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Ancrpakr: Ca cranoBuiTa 6e36jegHocTt, POpeH3NIKUX aHaIM3a 1
3aIUTUTE )XMBOTHE CPEJIMHE eIEKTPOXEMUjCKE METONIE NEeTEKIMje U
uneHTrdUKaIMje eKCIVIO3MBHUX MaTepuja MIMajy 3HadajHy ynory. Y
HajBehoj Mjepy, eleKTpOIHN MaTepujal feTepMuHuIIe MoryhHoCT
IpJMjeHe eeKTpoxeMujcke MeTosie. Mopyd1KoBaHe YIJbIKOBE eJIeKTpozie
Kao €/IeKTPOXEMUjCKM CEH30PM Cy II0Kas3ajie 3HauajHe MPEHOCTU y
OJfHOCY Ha Jipyre KopuIiuTeHe Marepujaie. MoryhHocT Mopudukobarma
YI/BMKOBMX JIeKTPOJia Ca Be/IMKMM 6pOjeM pasmn4nTiX MofuduKkaTopa
Cy JIOBe/a IO MHTEH3VBHUX UCTPaXKMBarba y 00/1acTy IIPMMjeHe OBUX
elIeKTPOJia 3a JeTeKIUjy ¥ uaeHTU(UKAINjY eKCIVIO3MBHUX MaTeplje.
Meby HajBuIlle KOpUIIITEeHe eKCIUIO3MBHE MaTepuje ce CBpCTaBajy
HUTPOAPOMATCKU EKCIJIO3UBYU YUjy XeMUjCKY CTPYKTYPY KapaKTepulIle
OeH3eHOB IIPCTeH ca Be3aHUM (QYHKIVMOHAJIHUM HUTPO VIM METHIT
rpymnama. Pesy/ntaTi ncTpaxkuBarba Cy OKa3au MOryhHOCT KBa/nTaTuBHe
Y KBAaHTUTATUHE JIeTeKIMje HUTPOAPOMAaTCKMX eKCIJIO3MBHUX MaTepuja
y TEYHOM ¥ FaCOBUTOM CTalby, IPUCYTHUX Y Pa3IMIUTUM IPUPOTHUM
cpefHaMa py BeoMa MajIyIM KOHIIeHTpanujama (y Tparosuma). Y pagy
je IpMKasaH Pa3BOj eeKTPOXEeMIUjCKIX CeH30pa Ha 0asy MOAU(UKOBAHIX
YI/BUKOBYIX €lIeKTPOfia 3 MAEHTUOUKAIIN]Y U HeTEKI[jy HUTPOAPOMATCKIX
eKCIUIO3VMBHMX MaTepyja y 3aBYCHOCTY Off KOPMIITEHOT MOfMbUKaTOpa.

KibyuHe pujeun: efeKTpoxeMujCKu CEH30PI, MOLU(DIKOBAHE YI/bIKOBE
€/IEKTPOJIie, HUTPOAPOMATCKM €KCIIO3UBU
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VBO[I

Jerexuuja v npeHTU(UKALNja HUITPOAPOMATCKIX eKCIVIO3VBHUX MaTepyja
VIMajy Be/IVKM 3Hauaj y o6macTy 6e36jemHocT, HGopeHsIKe aHaIN3e U 3aIlTH -
te xxuBoTHe cpenuHe (Houck, Siegel, 2015). ITpoBefeHa cy nucTpakupama MO-
ryhe npumjene Beher 6poja pasmmanTX MHCTPYMEHTAaTHUX METOJA U TeXHM-
Ka 32 KBa/IMTATUBHY U KBAHTUTATUBHY aHA/IN3Y OBE IPYyIle eKCIVIO3MBHMUX
marepuja. Vicnutusama Cy BpllleHa KOPUIITEHhEM IPeTMMIHAPHUX TeCTOBa
(Jungreis, 2005), nadpaupsene cnekrpockonuje (Silvester, Aldous, 2016), Pa-
MaHCKe CIIEKTPOCKOINje (Liu, Chen,2 013), HyKJ/IeapHe MarHETHE PE30HaHIIE
(Dawson, 2005), macene criektpockonuje (Makinen et al., 2011), xpomarorpa-
¢uje (Moore, 2004), repmnuxux (Ihms, Brinkman, 2004) u enexTpoxemujcKux
Metona (Zhanget al.,2006; Cruces-Blancoet al., 2007). Y ogHOCy Ha mpyre
IpuMjelbUBaHe METOJlE, ENEKTPOXEMMjCKE METO/le KapaKTepuuly BUCOKa
0CjeT/bUBOCT, IINPOKO MIOAPYYj€e IMHEAPHOT €IEKPOXEMIjCKOT OIT0BOPa y 3a-
BUCHOCTM Of] KOHIIEHTPAllMje aHaIUTa, KPaTKO BpMjeMe OfI3MBa eIeKTPOXe-
MMjCKOT CEH30pa, MOOVMTHOCT, KOMepIijaiHa JOCTYIIHOCT ¥ MOTYhHOCTH Bp-
mema in situ wucnurusama (Zhanget al., 2015). 3HavajHUjy
€/IEKTPOAHAIMTUYKY METOMY IIPEMICTaB/bajy BONITaAMETPUjCKE METOJE KOje IIPU-
ajiajy Tpyny eleKTPOAHATMTIYKNIX ITOCTYIIAKa Y KOjUMa je CUTHAT mobyne
€/IeKTPUYHM HATIOH JIOK Ce CUTHAJI OfI3UBa, e/IeKTPUYHA CTPYja, Mjepy Kao QyHK-
IIMja HAMETHYTOT e/IeKTPUYHOT HartoHa. C 0631poM Ha TO J1a 0O/IMK M BpeMeH-
CKa 3aBMCHOCT CUTHa/Ia HOOyzie MOTY OMTHI PasIMduTH, MOTY Ce PasIMKOBaTU
BOJITaMETPHja Ca IMHEPAHOM IIPOMjEHOM IIOTEHLIMjajIa ¥ LUK/IMYKA BOJITaMe-
Tpuja, ITy/ICHA BOITaMeTpHja, AudepeHIijanHa My/ICHa BOITaMeTpHja, BO/ITa-
MeTpuja ca IPaBOYI/IMM M3MjeHNYHUM CUTHA/IOM 1I00yze (eHT. square wave
voltammetry) v BonTaMeTpuja Mukpodectuua (eHr. voltammetry of microparticles,
VMPs). Vimajyhu y Busy ma BonTameTpujcke MeTozie KapaKTepyIle BarCKI
curHan nobyze, pajjHa eIeKTPoJa ce MOXKe OKapaKTepyCcaTy Kao aMIlepoMe-
TpujcKa enexTpoya. Takohe, ammepoMeTpujcke el1eKTpofie ce MOTy CBPCTATH y
IPYITYy XeMIjCKUX OFHOCHO €IEKTPOXEMIjCKIX CEH30Pa KOjI Ce TeMe/be Ha eTIeK-
TPOXEMIjCKO] peaKIuj/ aHa/IMTa MOf, yTUIIajeM BarmCKe MoOyzie IIpy 4eMy ce
BPILV Mjeperbe M3/Ta3HOT CUIHAJIa KOju TpeficTaBba jaunHa crpyje (Piljac, 2010).

