 No
EC Bare vs MNP LOQ 0.2485 No
Single analyte Bare vs MNP LOD 0.0001 Yes
DPA Bare vs MNP LOQ 0.0001 Yes
Mixed analyte Bare vs MNP LOD 0.1931 No
EC Bare vs MNP LOQ 0.1963 No
Mixed analyte Bare vs MNP LOD 0.2033 No
DPA Bare vs MNP LOQ 0.0999 No

Consideration of competienxg sedliegt spact iewse

i n advance of real sample analysis and
(DPU) and di met hyl pht hal ate (DMP) ( MNP
at 0.25 mMFigdBsebbwsasbdat individweael by,

adequately=reso64yvedloBdOaNdrespectively.

noel ectroactive over this range auodr éaratd

respoingreal s.
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DPA

0.5 0.7 0.9 11 1.3 1.5

E/V vs.Ag|AgCl

Fi gd6 e Ov eDrPIVesv d rp ottheent i al +#larbgse oAw| AgChddi t i «
parameters as per el ecfergoicopne avkfs al O pbotedlirBs
MNP modi fied GCE re¢thpankp. 25(e@i2RG mMD DR (
and 0. 25 gmMeamd@MPndi vi dtym@iltc asdpeé ut i ons

Il n summary, both EC and DPA were succes:

guantitatively within a mixed solution,

was oObserved in the results when compare
pernfeodr i ndi vidually with the analytes, h ¢
an increased signal response. The signal

with other common anal ytmed hfoawdrdbegayd whatison |
t eswietdh a real sample of FAR.

4 . Anal gi i rear ms Resi due gener at e
Shot gun.

Real samples were obtained from the discl
game cartridge§C$BI3emowgie&ohBia\&nx@Tmﬁ ensur e
the FAR samples obtained were capabl e of
of FAR RAR, y$SEM, Ee reanpd ocAyFeMl fa@m uti a pa lair f
the hole on the fabric.
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4. 4Tpaditi onal Analysis of FAR

I n order to provide verifieetinore nafi otnhael F
analtyspe | i ft samples were employed for S
mi croscopryi gARNR)show the particles (sph
Om in diameter), while the EDX showed e
fraction of FAR to include Fiegdlr7e QdRisem :
resul ts ar e i n Il i ne wi t h t he Org
Commi ttee fQai elmaree n(s®@SAC) criteria for
SEM/ EBDX

Fi g4n e SEM photographs of | FAR particles reco
stub showing particles at A) x450 and B) x4
| FAR pa@)siholwa nign pr easrmetnicaolmfr i luama d

AFM an&liygdin® flocused on axmsidmnglmetgar wi ¢ he
Km-t opography, amplitude and phase shown.
di fferent points decorating the surface ¢
of different hardness. These arepfodwaed
i n the backwarldhtreetpra®dce ngmdaddes.phase 1 ma
convolution of sample topog-magdbyadam®d iwmts
chosen in the repulsive regime, providincg

the oscillation amplitude slightly bel ovw
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regions in the phase i mage may suggest a
surface. adhesi on
0um 5
3.56 ym 0 247 ym
3.00 200
250
1.50
200 5
1.50 1.00
1.00 050
0.00 0.00
Topography
0pm 5

Phase

Fi gd8 At orffoircce mi croscopy of tamDaShame eMurs@myp
Technol ogi cal Wrkiewne rusnidteyr Daunbbliiennbte nacdirt dipt i AoFnve
tapping mode wiltanB80Dekele, uddDnl .s§ gadamnwespdeaed
of 272 kHz and drive amplitude of 0.4 V.

Throegboh form of analysi s, confirmation
particles found within the tape | {FfAtRs ar «
With this confirmation, there was confi de
to test the electrochemical approach for
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4. 4EPeR2trochemical Detection of Organic
Propell ent .

5 mg of unbur nrti gpunoeeadlel9an ts sbil syeesd (a@and r ec

DPV an&ligsasrpeTHe 1lrOesul tBPA hwawse dg utahlaitt at i v e

t he siOgmald. 6at6[AYJCVY sbyAgverledyDmPRA swtiarhd ar dl

in the case of both baAkAewawnd rMNFPr enoan tf ii regl

appea®©ed0.a492 V, which matches previous

cond#?tain@inst he signal was observed to be
modi fi ed el ectr efdoel dwiitnhc raena saev eirna gt rBnire i it
to be ducer dion atRitoomso ft oPbt he surface hydro

nanomaterials, with the | ead response bei
with i1 ntra elXeicotnrgo deet vaalr.i,at2 0oln3s .demonstr a
functionali sed magnetfiotled neannhoapnacretmecnite si nw

stripping squawe wavelapmrlsaochreported a
system made Opnoosdsii fbileed aftunFcet i onal i se®d mul t

Fi g4 e Phot ograph of unburnt propellent discs
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A) 50 [ |
45

-1 0 ~ 1 0.5 0.7

E/V vs.Ag|AgCI E /V vs.Ag|AgCI

Fi g 4. @Average DPV data (n=3) over the potential rangebto +1.5vs. Ag|AgCI with
additional parameters as petectrochemical proceduresection A) unburnt propellensample

at bare plack) and MNP modifiedré€d) electrodesand M DP A s t bare Qleeyadd a't
MNP modified green) electrodewith B) zoomed in region of interest for DPA peak.

The absence of EC within the sample may

from ammunition Mgpes shodgubnr apdsespel | ant
formul ations, which -Bgywfwvolurthbespakbekn
defined preference on the stabiliser use
propellent formudetfiaotnsl evdsth drheed pidr mal |
33Regardless, as there was a possibility
concentrations, standard addition analys
stabilisers present in the unburnt propel

Standard addition forFiQRA equbanittli MNAY amha doinf
(Fi gure )él &t twithBadditiens of DPA over the range 105%6.6>M were
performed, with calculationg{gure 4.11 Q realising1.08 and 1.06 % w/w for bare and

modifiedrespectivelyfor DPA in the unburnt propellant.
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A) g . B)S8 r
- [ A o
6 $ Additi 6F Addit
5 5
< <
204 204
~ 3 ~ 3 Add
2 2
1 1r
0 1 1 1 1 1 J O 1 1 1 J
0.5 0.7 0.9 0.5 0.7 0.9
E/V vs.Ag|AgCI E /V vs.Ag|AgCI
C) r======T--1 8_
; ¥ MNP Modified: v m
1y = 0.0524x + 3.923 -
| _Re=09916 1 6 L@
< Sl 8 A
© a5 x-
el i~ Bare Electrode: |
R 2 r 1y = 0.0374x + 3.1227
_~ 1r L _R2=0.9816
L 1 /'/l/l 1 1 O 1 1 -_I._._-_-_I.
-100 -50 0 50 100