Hajuemrhe kopninTeHe aMepoMeTpujcke e1eKTpofie Cy )KMBUHA elIeKTPO-
71a, eIEKTPOJIe Of IIJIEMEHUTHUX MeTaja U yI/bUKOBe enekTpogie. Ilon HasuBom
YI/BMKOBa eneKTpopa (eHr. carbon paste electrodes, CPEs) ce cMaTpa eleKTpoya
KOHCTPYJCaHa KOPUIITEHheM yI/bIKOBe nacre (eHr. carbon paste, CPs), koja
npezcTaB/ba OMHAPHY CMjecy YIJbUKOBUX MaTepujaia ca TeYHUM Be3VBNIMA.
Yr/puKOBe MaTepujaje IpeiCcTaB/bajy pasnudnuTe GopMe Kao mTo Cy rpaduT-
HJ TIpaX, IIPHY alleTIIeH, KOMOUAHM rpaduT, AMjaMaHT, aKTUBHHU yTasb, TIPH-
POJHY yrasb, CTaK/IACTU YI/bUK (eHT. glassy carbon, GC), dynepen 11-60, yrpu-
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KoBe HaHOTYOe (eHT. carbon nanotubes, CNT), yr/bKOBU HaHOPOTOBU (€HT.
carbon nanohorns, CNHs), T3B. 11a6710HCKY yI/bUK (eHT. template carbon), mmo-
po3Ha KapOOHCKa IIjeHa, HOPO3He YIJbUKOBE MUKPOC(epe, Me30IIOPO3HM YITbUK,
YI/bUKOBE HAHOYeCTUIIe, YI/bMIKOBA HAHOB/IAKHA 1 TpadeH. Yo/bey| pasinanTx
CTPYKTYPHUX KapaKTePUCTUKA, XeMMjCKe CTAOVTHOCTH, HOBPIINHCKE aKTUB-
HOCTU U jaKUX Be3a YHYTap XeMIjCKe CTPYKTYPe, eIeKTPOJHIA MaTepujalin Ha
6a3m yI/pMKa 1okasyjy pasmnuute GuU3n4Ko XeMujcke Kapakrepuctuke. Enek-
TpOXeMMjcKe ceH3ope n3palheHe off yI/beHIYHe [acTe y OFHOCY Ha pyTre BpCTe
eeKTPOJHUX MaTepyjaja KapaKkTepuile MOryhHOCT KOPMIITeha Y MIMPOKOM
PacIIoHy MOTeHIIMjaa, HICKA BPMjeJHOCT pe3uyanHe CTpyje, crienuduyHe
HOBPIIMHCKE KapaKTepUCTUKE, HICKA IIMjeHa U3PaJie, je[fHOCTaBHOCT IIpUIIpe-
Me, MMHUMa/THU HUBO TOKCUYHOCTM U IIVPOKE MOTYRHOCTY XeMUjCKVX 1 610-
noukux Mopudukaiyja. MexaHnusaM JijjelioBama yI/bUKOBUX eIeKTPOJiA IIPM-
JMKOM KOPHMUITEIba Yy €IeKTPOAHANIMTUYKMM MeTOflaMa Ce 3aCHMBA Ha
IpolecuMa OKCHjjalyje  pefyKiuje oqHOCHO dapajiejeBuM Ipolecuma ca
Tpanchepom Mace u enektpoHa (Svancara et al., 2012).

Ca nwpeM o6 oblIakba IPEHOCA Mace WM CMaberha OTpaHNYerba IPEeHO-
ca eJIeKTPOHA Ha IOBPIINMHY €JIEKTPOJie BPIIeHe CY MOA(UKaIje YI/beHId-
He T1acTe Pas/IN4NTUM JOAALMIMa Yuja yJiora Moke 61ty crerpudnyHa (Moam-
¢duxarop, crabunnszaTop, KaTaan3aTop, IOCPEFHMK, UTH.) (Svancaraet al., 2012).

CaBpeMeHN eKCIUIO3VBY 32 BOjHY YIIOTpeOy KOji ce HasuBajy HUTPOapo-
MAaTCKI €KCIIJIO3MBY IPETEXHO CafpKe CYIICTaHIle Ylja ce XeMUjcKa CTPYKTY-
pa cacToju off 6eH3eHOBOT IIPCTEHA Ha KOjeM Cy Be3aHe (QYHKIMOHA/THEe HUTPO
i MeTus rpyne. HemocTarak efieKTpoHa y e1eKTpOHCKOj KOHUrypannjn
apOMAaTHYHOT IIPCTEeHA Y3pOKYyje popMuparme KOMIUIEKca ca APYTUM MOJIEKY-
JlaMa Koje ¢y 6orate eJleKTpoHUMa IyTeM GpopMupama m-1 Mehymonekynckmx
Besa (Singh, 2007). ¥ Tabenu 1 npukasase cy Hajdyenrhe KopuuITeHe HUTPOa-
POMaTCKe eKCIUIO3MBHE MaTeplje.

Tabena 1. Humpoapomamcke excnnosuste mamepuje

. Hasus excnnosuBHuX marepuja
Emnupujcka . .
Ha3uB bopmyna CTPYKTypa (cMjerie Koje cafpske HUTPOApOMATt-
PMY: CKY eKCIIO3MBHY CYIICTaHITy)
CHj
QN NO,

2,4,6-TpI/IHI/[Tp0TOHy- C7H5N306 amator, 112, 113, uuMK/I0TOM, OKTOJ,
ed, INT ne”ronut, PTX-1, PTX-2, terputon

NO,




Muhun C,, Taruh [I., XpBay M. (2022). EnexTpoxeMujcKyt CeH30pH 3a A€TEKIMjy 1 MAEHTUDN-
Kallujy HUTPOapOMAaTCKIX eKCII031Ba, be3bjednocm, nonuyuja, epahanu, 18(2), 3-30.