Concentration /eM

Fi gdrle Av ®PMmpd a =d¥er the potential range el to+1.5V vs. Ag|AgCI with
additional parameters as per electrochemical procedures seatid) b ar 8IN®ncoB) f i e
GCE with standar dt @&l tni aan soofl uURRA Nl 9.f6 5. 91

discs with C) standard addition anal fwsitsh pl
current stand®d082de©RAi &0oN oOb.sfrimrfCama@adiroissdt he e
seri.es

Standard addition for EGGiwag ea)dsmdd2 pMNA) o
modi éi ed(Frigduie e )4 . H@wd¢ Beg r as the initial
| evel of EC may be absent or below the LC
di s(c3s2. 2 mg) was wused to allow for the Db
presence of DPA twaintdhairnd tahded i ¢ Higpgnatdo2a)l @ ul a

readédd 20@. 20%v/ w for bare and nOdinf itdhed mwedp

propell ant .
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A) 97 B) ©
8 r 8
7 r 7
| IFAddi ti g— :
<§_5 1t = 5
=4 4
3 3
2 2
1 1
0 O 1 1 1 1 1 1 1 1 1 1 )
0.4 0.9 14 0.4 0.9 1.4
E /V vs.Ag|AgCI E /V vs.Ag|AgCI
C P === - - - T
) | Y MNP Modified: 6
1y =0.047x + 2.333 1
D _Re=0999 | e
1 _E
g : S
~ 3 1 /,I _ 3 -
- S
P f:sz "z Bare Electrode’
" 11 ly=0.031x + 1.891
e 1 R2=0972
L 1 1’|//| 1 1 |O 1 1 |_._|._|._|-_I.
-80 -30 20 70

Concentration / pM

Fi gdlr 2Av e raRy¢ a { a =a¥er the potential range ef to+1.5V vs. Ag|AgCI with

additional parameters as per electrochemipedcedures sectiold) b ar é¢MN&n anoB) f i e
GCE with stanB@mPd 6a6dkibi ni ansof uti on of 32.2 r
discs with C) standard addition anal wiitsh pl |
current devaatandlsd oA NNr 0bthao®Amadirfoissd t he e
serni.es

The quantitative data for t he Tsatbal ned ade. d6 )a
within the previously calculated LOQ for

modi fied electrodes, increasing the confi
% w/ w of stabilisers i-%%tw/ew swaanlyd eansig wa trpes
patents for propellent formulation.
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Tabdee Averaged results of standardnad®dition

El ect DPA % w/\VEC reco % w/w TotWl Iw/ w
recove DPA (xM) observed s
(kM) in sampl
Bare¢ 86N52 108 62N 03 0.RA. ( 1.209
NO. O
Modit 76 N30 160 49N62 0.RG. ( 1.31
No. O
The results obtained gave an excellent es:s
within the propellent formulations prior
recovered FAR sample to show i f et hdee fcionnecc
LOD and LOQ for successful analysi s.
4. 4EPeB8trochemical Detection of Organic ¢

Figuwrd®Eshows the firearm residue DPV trac
swabbing of the textile surface. MNP mod
i ndicative of DPA which 1wé&s 6 c omMf iDrPrAe ch d ld
QuantitatO.oonl® cém@ldnseRA f or bare and MNP m

respectively
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A) 7 ¢ B) 7
6 r 6 L
5 r 5
<4 r < 4
3 3
=3t =3
2 r 2
1 1
0 1 0 !
0.5 0.7 0.5 0.7
E/V vs. Ag|AgCl E/V vs.Ag|AgCl
C) "~ MNP modified: | © ]
'y = 0.0663x + 1.673:75 1 A
___Re=09995 | P
4 - ," A
< -7 i
w 3T m .
B 2——////"./ P s e s e -
b .- . Bare Electrode: !
,/'/.I’. : 1y = 0.0453x + 1.368
77 R?=0.9961 !
L ‘.:/l 1 |O 1 1 L I-ll-.-----l
-40 -20 0 20 40 60 80

Concentration / >M

Fi gdlr® Av ®&PMpd a =do¥er the potential range et to+1.5V vs. Ag|AgCI with
additional parameters as per electrochemical procedures se&idn b ar éMN&n anoB ) f i e

GCE wi th

of 5°wWi¢m C) standard

(currentdevaatdaods of
serni.es
Fi gdrisdhows t he DPVs

sampl e
GCEs wi

observed

4. 1 4mBY i fi ed

(no DPA was

reali sed at bare and

st anDiRA di &.6al&Mi tni can soFIARtwiad b \e al f

an ar
addition analysis plot

NNOOORQ 1mMAAifdbioreasasr et haen de

correspondiagt ual t RAF

recdwdbred ftrexmf a ggd.raldas ) d(Ad) hkFW Ryrue e

t h

i n

S

corr adafagdirkzgyg EC)

this cawe))lwaReco\

MNP modi fied el ectr
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A) 10 B) 10
9 9
8 8
7 7
< 6 <
=5 =5
— 4 — 4
3 3
2 2
1 1
O||||I|||I|||I O|||||||||||||||
0.9 1.1 1.3 1.5 0.9 1.1 1.3 15
E /V vs.Ag|AgCl E /V vs.Ag|AgCI
7 ~
C) ,r)/ MNP modification? 6 L
| y=0.0573x + 2.497 %
L _Re=09919 | g | {,
4
< 4T 2 Py
3 | R Pr
: 3 ;-:/ P . {
RS DRI ST TLE
271 L ly =0.0307x + 1.7374
Sl | R2=0.9545
s 7 | |
L |-’ |/ 1 1N 1 |_I._|._|._:_._.I
-70 -20 30 80

Concentration / pM

Fi gdl#Av erRyéa{ a=o¥erthe potential range et to+1.5V vs. Ag|AgCI with
additional parameters as petectrochemical proceduresction A) bare and B) MNP modified
GCEwi th standdr OB e ObMiaonsol ut isowm bdbeadd FARN ar e :
50 2€m standard addition analysis pWiottls gemree
standard dewvi 8t1i @MSKN olF. 683mOAI @fdadrals s t hg .entir

I n al l i nstances, the concentrati@aboe ¢t
4 )Were above the prevwbubéybeahgul asedt h®
propel | enltr agdtmpable.s. reported on the stab
energetic materi al showing that the DPA
nitro and nitrite subst3i%t ultheed accampdurdg iv
this process, | owering residuafe DPAabieleE

breakdown to a -eahpamncl aaokedtaandd bbalsseod porn
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volmetn i c,tshteudmetshod can report resi due

clothing following firearm discharge.

Tabd7e Results of standard addabfbredmatnaityisli e

El ect  DPA rec DPA rec EC reccEC reco
mvi ng ©m m ng ©m

Bar e 30N21.4 05K20.(56NB0. 1 1. 820. 2

Modi fi25N25.6 0.4\V60. (43N611 1. HN70. 3

The data presented -haesed pmeotvhadae sf @ar stt hen
However forensic scientists already have
EDX for FAR analysis. To pr oviadke da amead lyiss
onsite, portable approach wutilising secr

proposed.

4. DeJ el opmenRr ionft eSdc rEeleenct rodes f or
Foll owing successful determination of t he

el ectrode cel |, t-hbei nleed |l epbenent odés scCERE

previously developed met hod was t hoegynext

which forensic professionals could potent

The initial fabrication process for the ¢
desi gn (Sesc t8ieod)n.3kiMghudkles he designs of the
Design #1 washdgiweivteirg! Ityhe singul ar | ar ge
reproduce for the second PET | ayer and t
proximity to the edge. Design #2 was i mpl

for a wunifor mwhppeeaniamg, yh aiwge WENFrP, f or modi f
from the working electrode side to the coc¢

materi al and i n some timst@aPMEedus hbot i c ol
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creating a conductive bridge between the

idea of mi ni mising the | ikelihood of MN
reference and counter electrodes. hne t o
additional | ayer of PET acting as a sampl
to be held on Abetdédleembsdtdesuscesacal , de

anal ysi s.

A) B) C)

o] ce

Design #1 Design #2 Design #3

Figar® Three itermrdtochsg pgn tfher StPlEe anal ysi s

MNP modi fication of the SPE was perfor me
however, due to the size of the exposed
was changed fr omkL5 odp ml iscoartgitamrosn ocoff 2MINP i
10 applicrtifeoms aoff i h@&l o/fol suanieu toifonl.0O0

4. 4 CBmpari son of El ectrosynthesised and |

Due to the | ow yields of mater i al obtair
formation, a different method of materi al
was performed to compalkieg d.hl@b dmactaetriivael sf.u n
groui® FKFenagnetite) at 5aeeldr.e7 10 basredr v 4 87 .f 208
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el ectrosynthewihsed whti értical t of o5r4 5t. 28 naantd

prepared usi ngr & diepicthaetmi eama |l metoh o d.

Offset Y values

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber / cm™

Fi gd6FTI R spHcalcrkal ett ¢ oc regimicthaelmi yw ad MddP(sy nt h

Ther mogravimetric analysis (TGA) coupled
waempl oyed to examine ther mal stability
synt het i(kci gpurroec elBls®27 i ni ti al mass variati or

due to an overlap o0fxOt hred e®Obit oenpcepr mC |

) 100 | ~ 100 |~
\

102 -
- 100 B) -
N

< 100

- 80

% Mass
Heat flow / mW

4 60

Heat Flow / mW
% Mass

94 -

9 ; ; . ; ; . s L L . | L
0 100 200 300 400 500 600 0 100 200 300 400 500 600

Temperature / °C Temperature / °C

Fi gdaXZ  her mal anal y9i 2ai DA€/ BALA¥wo w hr at @ eanfp e t
programme of afC ifrnoirt ilaImihnoultde aatn d30anof AB O easi
to ®0@°C. Bifmr A) chemically prepared®N®&sd B) e

The materi al was comparable from the re

deemed appropriate for use with the SPE |
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4. 4ABaPysis of I ndividual Analytes at SPI

Given the success with the previous meth
the initial expl oratdebacintbet apaFSRWHuérse a
481t he difference bet weenwetrdees ebravreed . a nWdi t i
i ndi vidual afhiad 41 83¢ As&®t Bpi base( SPE ¢80l i d
average (n=3) reported higher currrC=nt va
6.92 N 0.14 OA for DPA and 6. 9® (6.02.519N (@A
OA for DPA and 5.84 N 0.53 OA for EC at t
a signal of ~76% and ~84% for DPA aMmd EC
statistically signifwheant odnpfaire mgn ©éLAwa a |
values (p = 0.0236) and EC bai@ga@ad- mogi

test .

Upoonbserving the results for Fhegusel 4t 18n
the same trend of MNP modification produc
Modi fied SPEs produced signals of ~93%

compared to the bare SPE.

I n both instances, there was a -aepoboyted
solutions to their individual counterpar
same. However, even with the | oss MNPcurr

modi fied SPE appeared to produce more del
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A) - B)

[/ pA

O FRL, N WP OUILON O
I/ pA

O FRL, N WP OUILON OO

-0.5 0.5 1.5 -0.5 0.5 1.5
E/V vs.Ag|AgCl E /V vs.Ag|AgClI

O|||||||||||||||||||||||||
-0.5 0 0.5 1 1.5 2

E /V vs.Ag|AgCI

Fi gdalr&®& Av ®&PMdpd a =do¥er the potential range 00.5 to+2 Vvs. Ag|AgCI with
additional parameters as per electrochemipabcedures sectiony) 1 mM DPA, B) 1
and C) 1 mM DPA3:amhdmelt mdvh cEIC. sondi umcampaat agb
bare (solid) and MNP modified (dash) SPE.

To explore the change in trendel écomodé aid
a closer |l ook at the backgrkiuguridg Agd it 4 mmo
compari son between the average backgrount
bare and MNP modified SPE are shown. At t
(O 0. 78 V) average bare 2SHB. &8 swh itlea dwer
MNP modi frieesdu| 8 REluritne BN09.06%2 a 70. 4% drop

bet ween the bare and modi fied SPE. Due t c
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solution and the position of the analyte
both bare and MNP modi fied SPE, the back:¢

To obtain a more accurate representatior
anal yte signal, a backgFiogwmwde 9dihi®aChB)loh\
performing the analysis with the SPE 1in
removing and drying the solutTbe amndt iaal
was then subtractedefabamkgheundalkylbhee dat
backgr oundr essublatreach ainmge i n ,t hvei tahv etrdaapdhEist i¢
reportifnogl da ilnc/r6e as ef oflodr iDPAr eaangle 2f. dr2 EC.

more in |ine with the previously observ
background subtraction being integrated I
A) 8
7
6
5
< 4
=~ 3
2
1
0
B e L e B 2 b1
-0.5 0.5 1.5 -0.5 0.5 15
E /V vs.Ag|AgCI E /V vs.Ag|AgCI

Fi gd® Av &P dmd adrover the potential range 00.5 to+2 Vvs. Ag|AgCI with

additional parameters as per electrochemigabcedures sectiorA ) background el
solution at bare (beldddc kSP Ea nadn dMNBP) nio dmM i BRIA (a
met hanol : sodium acebbakgr dwrhfd esubtprHact4.d5)( us
comparing a bare (solid) and MNP modified (d

4. 4R8pBoducibility of SPEO®Gs

As the background subtraction was neces
comparing the bare and MNP modi fied SPE,
due tiohotufseebri cati on ®fobulé¢ el gaotat odep.rc
demons(Frgd2@&B) and Twbt b SPEBraati on (n-=:
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4

pr omi S3i.8g4d. % f 6or RiSIDe =bar e

t he

El ectrochemical

t o Real

B¥YE modi fied

B)

I/ pA
O B N W » 01 O N ©

hi ghly
296 f or
A) 8r
7
6
<5
—4
3
2
1
0

-0.5

0.5 15
E /V vs.Ag|AgCl
t he

Fi ga20bPYver

a npde akkCa d @ tu a

T a bdl8eD P A
Bar e
DPA
SPE © KO)
(V) (x)
1 0.t 4.
2 0. € 4.
3 0. € 5.
4 0. € 5.
Aver 0. € 5.
St De 0. C O.
RSD 4.3 3.