NO,
2,4-JluauTpoTONTyeH
DNT C7H6N204 MIpOIIeSIAHT

CHs
%?\;gMHMTPOTOHYeH C7H6N204 02N\©/NOE [IPOIIE/IAHT

Terpanutpo-N-Me- O:N NO,
TUTAMWH C7H5N508 13, PTX-1, reTputon
TETPUJL

OH
Tpunnrpoderon ON NO,
(mukpuncka kucemn- | C6H3N307 Excrinosus ][]
Ha)

NO;

1,3,5-TpunurpobeH-
sen TNB C6H3N306
0,N NO,

VsBop : Akhgariet al., 2015

Opurpapare e1eKTpOXeMHUjcKe PeaKllije Ha pajiHOj €/IeKTPOJM IIpeiCTaB/ba
OCHOBY €/IeKTPOaHAIMTUYKOT Mjepera. Ha ocHOBY eneKTpoxeMujcke peyk-
nyje GYHKIMOHA/THIX HUTPO TPyIla Ha PaJHOj eIeKTPOAN Ce 3aCHUBA JIeTeK-
vja 1 ueHTIdUKanMja HUITPOAPOMATCKUX eKCIUIO3MBHUX MaTepuja. Mexa-
HM3aM OflUTpaBaiba peakliyje je Yy 3aBUCHOCTU Off BPCTE€ IPUMjeHheHOr
pacTBapava. Y BOJIEHOM pacTBODY 2,4,6-TPUHUTPOTONYEHA €/IEKTPOXEMM]jCKI
Ipollec ce ofurpasa y Tpu ysacronHa kopaka (Chua et al.,, 2012) :

-NO, + 2e + 2H"> -N(OH),(1a)
-N(OH),> -N=0 + H,0(16)

-N=0 + 2¢ + 2H*> -NH(OH)(2)
-NH(OH) + 2¢ + 2H*> -NH, + 2H,0(3)

KOJjU Ce yO4aBajy y OO/MKY TPY CTPYjHA KA HA VK/INYKOM BOJITaMOTrpa-
My (cnmka 1).
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(e) 2,4,6-TNT
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Cnuxa 1. Luknuuxku eonmamozpam (6p3una npomjere nomenyujana 100 mVs-1) u
60/1MAMO2PAM CHUMbEH MEXHUKOM B0TMAMempuje ca npasoyeium UMjeHuuHuM CuzHanom
no6yde (amnaumyoa 20 mV, gpexeenuuja 50 Hz, 6psuna npomjere nomenyujana 100 mVs-
1) 2,4,6-mpunumpomonyerna nomohy 3name muxopoenekmpooe MoOUPUKOBaHe ca jOHCKOM

meunocmu[P [NTf] (Svancara et al., 2018).

14,6,6,6]

VicTpaxuBama Be3aHa 3a IPUMjeHy HEBOJIEHMX/OpraHCKIX pacTBapaya I10-
Ka3yjy ia je Ipy HICKUM KOHI[eHTpalyjaMa aHjOHCKOT pafinKaja (HUTPO Ipy-
Ile) MeXaHNM3aM elIeKTPOXeMIjcKe PefyKIiyje CIMYaH MeXaHU3MY KOju ce OfM-
rpaBa y IPOTOHCKMM pacTBapayMMa, JIOK IIpY BUIIMM KOHI[€HTpalMjaMa
ToJa3y 1o oIMMepu3aliyje aHjOHCKOT pajjuKaa y jefiiiberha a30/a30KCY TUIIA
(Yuet al., 2017).

Y papy cy IprKa3aHy pe3yaTaTy UCTPaXKMBaba y 00/1acTy IIpYMjeHe eTeK-
TPOXEMMjCKMX CEH30pa, Y BUAY MOANPUKOBAHNX YI/BMKOBUX (YI/BMKOBE ITa-
CTe) eIeKTPOJa Ca PA3INMINTUM MOAUPUKATOPUMA, IPUMjebEeHNX 3a KBa/II-
TaTUBHY ¥ KBAaHTUTAaTUBHY aHa/JIM3y HUTPOAPOMATCKUX €KCIUIO3MBHUX
MaTepuja.

ETEKTPOXEMIJCKI CEH30PU HA A3V MOAVI®VIKOBAHE
YITbUKOBE ITACTE

¥ 3aBucHOCTHU on ocobuHa MOIH/I(bI/IKaTOpa, MO,I[I/I(l)I/IKOBaHe YITbMIKOBE €/I€K-
TpoOJe ce MOTy HOHI/IjeTII/ITI/I Ha XeM]/IjCKI/I MO}_II/I(i)I/IKOBaHe YITbMIKOBE €/1€EKTPOJIE,
O1OJIOIIKY MO,I[]/I(i)I/IKOBaHe YITbIKOBE €JIEKTPOJE U MO,IH/I(l)I/IKaHI/Ija Ha OCHOBY
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usukanmuux nporeca (Svancara et al., 2012). I[To6opimarma MoandUKOBaHNX
eIeKTPOJa y OFHOCY Ha HeMOZM(NKOBaHe eleKTPOJie Ce 3aCHMBAjy Ha Moryh-
HOCTY IIpPUMjeHe Y LIMPOKOM IIOfIpy4jy IIOTEHIMjajia, BUCOKOj €IEKTPOKaTa-
JUTUYKOj aKTUBHOCTH, cTabunHoctu (Wang et al., 2011), noBehawy 6p3une
IIPEHOCa eJIeKTPOHA U CMamberby IPEHANIeTOCTH eIeKTPOXeMMjCKOT IIpoleca
(Ardakani et al., 2008). C 063upom Ha Benuku 6poj pasmuuutux Moryhux mo-
anduKaTopa, Hofjena XeMIjCKI MOU(PIUKOBAHNUX e/IEKTPOJA Ce MOYKe BPIIN-
TVl Ha OCHOBY (PM3NYKO-XEMUjCKUX KapaKTepPUCTUKA MaTepyja KOPUIITEHNX
Kao MoAuduKarTop.

Memanu u memantu oxcuou

VcnutuBama Cy mokasaja fa IpUCYCTBO YeCTHIIa MeTala i MeTaTHNX OK-
cupia, 6GuIo Aa Cy MPUCYTHU Y MacH elIeKTPOSHOT MaTepyjasia My Ha IOBPIIN-
HII eJIEKTPOfie, Y3POKYjy oBehabe KaTamuTIIKe aKTUBHOCTH YI/bUKOBE e/IeK-
tpoae (Beyene et al., 2004). YecTune mMerasna u MeTa/HUX OKCUJA HAHO
Be/IMYMHe yTU4Yy Ha noBehama ocjeT/bMBOCTI ycibeq oBehama akTUBHE M0-
BpIIIHE, KATATUTUYKNX edeKaTa 1 IoO0/bIlIama eeKTPUIHe IPOBOI/BUBOCTI
(Filanovsky et al., 2007) .

Tabena 2. Kopuwmene yerouxose enexmpooe MOOUPUKOSAHE MEMATIUMA U MEMATIHUM
OKCUOUMA 30 UOEHMUPUKALUTY HUMPOAPOMAMCKUX eKCHII03UBA

OcHOBHI JIumut
. MoauduKaTop aHA/UT | TeXHMKa ) Ped.
Marepuja IeTeKIje
Crakmactu AHTHMOH THT SWCSV ) Svancara et
YIJBUK al., 2018
Mesonoposnu TiO,/np Ru .
YIJBUK Mesomnoposuu TiO /np Pt THT (% - Filanovsky
L et al.,, 2007
Mesonoposuu TiO,/np Au
Craknactu Hanouectuie nuHka n THT Ccv ) Toh, et al.,
YIJBUK LIMHK OKCU[a IOHT DPV 2013
Crakactu 3ato IOHT CV 10,9ppm | Tan, C. et
YITBUK THT DPV | 364ppm | al,2017

SWCSV - KaTopHa CTpUIMHT BOITaMeTpuja ca IPaBOYIIMM M3MjeHUYHIM CUTHAIOM 1106yzie; CV-ImKknmaka
Bontamerpuja;DPV — mudepeniujamna myicHa BonTaMeTpuja
M3Bop: ayTop

Iouc:ce meuHocmu

JoHCKe TeyHOCTH Ha COOHOj TeMuepaTypu (room temperature ionic liquids,
RTIL) npencTaB/bajy CYICTaHIIe Yija CTPYKTYpa je cCacTaB/beHa Off jOHA jeffHa-
KOT I CYIIPOTHOT moapurera. Cacrtoje ce off BETUKOT aCHMETPIIHOT OpPraH-
CKOT KaTjOHa ¥ MaJIOT OPTaHCKOT/HEOPraHCKOT aHjOHa, IPICY THOT ¥ PacTOIUbe-
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HOM CTamwy. Belukym acuMeTpuyHM OPraHCKM KaTjoOH IOCjefyje jemHo
MO3UTUBHO Hae/leKTpUCalbe, TOK aHjOH KapaKTepullle jeJHO HeraTUBHO Hae-
JIEKTPUCalbe, IITO OBE BPCTE YMHM €1eKTPO HeyTpaTHUM. XeMUjcKa CTPYKTY-
pa jOHCKUX Te4HOCTHN oMoryhaBa pasnn4nTe HeKOBaJIeHTHe MHTEPaKIIKje Koje
CTabMIN3Yjy MOJIEKY/ICKe CTPYKType a Koje Cy BeoMa HeCTabu/IHe Y KOHBEH-
IIVIOHA/IHVM pacTBapadyyMa. YOIIITEHO jOHCKe TeYHOCTI Ha COOHOj TeMIepa-
TYpM KapaKTepMlille HM3aK MIPUTHCAK IIape U rycTiHa Beha off rycTuHe Boze.
Taxobe, mocjenyjy HuCKy mpoBoa/BEMBOCT (<5 mS/cm) M BUCOKM BUCKO3UTET
(>50 cP). Hajuemrhe kaTjoHCKe CTPYKType IPUCYTHE Y jOHCKMM TEYHOCTUMA
Cy QYHKIMOHA/IM30BAHM MMUAA30TIN)YM, IMPUAVHIjYM U KBapTepHe aMOHUjyM
comu. XasoreHuau, rerpadryopobopart, TeTpaxaopaayMIHAT, XeKcadmyopo-
docdaru, 6uc(nepdryopomernnacyndonnn), nmua/ouctpudnar umMmug u
TpudnyopomeraHcyndoHar cy Hajuemhe KOpulITeHe aHjOHCKe CTPYKTYpe
(Banga et al., 2020).

ITojenyHe BpCTe jOHCKMX TEYHOCTI Ha COOHO] TEMIIEPATYPY [IOKA3Yjy BUIIN
HMBO IIpoBO/bMBOCTY (20 mS/cm) 1 ogroBapajyhu mpo3op enekrpoxemimjcke
cTabuIHOCTY Of +2,5 V IITO je KapaKTepUCTUYHO Kajja ce y CTPYKTypH Hajla-
311 KaTjoH y OO/IMKY JyTadKOT yI/bMKOBOJOHUYIHOT aJIKM/IHOT MaHa. [Tojenuue
jOHCKe TEYHOCTY Ha COOHOj TeMIIepaTypy Ha 6a3y MMIUa30/1MyMa U IUpPU-
HIyMa MIMajy 3Hauaj y 00/1acTI e/IeKTPOXeMUjcKuX ceHzopa. CTabuIHOCT, IIpo-
BOJI/bMBOCT I IIMPOK €JIEKTPOXEMUjCKI IIPO30P MPELCTAB/bajy IPESHOCTH KOje
KapaKTepuIlly IPUMjeHY jOHCKUX TeYHOCTH y e7IeKTPOaHATMTUYKUM MeTOfja-
Ma (Paulet al., 2020).

Tabena 3. Kopuwimere yeruxose enexmpooe MoOUPUKOBaAHE JOHCKUM MeUHOCUMA HA COOHO]
memnepamypu 3a UOeHMUPUKAUU]Y HUMPOAPOMAMCKUX eKCNTIO3UBA

OcHOBHUI JIumur
. MOVMKATOp  aHAINT TEeXHUKA . Ped.
MaTepuja IeTeKIje
IudepeHIMjaTHa IyIcHa
Crakmactu Vu, HT.Tet
- [BMIM][BF,]  THT  apcopntusHa cTpumar 88,6 ppb al 2016

BOJITAMETpuja

[BMIM][T{ N]

Crakmactu  [BMIM][FAP] THT DOTITAMETPIa €2 MpaBo-

. 190 nM  Xiao et al,,
YI/IMM U3MjeHUYHVM CHUT-

YURHEK [[];11\\441;);]] [[;‘21;]] HT Hajiom mo6yze (SWV) 230 nM 2012
[BMIM][BE,]
Crakmactu [EMIM] [BF4] JHT SWV 1 ppm Banéggzeg[ al.,
YUPIE . [EMIM][TE,N]

[BMIM][Tf2N] - I-butyl-3-methyl imidazolium bis-(trifluoromethylsulphonyl) imide; [BMIM][FAP] - 1-bu-
tyl-3-methyl imidazolium tris(perfluoroethyl)trifluorophosphate;

[BMPy |[Tf2N] - I-butyl-3-methylpyridinium bromide bis-(trifluoromethylsulphonyl) imide [BMPy][FAP] -
1-butyl-3-methylpyridinium bromide tris(perfluoroethyl)trifluorophosphate

WUsBop: ayTop
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Yerwuunu nanomamepujanu

VcTpaxkuBama Be3aHa 3a yoTpedy eIeKTPOXeMMjCKOT CeH30pa, Ha OCHO-
BY YI'bMIKOBE €JIEKTPOJE MOJII/ICI)I/IKOBaHe HaHO CTPYKTYPHUM YI/b€HNYIHVM Ma-
Tepujanuma, y eIeKTPOXEMMjCKMM MeTOJaMa I TeEXHUKaMa e TeKIMje U UIeH-
TrUKaIMje HUTPOAPOMATCKIX eKCIUIO3MBHIIX MaTeplja Cy BpleHa yIoTpe6oM
pasmunTyX GOopMI HAHO YI/bEHNYHNX MaTepyjajia Kao LITO CY YI/bUKOBE HAHO
Ty6e, rpadeH 1 yrpukose HaHo yectune (Akhgariet al., 2015).