-0.5 0.5 15

E /V vs.Ag¥AgCI

Anal ysis of

Anal y

Sampl e /

e3l.a8ndr od

poe b2t & AgyAg@ with addittohal parameters
as per electrochemical procedures sectiohA)b a m@B)modi $PE df or
DPA3i™ met hanol
i ndividual

strips.

© N O w o ©o N

O o N N N NN

:sodi uns haocveitenaetl et alttu fofdeer

di fferent SPEs.

MNP Modi fi ed
DPA EC
SPE (6] O O O
(V) x) (V) ()
0|1 0.6 4.8 1.2 5.
7|2 0.7 5.1 1.3 5.
2|3 0.6 5.2 1.2 5.
3| 4 0.7 5.3 1.3 5.
3/Aver ¢0.7 5.1 1.2 5.
2/St Dev 0.0 0.2 0.0 O.
8 RSD 4.6 3.8 2.9 2.

1 mM E
v(iap H a-b4
0

3

3

4

3

1

6
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4. 4 ABRallyGnibsulPonbtpel | ent with SPE

To further explore the capabilities of t
unburnt propell ant sampl wist weaemasedcommp |
previ ous| yuammetnittiastintedie @daaBtCaec 04n.f3i r med tr ace
of EC in the unburnt Fpgdp@liloadmpiwiedandceéehoeoef
printed prototypeds ability to perform di

'0.5 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 J

-0.5 0 0.5 1 1.5 2
E/V vs.Ag|AgCl

Fi gdazAverRv dat=aBY)er t he potde rbt2it aM AglAsgCinnithe o f
additional parameters as per electrochemical procedures sectida s a mpulneb uo it
propell ant at breorde fdseahi)d)SPEnd bddRground sub

Due to the |l ack of remaining FAR sampl €
di ssolving unburnt propellant and applyi
swbing recovery procedur@udloirt ggteineeg ammhe aN

unburnt propellant recovered from a text.i
Figdr@Background s.Abpea&ktwdssbphpselrspd at
suppressed i n t he presence of MNP. Th

breakdown/Aadegn products and requires fur
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5 r
4 }
L 4
’\
3t ry
< I
3 ey el
: 2 \ -~ \\\
N\
1 \
\ ! e '\l-n—.p.-l-.il"7’
0 Fk Vasrteavenset™ S
\\ ,‘I \\\~ —’,/
/
1N, p
v,
_2 N P L P P | P P L N P 1 Il
-0.1 0.4 0.9 1.4 1.9

E /V vs.Ag|AgCI

Fi gdZ2AverR¢a( a=0BvVer t he potlerbt ital 4ARq OUg e/vsiatf hA
additional parameters as perofael ampulmebhue mit c a
propell ant recovadr eldarfer o(ms oamo d ¢ ¥ thendla ) MNPPE (
background subtracted).

4 . Goncl usi on

Whil e confirmatory testing of the organi ¢
ofsite testing/screening of this fractio

timely, viable triage tool at crime scen:t

Testing and recovargebof clOFAR {foomaa sin
together with unburnt propellant served
of the method with recovery of both stabi
verified the alsemiber onf métal yparticl es
Sb conf i r mehde bworEkDScul mi nated in proof o
desi gnepgrisrctreecenel ectrode which achwigwed
respect to OFAR rewioveSP#Easampl enatftakydi
promising 3adndBRISDr =t he bar e &laca.%Foadre r e
t he MNP embéectflireedepr ot ot ype can be adapte
me mb rsaonlev/eOhmtARf arecovery from a surface wit
possibility to extend to analysis of t h

stripping Quwrltammetnyg. work on MNP i n r
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demonstrated very significant met al amp |
cowrdination to surface hydr oxltghee rg rwoou ks w
be reqadvawnce ot hi s aspect and establish ¢
organic fractOvenrsalodof, tthe WAOR.K has | ai d
el ectrochemical sensing with an understa
component s at car bon and MNP @pme € ifi foira d
advancementidfe raa@mil ¢ sors .
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5.CCchapter Ai ms

The overall goal of this chapter was to a
under the conditions required for monome

the most appropriate electrolyte,nsdeposi

5.12nt roducti on

As ment Chmaed ertnhle most common materi al u
ammunition casings is brass. Brass is an
trace el ements depending on the applicati
t her mal dolmeucusevi ofy brass alloy as an
introduce a multitude of <challenges that
electrodes. Metals with | ow formal potent

passi vuartfiaocne, osxi de f or mat 2o nT hainsd hhiygdhr orgeear
call the material s stability into quest:
may suffer from degradation or corrosi on
el ectrochemisal nmagseoemdretl acteeslblyteswe
brass is a challengi mpwmater iidéq wilskeea tieso tc
rel ati bor éagpsptitiecati on proposed. The type
i ndustry is known misc xlardaaompagsiathit érs ss h owv n

TabsSlle Composition of common metals and aver a
3,4

El ement Mass %
Cu 71. 21
Zn 28.50
Fe 0.050
Pb 0.070
Ot her 0.17
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I n countries with highly regulated fire:

di fficul tChap6épeatratirni.dglen br ass wi | | be use
resemaschundertaken laacqaicotmtomy oif n switihc ma
Whil e ammunition casings were obtained b
they were classified as a | imited sampl e

sampl es upon explldorbaa oaAsyo a deesdlstuggtna habny ea t
brallad oy CZ108/ CW508L) was used for the

chapter. This form of the alloy has a s
composrietliatoi,tehe cartridge brass, at ~62
form would be most commonly availabl e, b
screws to |locks, jewel® ery and instrumen!|
As a resultperfcetniemgRicgmgrosi ti on in the
el ectrodes, the dezincificaDeanhngpirbiceati
form of selective | eactehgctoirvalenmdmhowalng
el ement from an all oy d%uCoptgpém dhhealolcays r@a

more than 15% zinc are. susceptible to de:
I n thidhepreceasse, three possi ble mechanism