ITpenHOCT enexTpona MoaM(UKOBAHNX HAHOYECTHIIAMa y OIHOCY Ha Ma-
KpOeJIeKTpOJie ce OIVIefia y 3Ha4ajHO Behoj criennduyHoj MOBPIINHIL, U3paKe-
HOj a/ICOPIILIMOHO] CIIOCOOHOCTH, XeMIjCKOj MHEPTHOCTM, TEPMUYKOj CTaOUII-
HOCTH, HETOKCUYHOCTH, JOOPOj OMOKOMIIATMOMITHOCTH, YTHUIIAjy Ha oBehate
MAaceHOT TPAHCIIOPTA, YTUI[Ajy HAa MeXaHM3aM TpaHcdepa eeKTPOHa Te efeK-
tpokatanusu (Valentini et al., 2016). ITpucyctso mogudnkaropa omoryhyje ns-
Tepakiyjy MoauduKatop — cyocTpat (YI/bMKOBa IIacTa) KOja yTide Ha MMOOU-
NU3aLUjy ¥ aKyMYyJIalyjy aHa/IUTa Ha MOBPIIVHIY eJIeKTPOJie, eIeKTPOKATaIN3Y
e/IeKTPOXeMIjCKe peaKIiije OTHOCHO yOp3ame TpaHchepa eeKTPOHa, NMOOM-
NU3aLYjy peaKTaHaTa KOjy TeHEePHIITY e/IeKTPOXEeMIUjCKM aKTYBHE IIPOJYKTe, 3a-
IITUTY U CTAOWIN3ALNjy eIeKTPOfjHe HOBPIINHE, Te OfroBapajyhe mpomjene
bUBMIKO-XeMUjCKIX KapaKTepUCTIKA IIOBPIINHE YI/BIKOBE e/IEKTPOJe.

Ta6ena 4. Kopuuimenu yemwuxose enexmpode Mooupuxosare yeroukosum HaHoMamepujanuma
30 UOeHMUPUKAYUJY HUMPOAPOMAMCKUX eKCNII03UBA

OcHOBHI JIumut
. MoauduKaTop aHAIUT TEXHMKA . Ped.
MaTepujant IeTeKIje
GC MWCNT THT AdSV 0.6 pg/l Wanget al., 2004
GC rpadeH THT DPV 4,4nM Tang et al., 2010
. i stripping | 4.2x10°®
GC rpaden oksid 2,4-THT voltammetry M Chen et al,, 2011
GC rpagdeH THT - 4,4 uM Goh, Pumera, 2011
- XUApOTeHNSOBAHN THT - - Seah et al., 2014
rpaden
- TPAQUITHM HAHOMA- |y cv 0,25 ppb | Trachioti et al., 2020
Tepujat
THT 0,9nM
GC OMC OHT AdSV 5,5nM Zang, J. etal. 2011
IHB 6 nM
rpaden THT 0,1ppm Tan etal., 2013
THT Ccv 2,03 ppm
GC rpadeH JIHT DVP 2,73ppm Yew et al., 2016

GC - craxmactu yrmpuk; MWCNT - BummecnojHa yrbukosa HaHOTY6a; AASV - aficopmimona CTpUIIMHT
Bonramerpuja DPV — mudepennujanna myncha sonramerpuja; CV — muxamuka sontamerpuja; OMC -
ypebeHn Me30moposuu yImbeHnK

WsBop: ayTop
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Monexynapno ymuctuymu nonumepru mamepujanu (MII)

BpureHa cy ncnnTuBama Be3aHa 3a JeTeKIWjy U NAeHTU(UKAIIjy HUTPO-
apOMAaTCKMX eKCIUIO3MBa moMohy MOJIeKyIapHO YTUCHYTHX MOIMMepa
(molecularly imprinted polymer, MIP). MoneKynapHO YTUCHYTH IOVMEPHN
marepujamyu (MUII) cy BUCOKO yMpeXKeHV OpPTaHCKM/HeOPTaHCKM KOIIOIMe-
pu y KojuMa Cy mIyIublHe (MecTa 3a IIpello3HaBarbe) YTUCHYTe 3a MOIEKy/Ie
11a6/10Ha, 6110 1a Cy TO eKCIUIO3MBHI MOJIEKY/IM V/IU IbJIXOBY HEEKCIITIO3B-
HJ CTPYKTYPHM aHAJI031, Kao nakHy madmonn (Kamaruzaman et al., 2021).

Functional Monomer Polymerlzatlon
i i
Pre-polymerized complex

Template Molecule
Cnuxa 2. lemamcku npuxa3s npoueca Monexynaproe omuckusarea (Sajini, Mathew, 2021).

Extmctlon

Reblndlng

Tabena 5. Kopuwimete yerwuxose enexmpooe MoOUPUKO8AHEMONEKYLAPHO YIMUCHY MUM
nonumMepumMa 3a udeHMUPUKauUjy HUMpPOAPOMAMCKUX eKCNI03Uea

OcHOBHU JIumur pe-
. MoaupuKaTop QHAIUT | TEXHUKA . Ped.
MaTepujat TeKuuje
rpacbur KaTjOHCKM U3MebJBaIKA THT DPV 5x107 M Pesavento et
AKPUJIHU TTO/IVIMEP al,, 2013
rpadur | 1P Fe.0Momduiosane | gy | g sn | Alizadeh, 2014
MeTaKPUIHOM KMCETMHOM
DPV . Alizadehet al.,
rpaur MIP THT SWV 1.5 x 10°M 2010
np Au/dyneper/amuto Shahdost-fard,
GC P yiep THT - 3,5 atomola Roushani,
antamep /MIP 2017

DPV - gudepenijanua myncHa sonramerpiuja; SWV - BonTameTpuja ca IpaBOyI/INM M3MjeHUYHIM CUTHA/IOM
no6yzae; MIP - monexynapHo yrucHytnommep; GC — CTakIacTyt yr/bMK
MsBop: ayTop

3HavyajHe KapaKTepUCTHUKe Ca CTAHOBUIITA IIPUMjeHe Y CEH30PCKOj TeXHM-
1111 Ce OIIefIajy y BICOKOj CIelndUIHOCT IIpeMa II/bHOM aHanuTy, Behoj du-
3MYKOj CTaOVIHOCTH, HICKOj IIVjeHa ¥ U3y3eTHOj pobycHocTH (Sajini, Mathew,
2021). OcjeT/BMBOCT €IeKTPOXEMUjCKUX CEH30Pa Ha OCHOBM CENeKTVBHIX MO-
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JIeKy/TapHO YTUCHYTHUX IIO/IMIMepa ce 3Ha4ajHO 060/blIIaBa KOPUIITEHEM Ha-
HOMaTepyjaja Kao LITO Cy MarHeTHe HAHOUeCTHIIe, HAHOYeCTHIIE 371aTa, ybe-
Hy4uHe HaHOTYOe U rpaden (Lahcen, Amine, 2019).