1. The most act(Talel pdompgzhreemtl | oy (zinc) w
i nto the surroundemgi sbhgt mehear ipbirloanst
mechanically ma%shly weakened

2.The ent{ceppbltemnersi na)t o sol uttiiomrs aft
are expelled fr canmdtCudi esrod utth em dep @d int

copper
3.A combination of pretepsmechaandm2, i
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Tabsl2ze Gal vanic series of some example metals

Opi

Cathodic (Nobel)
Pl ami nu

Gol d
Titanium
Silver
Copper
Brasses
Tin
Lead
Cadmi um
Zinc
Magnesi um
AnodAcct)i(v e

nions di ffer on whether theoméchamne vm

component or complete dissoluti &R iamad irleyc

de z
con

can

Pat
pr e
me c
dee
not
tog
nee
ar e
amo
wh i
Wa r

a r

inci foltsadriwend iisexpbosguvmeat undler act-i ons
taining water})( nmnsd by asslusr edecf €Cloc he

easily speed up this process and has

hway one as stegptoad etdh abty tWee srsemoval of
ferential, from the surface 6% bmashi
hani s m, zinc is believed to be prefe
per from the surface. While this mech
ed that this is only in thevoydabdyt he
ether with zinc. For pathway two, Ev a
d to be accompani ededabsyi |tyo plpetd v dant-ohmis ca |
as-uafi fmem zinc rich regions on the br
unts. These copper rich sites act as
ch further allows for t heonr etdoe ptolsd t s u
rl&kuyr t her investigated the copper and

ati o more favourable to zinc than 1in
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th copper and zinc with the subsequent
t hway for this process involves a combi
gener al , if following the selBamdspr mj
utr al chloride solutions involves the
rface according®> to the following steps
0 c¢O0 T1Q ©° 100 51

r alloys containing zinc, a further pa:
zinc oxide film during the dezincifiocat
®e& 00 °© HGe 6O ¢Q 5.2

bsequently, copper di 9830dnwksCu@®@) form c«

c66 00 OC°0660 CcO cQ 5.3
en the surface i s coQ,er@uClwictahn ZfnoQ,m Cauc

action:
66 06a° 60606« 5.4
Cl then undergoes further reaction:

6006065 G° 0 ® & 55

helpri kpos esd egp tmecc hani sm using el ectroct
|l oride rich medi um, which involved a s
nerating a copper rich surface and a
tidl sThi s was foll owed by a secondary
deposition of copper which commenced wt

d been reachedchm@gadheg, easi seeneznnci
cl as(sAipfrieé¢d@rasti al di ssolanddomwlft &n e
ssolution of bhedsdhl tciopg eirn anlde zin emo v al
rface angda sruobusgehgeure nstu ryf ac(eBt)hEBhire diep ofso It
pper from solution, while the zinc ren
ri ety of (cGiutrdraice Dxdf eandpetr®mb®oreni on i
ncenefarnat itoorpe of brass alloy used.

175



Chapteat &nt -MRiIrikge/n sual i sati on at a Brass
Conducting and Redo:

Cu2+ Zn2+ Zn2+
IZe -2e e
/n /n
A Cu
Cuz+\+2e' Zn*
B.
C.

SchéMme Scheme showing a basic overview of the

Therefore, the expmpdrichendhas war Bmei &€t s mi
such processes at t he br ass -dseuprofsaictei owtl

vi suali sation material s.

| €Chapterthle underlying processes by whic
deposited and behave elTbceeocbmmouoatsywwi
3,4t hyl enedi oxythiophene (EDOT), a conduc
and phenothiazine species, NeurRirgadnleRed ( |

176



Chapteat &nt -MRiIrikge/n sual i sati on at a Brass
Conducting and Redo:

S

W
/

HsC N
AN
J@i:@ Neutr al Red (
H,N NT N-CHs

CHgy

N
X
z Thi i A g
H,N st NH, ionine cet e
0]

I

H,C 0

3,e4t hyl enedi oxyth

Fi g8 @hemitcraulctsures of monomers of interest f

The polymerised form odt EdDiDdd  PEIDIOF ) podlsy
can be formed electrochemically o0l ¥®Jio
223 ngl a xssryb’d®t ectrodes along with nontradi
such as hydroge’Ps?Por ymdraii ndteisen sdaemrel occlt
experiment &P°amnandat igoennser i c schematic 0
polymerisation pPrhcEn@¢hesnahf peteaenails ar
to the el ectrode substrate, EDOT monomer s
process | eads them to combine and create
deprotonation process. anhlkde former ai obuti
cati ond% Tohrrowpmgh successive rounds of <cou
gradually form into33b8Conacmuujrugattddy, PED@T ca
enters the conjugat ecltdhrag en. &b s ae@pamtt| w,
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modes of el ec tgrnosdteapnats iptoitoemt(i al , cyclic v
experiments) and parametdmay (swmdhuceas did
mor phol ogiPEDOTr éhsawsl thse.en uwmardk i wni 9 wdadeing a tf
polymeric films a%*’amd adlnd e sas sdareeil ndgiuvif dl
ammunition casing surface, where Cost a

met hod which resul ted imarskusc coens saf ubdr arsess us

up to 30 days, mdlirndg Rits avostkrong choice

o [¢]
—_—
;/ \; + A
S
EDOT
- PEDOT (Oxidation State) ~n
Where A represents the
counter anion within the o
electrolytic system ollo
ol ©
==
| Y
_C -~
Offe

PEDOT (Reduction State)

Scheme I nitial oxidation of EDOT and possi bl
el ectrochémi cal means

Phenazine or phenothiazine dyes are rela
fused aromatic ring structures with a ni
amine groups each attached .Thoe speo saintiincenss c
pri mary, secodnddeyiog bgrthear presence of
sul phur wi t hi nFitghler)2.c Sicthreanlea Mg.e3mger(i ¢ pr o«
di mati on of t chse sheosvinoymmgvumg a deprotonat

through the cationic amine gr orueps ualntdi eugn di
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di m&hi s di mer would then wundergo furthe

structur Ei gercsaeussni2nign repeating | inkage

fused ring backbone.
R, N R,
=
X
H,N [N,S] NH,

Fi gbZe Generic structure of a phen-&6dzC Heet ca.n)d
may or may 3ot be present

+
A .
HoN IN,S] “NH R =
1

N R,

R, N R,
N
HoN IN;S] NH
+
H,N

R,

R1 N R2
/
HoN INS] NH
HoN N, S NH
2 NS 2
/

t

h

F

Scheéme Gede mec iofatpihemazine &nd phenothiazine
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As mentrieovnedutsheg t wo species of interest
NR and Th. Deposition of the redox mo n
applications send) ndt abi IDiNAat3fomcaobomi ds e
reduamodnphar maceuti ta¥l el gp @l wearsii nat i
been observed to be highly pH sensitive,
pH of the solution. The polymerisation m
due to oxi dat idd mewiiashaltsituesdreagresrnito c ombi ne
pol ymer iNh rcoouuyphCa @ngt er i ons within the s
stabilisation of thedophpinmgé dukenghdopiom
PEDdSc h ebmy.

BDOOCUNERS SO SN
CH CH
b 3 +- 3
NH '\ll N NH I\ll A
CH

H,N H* + 2e” H
CHs 3
H* + 2e

H,C NH
H
[,.CHy

H,N NH N A
CHj

Schémdec haniospm nogf-dachpdi ndge of newutr al red mononm

Theirse, to the best of our knowledgejnonly
rel ati o-matk VvVisegatisation on forensical/l
et delvel oped a cyclic voltammetry -manthkod
on brass ammunition casings, r emsaurl kt i negi n

vi sualli sed

Th and polythionine (pTh) modi fi edpedieed 1
of i mstuerme satdameparitcth ddildns have been st ud
of conditi os*bhafid t hwmfodmabselea used in the

| at enimafrksgpol ymeri sation follows a simi/l
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radi cal cation formati on -Nancdo uspu b snegg upernotd

repeating &Engur,aswastéhenadidn ti onal studi es

(A present during the electrochemical fo
cations, but overall decreases*®mobility ;
N
N

n
HN S NH,
H2N S

Figb3eStructure of rep'éating unit of polythi

The wuse of these three species individu:
devel op Inaareknst ofn nagebrr ass surface will en
the literatumarhkf deaekbopmédnthgereabrasBeg s
approach to this challenge.

5.B3x peri ment al

5. Mat eri als and Reagents
BraGd1@8/ CW5h0e8lt)s were obLadniedKIO®mx F25 0

sized sheet s. Sodium nitrateTHhiasn ipnuer cAcae
>8H5% and NewvO0& weReed plur chased from- Ther
ethyl enedi oxythh)ppvaesn ep rEcDICaTs)ed from FIl ur
were usefdunmtiherroupuriai dat(i9@&8. poulef soil @t i

Mhydr oc&lidr iscol uti on were obtained from A
99. 5%) wasm$ibg-madcmraiddl abl dei oni sed water
l ab Mill-pra'eeMiSj/SteErTﬁS\ﬂi tth | 4 e RM @ijidaadohnedd
suspensi on Erltnleclma)§eB'ireai%U\shmipurchased from
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5.3 na3trumentation and software
Al l el ectrochemical experi ments were car

1285erated by Scribner Associates Corr w,
using CorrView Version 2.3a and a CHI E
operated by CHI software (version 19.10)
Origin3WPopn268ata analysis. A pl?atwas mused!
the counter el ecpArgcCde edrec ta odtean(dart e rAal
empl oyed as the refjAgrCéncefelreantcrrocéeé ecThe
KClI wlbegn in use. A HUAWEI P20 | ite mobile
addition with a LED desk | amphedarn d-Viesd dJ Vf
spectrophotometric anal6y5s0i LV wsapse cpterrof noert neer
a BERHGOUVITL | amp vi-laSSRBAX QR&f0I0&cti on pr ob.
l nsight controlled via OceBaW¥i eswesdf owhot
anailsyswas performed with a Thermo Scient.i
an ATR atoathmkhed cvi a OMNI C 9 sRoafyt war
Photoel ectron spectroscopy was performed

Bernal institute within the University ol

5. Prdcedures
5.3BBa%s Preparation and Cleaning

Brass strips of size 2.5 x 7 cm were cut
An exposed wor ki n(@6.a2’e awasf f2or5mexd 20.n5 ocnme

with the use &f gib#slithleathirnags st aspheee(t s wer e

polishing. The polishing method involved
amount S(isrpasaquflso/(alcaon‘rﬁrtﬁalﬁ?/os’a il i ¢20% owd:
and oxaldi%waasciagppdi ed to a rough abhroddhivd,
removing the most | oosely bound materi al
with 1 Om diamond suspension and a pol i sh
water and sonicated in a bealklera dosfo relehda nre
material on the surface was removed. The
air and, once the area was defined with 1
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Insulating Tape
2.5cm
Working area
+—>
2.5cm
Fi gb4e Di agram owi thhr anmsosr ks tnrgi ppr ea septi omnedo:
el ectrochemical use.

5.3GBa8sy Carbon Electrode Preparation al

After each wuse, gl assy carbon el ectrode
suspensi onclamtdh apaniicgloi ng pad. The pol i st
strong jet of deionised water, foll owed

rmai ned on the surface. The el ectrode wa s

5.318BdBum Tin Oxide (I TO) Preparation an

Prior to each use indium tin oxide (1TO)
of lint free tissue in three stepsnaldlayn
acetone. The el ectrode was further soni c:
of compressed air. The working area was
6.25 cm

5. 3PBeparation of Mo nomer Sol utions

Toensur e homogeneous solutions of t he m

compound was meabd8éd @erd owarnc grstereati ons used

the flask with the minimal volume of sol\
approxi mately fill/l a quarter of the tota
pl aced i n tnhenuftreisdgaendf cdarhes;h sonicated for

solution was then brought up to tfhoe mBar k
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mi nutes. The soluti onsC waemrnmceadttioro®an it @ mple

for 5 minutes before use.

Tabsl3e Combinati ons of EDOT monomer, thionine
Mo nonver EDOT* Thionine Neutr al
Sol uZio (2 mM) (1 mM) (1 mM)
1 X / /
2 X
3 X
4 X X
5 X X
6 X X
* EDOT was initially used at a conce@r habiwemeof d
to solubility issues with subsequent el ectrolytes

5. 3EBebtr odehtehd cc=a |

Over the course of this champer owmgre y c

i mpl ement edabbketheopmnalngt ipcal techniques.
el ectrode was a 3 M KCI AgbAgCl and the
1.3Z2 i mmtotal area only, not taking incres

5. 3XRa§g Photoelectron Spectroscopy

Sampl es werBersreallt wWimasdtilteudres i t yf ocorf a.nareyrs
carriedrotwtat by ma wb a fsRaiingpd.bgsse r(e prepared v
voltammetry ach.oxstdhe. 8§avget3 0T Y cing s . Se
brass surface were protected with insul a

all ow for an accurate representation of |
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Untreated brass

8 mm

Fi gbd e Di agram of brass samples for XPS analy

5.3UBtv7aviolet / Visible Spectroscopy

The | amp was all owed to heat wup at | east
bl anked with a dreigd bBUOfGCE/ Bfagalt ewkisd
el ectrolyte only, using the same par amet
were gently dried with a jet of compres:s
surfaacef|l ekd @aheewas | owered as close to
makicnognt act . The room was dtaankenmds a s d imfi
extraeewiusonment al l'i ght, which may ent e
measurement, the r eadeirnegist weorceatti asknasrh aatn t

average of 4 scawWwhi e ehehwhovebengbh ran
200 to 800 nm, due to noise visible with
analysis was reduced to 220dfder6é6v@&tnme
cal cwlidgthead OriginPro2023.