Xubpuonu mamepujanu

OcyM mpeTXofiHO HaBeZIeHNX MaTepuja Koje ce Kopucre y QyHKIMjI Moaudu-
KaTopa YI7/bMKOBE ITacTe, BPILIeHa Cy MCTPaKMBamba IIoMohy XMOpUHNX MaTepu;ja.
XubpnpHe MaTepuje HpecTaB/bajy MOLU(MHUKATOPe 3aCHOBAaHE Ha KOPUILITEHY /1Ba
VIV BUIIIE PA3/IMYUTUX CYTICTAHIM IIOMONY KOjUX Cy M3BeJIeHN eIeKTPOXeMIjCKI
CeH30pU 3a JIeTeKINjy U UAeHTUONKALN]y HUTPOAPOMATCKIX eKCINIo3uBa. Y Ta-
6enu 6 cy mpukasaHe MofbMKOBaHe YI/bMKOBE eNeKTpojie ToMohy xnubpna, Kao
U BPUjeJHOCTY TPAHMILIE IeTEKIIMje HUTPOAPOMATCKUX eKCIIIO3MBa €KCIIEPUMEH-
TaHO ofipel)eHe pasmMUNTIIM BONTTAMETPUjCKMM TeXHMKaMa.

Tabena 6. Kopuwimete yemwuxoge enexmpode mooupuxosare xubpuoHum mamepujama 3a
UOeHMUPUKALUTY HUMPOAPOMAMCKUX eKCHIL03UBA

OcHOBHI aHa- | TexHU- | JIUMUT TeTek-
. MonuuKaTop i Ped.
MaTepujat 7T Ka uje
GC PNEGHNs THT | AdSV 1,3uM Guoet al,, 2010
GC IL/grafen THT - 2,2nM Guo et al., 2010
GC MWCNT/ THT DPV 15pugL! Arman et al.,
polyethyleneimine/np Au | JHT 45pug L! 2022
ITHT 54 nM
THT 2,2 nM Guo, S. et al,,
- nopdupus/rpaden JIHB AdSV 6 nM 2011
THB 9,4 nM
THT Xiaoquan Lu et
GC np Ag/rpaden JIHT DPV - al., 2011
GC np PtPd/rpaden THT | LASV 0,8 ppb Zhang et al., 2015
GC mpg-C3N4/p-CD | THT | LSV 6gppb | Zhi-WenWanget
al.,, 2020
GC IL/grafen THT | AdSV 4 ppb Guo etal,, 2011
Ge | Asorom H;Zflpa‘{“ P THT | Lsv 130nM | Chen etal, 2012
TNT2.1 ppm
GC npAu/noma(ogemunen- THT cv (2.1 mg/L), Saglam et al.,
) H“aM“(; IHT DNTI1.28 ppm 2015
aHWINH QUM (1.28mg/L)

GC - crakmactu yrbuk; PNEGHNs - np Pt ensemble-on-graphene hybrid nanosheet; AdSV - ancopryona
cTpunuHr BonTameTpuja; IL — jorcka teunoct; MWCNT - BuiecojHa yrbukoBa HaHOTY6a; DPV —
nudepentymjamHa myacHa Bontamerpuja; LASV - auneapra adcopnyuona cmpunume 601mamempuja; mpg-
C3N4/B-CD - HaHOKOMIIO3UT MUKPOIOPO3HI TpaduTHI HUTPUA/P — unKaonekctpus; LSV - nuneapna
sonmamempuja; CV — yuknuuka sonmamempuja

WsBop: ayTop
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3AK/bYYAK

[TpuMujermene eeKTpOXeMujCKe METOIE U TEXHMKE KOPUIITEHhEM CEH30pa
Ha OCHOBY MOZIM(VKOBaHe YI/bJMKOBE eleKTPOJie Cy IOKasajie 3HavyajHe Ipef-
HOCTH Y OIHOCY Ha JIpyTe aHA/IMTIYKe TEXHVKe U/IeHTUUKaIIMje 1 TeTeKIuje
HUTPOAPOMATCKMX EKCIUIO3UBHUX MaTepuja. Bucoka ocjeT/buBOCT, KpaTKo
BpUjeMe OfI3MBa, MOOVTHOCT, KOMepIMjaTHa JOCTYIHOCT 1 MoryhHocT! Bp-
IIerba i Situ MICTIMTIBaIba Cy HeKe Off IIPeHOCTY OBUX MeTozia. Moandukosa-
He YIJbUKOBE eIeKTPOofie IPy>Kajy MoryhHOCT MopudmKanyje BenukuM 6pojem
Pa3IMYNTUX MaTepuja, a CAMUM TUM M BEJIVIKO HOAPYYje UCTPaKMBamba Y 00-
JIACTY TIpUMjeHe 3a KBaIMTATVBHY ¥ KBAHTUTATVBHY aHA/N3Y. YC/besl M0607b-
LIarba MpeHoca Mace WM CMatberba OrpaHMYeba IIPEHOCA e7IEKTPOHA, €eK-
TpoxeMmjcKe ceHsope uspabhene oy mopmdukoBaHe yI/beHNYHE ITacTe y
OHOCY Ha [Ipyre BPCTE €JIEKTPOJHUX MaTepujaja KapaKTepUIly BUCOKa
OCjeT/bUBOCT, CEIEKTUBHOCT, je[IHOCTABHOCT U3Pajie, EKOHOMUYHOCT Y MUHU-
MajIHi HUBO TOKCUYHOCTI.
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ELECTROCHEMICAL SENSORS FOR THE DETECTION AND
IDENTIFICATION OF NITRO-AROMATIC EXPLOSIVES

Sasa Micin PhD
Danijela Tatic
Milica Hrvac

Apstract: From the point of view of security, forensic analysis and
environmental protection, electrochemical methods of detection and
identification of explosive substances play a significant role. To the gre-
atest extent, the electrode material determines the possibility of applying
the electrochemical method. Modified carbon electrodes as electroche-
mical sensors have shown significant advantages compared to other used
materials. The possibility of modifying carbon electrodes with a large
number of different modifiers has led to intensive research in the field
of application of these electrodes for the detection and identification of
explosive substances. Among the most widely used explosives are nitro-
-aromatic explosives whose chemical structure is characterized by ben-
zene rings with attached functional nitro or methyl groups. The research
results showed the possibility of qualitative and quantitative detection of
nitro-aromatic explosives in liquid and gaseous state, present in various
natural environments at very low concentrations (in traces). The paper
presents the development of electrochemical sensors based on modified
carbon electrodes for the identification and detection of nitro-aromatic
explosive substances, depending on the used modifier.