5. 3ABt BnToa Redfdl ecti on I nfrared Spectroscop

The diamond surface -dampehednkdnivi f heeaet
to dry for 5 minutes prior to use. The
conditions of the room and background dat
for manual background subtraction within
an averag®e ab, 16 nsagmmetrhadn,. f i | ms
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5. 3ABpbHi caGrioconfPeadintaSont ac a

Theonor 6wehaendsi tially washed with soap
was i ntended temaprkqviwdaes trhueb bfeidn gaecrr oss s
(forehead, down the side of the nose and
to three thenefSorearm, to remove any exce

become trapped bet wehkenkéhehoodgef, smod ¢ e
ridges. The finger was then genttwoy spd caccned

5. 3.33c.olr0i Wigs wdFi iasgeadr k

As mentClhapdetd mmag&rs qual ity can be quant
and | evel featur es. Due t ematrikes , marhwea lu saep
as a scoring metric was not useful, as
degradati(bheattactome, etc.) would be of gr
the scoring metric for the visualisation
details with | evel 3 beingthleeegmplghyesd f5

al | anal ysi s pHRiegtktwd ¢ dh ic®O mmobowrh eiam ur es s

Lake |—

2 Bifurcation

Island - | Delta

Core

FigbG e Digitimaed fofngémger used i nl amealllyesd s v
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5.Rlesults and Discussi on

5. £El¥kctrolohemt c @BdSushstofat e
5. 43 %1edtlhy |l enedi Bexpya shoi hoi pBingdunded Acrii dc

Sul furi$@Qhasdc(BHssically been used as an
pieces or ¢frdoi tony tklmediwy®mdlgeaf et al . i
publ iesphaefd successful depositi d6hopnftREDOPE
goal of dmatr&ntvifsiumgersati on. However, the
of S®Wonto a metallic surface (sta-mal kss
visualisation®iWhshbkewel e pDhgrecdd ensss) oanfe e r v
deposition for viesehitelse timiomdg eomc tt ihreg sais f a
| ayer drn sttheen cptrhees eangcger eosfsi ve i gasdaNOstr
given that classically, stencils Sahe mese
5. 6he initial appl iSchtimé&n),( A beesssubk-t shgw
mar k can be sdeaerket priopwe tstesnaviilt h t he ri
the surfasomabpem@ams oil s. These sebaceo
surface from the incoming deposition mat
the negative smmadcke (offacH dbgés J) (SRIjpesrequent | y
means that theavksusal asee@glatnger of the o
containing colour pertaining to the mate

deposi tion.
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A)
‘Wash Hands Coat Donor Apply Latent Latent Finger-mark
Finger in Finger-mark on Brass Surface
Sebaceous Oils
B)

Electrochemical

’._._‘_._.‘ visualisation H
k Side View Side View

Front View Front View

4

SchebmeA) Applicati onrmaorfk aonl aat emrt a sbaisniggeerr¥ a e &
el ectrochemically deposited mater i anharokntaos tah

stencil

I nitial exploration intgegdowhe pemhdwirmend
vol t amined 8 e (A start iOn g Op &¢impviatsiy &ld ovfii t h a
sweepsulting in eWVi=dDe2t0 pP/as piaswitt ywhu rthi lap
of the materi al was oOobserved. Comparing
temperature &duwebd)k’St hsey sdepre r(i meinrt dailtchaet oen d
format i2bTnhios§ gs@dst oss of zinc, via oxidatic
| i kte@ gnteatiobutthe strong increase in curre
reached.
®OEo e ¢Q pOL B "® Qo O 5.6

Wi t hirretsuwenep of cycle one, a cr dcd gd@v &r e\
inset) with other crossovers at approxin
crossover in cyclic voltammetry i s due t
in this caseoppsesi bkydduéCu®), which cou
Cu-the responseO @dberVwwe Wbwetmathlomabh gt er
produced over the course of the experi mei
sul phatsge. (Rupd®dssi bl e set( Egfuathemiosfa Xt htepu

me ¢ h anigs mbeenl®dew
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66 ¢'O © 6060 OO0 ¢Q 5.7
66 ¢ 00 6 60 O cQ 5.8
0060 OO0 ¢ ¢00O O ¢coo60O cQ 5.9
6660 98000 & cUO (T <Cl40 510
¢ o0 'O 600 ¢ ¢UO "O0 Y 1 moME QI QW 511
660 OY0O 6 6YD OO0 51 2

/A

-0.6 -0.1 0.4 0.9
E /V vs.Ag|AgCI

i gbhfte Cyclic voydmrenmpagt e/t i6ellt O ajhsy. @loAdyr & s s
heet i.8Q®#t 11 MXKEmMV.3sCegglchlesylc,l:ee@ Caattbl Be)
n \%

F
s
| nssetowi ng crossovetypimadyelreck)at 0. 11

(
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2.0 T T
1.5
1-0
O
,.\0'5 T2t — Oxygen evolution
- ZnQy”
~0.0
0.5} -\ _
1.0 — Hydrogen evolution
| —
-1.5 7n
-2'0 L L L L |
2 4 6 8 10 12 14
pH
Fi gb& e Pourbaix diagram of 2G°hc in an aqueous

Groomedmdr kngewere applied poteheimébbgdsu
was repeated. The wwnagska Iwassa tBiiuognd.®afscfltudlaer (If

identified as |l oop (|l evel 1 feature) and

Fi gbB:ePhot ogprfapshebacemausk foinnger brass coyeleitc v

vol tammetry over -0t.h6e tpoo t+alg €M 3avi soyr cahnggsetiaotf A 0D
MHS®wi t h B) high contrast black and white.
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The process, however, resul ted ©Onr @a s3e oV

vs.|JAAQlI This vigorous reaction may result
producti on ofmakuwbbkelres twh,tchhehrusebise riang w

process. As a result, constant potenti al
of0. b, 1, 0.3, FO.gbi®¢nadvet el s¥l ected from tF
range previously employed. I n all cases,

The use aonfpeclogemviea yi nt eresting insights ir
most anodic potenti al (1.1 V) resulted i1
solution turned blue, to a greater exten
again, tibhes i Clsdn s oThuda i ownr r & stti ndee npsli aty
this pbtegbt d @) r(esuletead i vel yocompat nosohe
ot her anodkipgrpOp bt eanntdi a0l.s3 V. Thi s was attr
acti viatpy.lpiodhdgent i als of 0.5 and 0.3 V res.
application of 0.5 V, a pink colour was
yell ow/ grey was obtained at the 0.3 V. I
brass bedamae dmidoiveght o the corrosion proc
Pourbaix di agigmrmon aoppbut{on of conceri

ambient temperature, the selected experir
the corrosion region and incrsealewéhner | i
the |l ess anodic potentials of 0.5 and 0. :
This may indicate som@ iisncfoonrprhed ewirtehaicr it

pink colour could be attributed to this.