Key words: electrochemical sensors, modified carbon electrodes,
nitro-aromatic explosives

INTRODUCTION

Detection and identification of nitro-aromatic explosive substances are of
great importance in the field of security, forensic analysis and environmental
protection (Houck, Siegel, 2015). Research was conducted on the possible
application of a number of different instrumental methods and techniques for
the qualitative and quantitative analysis of this group of explosive materials.
Tests were performed using preliminary tests (Jungreis, 2005), infrared
spectroscopy (Silvester, Aldous, 2016), Raman spectroscopy (Liu, Chen, 2013),
nuclear magnetic resonance (Dawson, 2005), mass spectroscopy (Makinen et
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al., 2011), chromatography (Moore, 2004), thermal (Ihms, Brinkman, 2004)
and electrochemical methods (Zhanget al., 2006; Cruces-Blancoet al., 2007).
Compared to other applied methods, electrochemical methods are characterized
by high sensitivity, a wide range of linear electrochemical response depending
on the analyte concentration, short response time of the electrochemical sensor,
mobility, commercial availability and the possibility of in situ testing (Zhanget
al., 2015). A more significant electroanalytical method is represented by
voltammetric methods, which belong to the group of electroanalytical procedures
in which the excitation signal is electric voltage, while the response signal,
electric current, is measured as a function of the imposed electric voltage. Given
that the form and time dependence of the excitation signal can be different, one
can distinguish voltammetry with a linear potential change and cyclic
voltammetry, pulse voltammetry, differential pulse voltammetry, voltammetry
with a rectangular alternating excitation signal (eng. square wave voltammetry)
and voltammetry of microparticles (eng. voltammetry of microparticles, VMPs).
Bearing in mind that voltammetric methods are characterized by an external
excitation signal, the working electrode can be characterized as an amperometric
electrode. Also, amperometric electrodes can be classified into a group of
chemical or electrochemical sensors that are based on the electrochemical
reaction of the analyte under the influence of external excitation, whereby the
output signal representing the current strength is measured (Piljac, 2010).

The most commonly used amperometric electrodes are mercury electrodes,
electrodes made of precious metals and carbon electrodes. The term carbon
paste electrodes (CPEs) refers to electrodes constructed using carbon paste
(CPs), which is a binary mixture of carbon materials with liquid binders. Carbon
materials are represented by various forms such as graphite powder, acetylene
black, colloidal graphite, diamond, activated carbon, natural carbon, glassy
carbon (GC), fullerene C-60, carbon nanotubes (CNT), carbon nanohorns (eng.
carbon nanohorns, CNHs), the so-called template carbon, porous carbon foam,
porous carbon microspheres, mesoporous carbon, carbon nanoparticles, carbon
nanofibers and graphene. Due to different structural characteristics, chemical
stability, surface activity and strong bonds within the chemical structure, carbon-
based electrode materials show different physical and chemical characteristics.
Compared to other types of electrode materials, electrochemical sensors made
of carbon paste are characterized by the possibility of use in a wide range of
potentials, low value of residual current, specific surface characteristics, low
manufacturing cost, simplicity of preparation, minimal level of toxicity and
wide possibilities of chemical and biological modifications. The mechanism of
action of carbon electrodes when used in electroanalytical methods is based on
oxidation and reduction processes, that is, Faraday processes with mass and
electron transfer (Svancara et al., 2012).
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With the aim of improving mass transfer or reducing the limitation of
electron transfer on the surface of the electrode, carbon paste modifications
were made with various additives whose role can be specific (modifier, stabilizer,
catalyst, mediator, etc.) (Svancaraet al., 2012). Modern explosives for military
use, called nitro-aromatic explosives, mainly contain substances whose chemical
structure consists of a benzene ring on which functional nitro or methyl groups
are attached. The lack of electrons in the electronic configuration of the aromatic
ring causes the formation of complexes with other electron-rich molecules
through the formation of m-m intermolecular bonds (Singh, 2007). Table 1. shows
the most commonly used nitro-aromatic explosives.

Table 1. Nitro-aromatic explosive substances

Name of explosive substances
structure (mixtures containing nitro-
aromatic explosive substance)

Empirical
formula

name

2,4-TunuTpOTOTyEH

DNT IIpOIIe/IaHT

Terpanurpo-N-meTn-
JTaMUH 113, PTX-1, TeTpuron
TETPUII

1,3,5-TpuHurpoben-
3en TNB C6H3N305
O,N NO

Source : Akhgariet al., 2015
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Playing out the electrochemical reaction on the working electrode is the
basis of electroanalytical measurement. The detection and identification of
nitro-aromatic explosive substances is based on the electrochemical reduction
of functional nitro groups on the working electrode. The reaction mechanism
depends on the type of solvent used. In the aqueous solution of
2,4,6-trinitrotoluene, the electrochemical process takes place in three consecutive
steps (Chua et al., 2012):

-NO, + 2e + 2H*> -N(OH),(1a)

-N(OH),» -N=0 + H,0(16)

-N=0O + 2¢ + 2H*> -NH(OH)(2)

-NH(OH) + 2e + 2H*> -NH, + 2H,0(3)

which are observed in the form of three current peaks on the cyclic
voltammogram (Picture 1).

(e) 2,4,6-TNT
U, —
1
0.2 |
—_ |
o
< —0.4 | /i./? I| l.
061 / S
.'III .’:.l 0 \\H} It""-\--n._.
_ “a —20 -15 —1.0 -05
081F 3 EV]vs FelFe’
-20 -15 -1.0 -05

E[V] vs Fe/Fc*

Picture 1. Cyclic voltammogram (rate of change of potential 100 mVs-1) and voltammogram
recorded by the voltammetry technique with a rectangular alternating excitation signal (amplitu-
de 20 mV; frequency 50 Hz, rate of change of potential 100 mVs-1) of 2,4,6-trinitrotoluene using

gold microelectrodes modified with ionic liquid [P14,6,6,6][NTf2] (Svancara et al., 2018).