When the voltage was hedi0d 1a@.nh\e, ctah érod i
visible effects at either the brass surf

191



Chapteat &nt -MRiIrikge/n sual i sati on at a Brass
Conducting and Redo:

A) 05
0.45
0.4
0.35 & L .
T 03 T
<025t
= 0.2 K
0.15
0.1
0.05
0 1 1 1 1 1 1 1 1 1 1 1 1 1 J
0 20 40 60
t/s
B) O f
-0.0015
-0.0025 |
5 -0.0035 |
-0.0045
77-0.0055 |
-0.25 _0_00550----2-0----4-0----6-0
t/s
03 L
0 20 40 60
t/s
Figbt@ Chronoamperometry 0% @sbhroavisnpgaftde tls Vi n
I(Olbloge(l;;,a,vv (+be @) Vag 8 l0u &) Va n b0 B)c k\jIn @meddo)me d i n
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2 T T T l‘l T T T
Ccul Cu(OH)g"
Cu(OH] j*
1 § -
+
- Cusog ¢ay
-
©
pr —
o gleT] T e
2 | —agr—l_
.ﬂ -_"
=]
1k Cu 2
-2 ) ) ] L L ] )
0 2 4 6 8 10 12 14

PH

Fi gBY% Poudibgiram of clorpipcehr einfAvarto@Onemé hor i z

l i nes indicating the potential svi tvelrdi ¢&lor d
repregeantoifngol uti on employed in this work.

An applied potential of 0.1 V was select
potential Fagb®Redewnl tad in no gaseous r el
faint | ine where the solution met itnbetali

Figbrde. This was an apparent etch of the
Using the same strip of brass without emp

repeated for a | onger peri oo ghsBomsnuteé
observed at the counter electrode and, w
height was visible on the brass strip. T
surface, however, theusturd axzes adidatse d gwittl
strilpe i me pemplodgiedl esulgomien variati on ]
chronoamp.erlWprognr aanpsp | i ctat 1 od amif sctOar rbteivinsdi d ry
of 1. 8Gamd. awaflodnead . 2 Swendd t mi nedmianut demar

I n t heEagpds el o4 f50.rCanmiim,i tial currefht waens
obserdeedasi ng t datl.t#2ibeOnmAmichm and fini shin
mA. @ant. 85 nutes. This slight variatsbBoniahe
withe observed | oss in lustre at the bra
range of any observed zinc passivation f

most | i kely asrsasfabe wht chewhsasubmerge

193



Chapteat &nt -MRiIrikge/n sual i sati on at a Brass
Conducting and Redo:

onmi nibeg experi ment could have slightl
current density which was observed in thi

2_

1.8

1.6 | 1 Untreateq

14

o

LE)1.2- | ®——Brass afte

< 1r¢

EO,S- T—{Brass aftdg

t/s

Fi gblr2 Chammer oonfetar ybr ass Swe Bpr50i.n O (f oMa BK) s
and G0O&dknsespresenptodtuitomnofl i nespommad ystirsi p nof
H.S @

To exppos dciotrired si omhiplreo cpeasvsi,ng t he -wmaywkf or
visualisation wi t h t he aid of phenoth

chrammer onmdtrh ad was Fpgopa&sed)shows t he

chrammwmer otmred aBipaf®d.rl V and=30® svecaotnds. Du
experiment, at 0.1 Vv, smal | guantities
I nitially, the change in current density

due to the activati onCopnrcoucrersesntwhyi,c 0 .wva sv
be the pot emtsiedilt iaal Iwh cacha wrsn afdh. tolhdseebtr a s s
include the oxidation of at | east zinc w
atomesul ting cium flen®irglrs3E B9hows the corre
fi ngaemrk feoxrpetrhementapgrvd| WiémghEI y et ched
surface ofvehgcbitasbewhthgiensgufr ftahcee .s uTrhreo
was gently wi pkeampve rt end alni rett hfarneod ti ssue t
was-f aicn , etched into the surface and not
the i nitial contact . olfhitshediwi snmgatr| ki csheatih gf @i
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the potenti al was increased tenal.k2 VW hfeor
evolution was much more uniform and cont
obvious change in the surface colour as
the experi menatr k Wwhe fliigdhded y etched onto
bound brown materi al being easily remove
appear @d |l eelrdbtei ve to that produced afpon
t he 4dmiamdgesr was | ow, and while overal/l S h s

| evel 2 features were oOobserved, under t h

A) 0.06
0.05

~ 0.04

5

15(103 -
-—0.02 +
0.01

0

0 100 200 300

Fighl® A) Lhpemanfeta ybr ass sheet,,®iOt. hL a I[(atl ean
anBp+0. 2 V (red) feSr@ad@0 corirpb@oagmMapghabf se
fi ngenrkiga,7+0. 2 V in B) full colour and C) hid

Based upon these ind&stthlhgeatimanlsusiisomgoffo.E
this el ectrFalgystreg ADblowswe dhe -tsiamme pruo frielng
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of applied potenti al experiments (0.1 V
current density was still observed with t
The surface of the brass did develop a
coloured (navy) ,seeminoglysmoeakcpateértrna
to the counter electrode. This-maad&i |lwihti &th
was deposited onto the surface prior to t
to 0.2 V, a much more steady and visible
an overall deeper colourationoVvi shkel @eron
visible during the process and a slight
experi ment was complete. Upon replicatior
the blue colour became muowHhH Imacrte ver @ mil rea
or , pearecsaPE®O®ODOT. -kamkgservi suali sed i n pre
provided much | owevri sqwdlei)t yr e(suddrsl.y Trmen
devel oped a mud/clay pink colour, whi ch
vi sualisation weashregplat-mamnlyvs @ hampp dargamc e
the experi ment was much darker, | eading t
consumed during the deposition process,
solution, wausg hsitgoniwfaircraamtt eanof r esh sol uti
ef fectmarfki ngiesrual i st gbng¢ Barsi shhowhus hEDDT
acid approach was poor rFelgatriégvge wiot s ud dtur
l evel 1 features observed.
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