Research related to the application of non-aqueous/organic solvents shows
that at low concentrations of the anionic radical (nitro group), the mechanism
of electrochemical reduction is similar to the mechanism that takes place in
protonic solvents, while at higher concentrations, the polymerization of the
anionic radical into azo/azoxy type compounds occurs (Yuet al., 2017).
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The paper presents the results of research in the field of application of
electrochemical sensors, in the form of modified carbon (carbon paste)
electrodes with various modifiers, used for qualitative and quantitative analysis
of nitro-aromatic explosive substances.

ELECTROCHEMICAL SENSORS BASED ON MODIFIED CARBON
PASTE

Depending on the properties of the modifier, modified carbon electrodes
can be divided into chemically modified carbon electrodes, biologically modified
carbon electrodes and modifications based on physical processes (Svancara et
al., 2012). Improvements of modified electrodes in relation to unmodified
electrodes are based on the possibility of application in a wide range of potentials,
high electrocatalytic activity, stability (Wanget al., 2011), increasing the speed
of electron transfer and reducing the overvoltage of the electrochemical process
(Ardakani et al., 2008). Considering the large number of different possible
modifiers, the division of chemically modified electrodes can be done on the
basis of the physical and chemical characteristics of the substances used as
modifiers.

Metals and metal oxides

Tests have shown that the presence of metal particles and metal oxides,
whether they are present in the bulk of the electrode material or on the surface
of the electrode, cause an increase in the catalytic activity of the carbon electrode
(Beyene et al., 2004). Particles of metals and metal oxides of nano size affect the
increase in sensitivity due to the increase of the active surface, catalytic effects
and improvement of electrical conductivity (Filanovsky et al., 2007).

Table 2. Used carbon electrodes modified with metals and metal oxides for the identification of
nitro-aromatic explosives

Basic modifier analyte | technique Detection references

material vt ! limit

Craknmactu AHTHMOH THT SWCSV ) Svancara et al.,

YIJbUK 2018
Mesonoposnu TiO,/np Ru .

YITBUK Mesonoposuu TiO,/np Pt |THT |CV - ;1)13171 ovsky etal,
Mesonoposunu TiO_/np Au

Crakmactu | HaHouecTuije niuHKa n THT |CV

YIJBUK LIMHK OKCUJA IOHT |DPV ) Toh, etal., 2013
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Crakjactu 3ato IOHT |CV 10,9ppm | Tan, C. etal,,
YITBUK THT |DPV 36,4 ppm |2017

SWCSYV - Cathodic strip voltammetry with rectangular alternating excitation signal; CV-cyclic voltammet-
ry; DPV - differential pulse voltammetry

Source: Author

Ionic liquids

Ionic liquids at room temperature (room temperature ionic liquids, RTIL)
are substances whose structure is composed of ions of equal and opposite
polarity. They consist of a large asymmetric organic cation and a small organic/
inorganic anion, present in the dissolved state. The large asymmetric organic
cation has one positive charge while the anion is characterized by one negative
charge, which makes these species electrically neutral. The chemical structure
of ionic liquids enables various non-covalent interactions that stabilize molecular
structures that are very unstable in conventional solvents. In general, ionic
liquids at room temperature are characterized by a low vapor pressure and a
density greater than that of water. They also have low conductivity (<5 mS/cm)
and high viscosity (>50 cP). The most common cationic structures present in
ionic liquids are functionalized imidazolium, pyridinium, and quaternary
ammonium salts. Halides, tetrafluoroborate, tetrachloroaluminate,
hexafluorophosphates, bis(perfluoromethylsulfonyl), imide/bistriflate imide,
and trifluoromethanesulfonate are the most commonly used anionic structures
(Banga et al., 2020).

Table 3. Used carbon electrodes modified with ionic liquids at room temperature for identification
of nitro-aromatic explosives

Basic . modifier analyte |technique l.)et.ectlon references
material limit

mndepeHIMjaTHa TyICHA Vu,
Craxnacrin [BMIM][BF,] |THT |ajcopnTuBHa CTPUTIUHT 88,6 ppb |H.T.T.etal
YIJBMK .

BONTaMeTpuja 2016

[BMIMJ[TEN] BOJITAMETpPHja Ca MPaBOYT-

Craxmactu | [BMIM][FAP] | THT PIa €2 HPABOYI™ | 199 nM | Xiao et al,

JINM I/[3MjeHI/I‘-IHI/[M CUTHa-

YUBUK [BMPy][TEN] | JHT 230nM | 2012

[BMPy] [FAP] oM mo6byze (SWV)

[BMIM][BE ]
Craknmactu 4 Banga et
Joma [EMIM][BF,] |IHT |SWV tppm |

[EMIM][TEN]

[BMIM][T2N] - I-butyl-3-methyl imidazolium bis-(trifluoromethylsulphonyl) imide; [BMIM][FAP] - 1-bu-
tyl-3-methyl imidazolium tris(perfluoroethyl)trifluorophosphate;

[BMPy ][Tf2N] - I-butyl-3-methylpyridinium bromide bis-(trifluoromethylsulphonyl) imide [BMPy][FAP] -
1-butyl-3-methylpyridinium bromide tris(perfluoroethyl)trifluorophosphate Source:Author
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Certain types of ionic liquids at room temperature show a higher level of
conductivity (20 mS/cm) and a corresponding window of electrochemical
stability of +2.5 V, which is characteristic when the structure contains a cation
in the form of a long hydrocarbon alkyl chain. Certain ionic liquids at room
temperature based on imidazolium and pyridinium are important in the field
of electrochemical sensors. Stability, conductivity and a wide electrochemical
window are advantages that characterize the application of ionic liquids in
electroanalytical methods (Paulet al., 2020).

Carbon nanomaterials

Research related to the use of an electrochemical sensor, based on a carbon
electrode modified with nano-structured carbon materials, in electrochemical
methods and techniques for the detection and identification of nitro-aromatic
explosives was carried out using different forms of nano-carbon materials such
as carbon nano-tubes, graphene and carbon nano-particles (Akhgariet al .,
2015).

The advantage of electrodes modified with nanoparticles compared to
macroelectrodes is reflected in a significantly larger specific surface area,
pronounced adsorption capacity, chemical inertness, thermal stability, non-
toxicity, good biocompatibility, influence on increasing mass transport, influence
on the mechanism of electron transfer and electrocatalysis (Valentini et al.,
2016). The presence of the modifier enables the interaction between the modifier
and the substrate (carbon paste), which affects the immobilization and
accumulation of analytes on the electrode surface, the electrocatalysis of
electrochemical reactions, i.e. the acceleration of electron transfer, the
immobilization of reactants that generate electrochemically active products, the
protection and stabilization of the electrode surface, and the corresponding
changes in physical and chemical characteristics. surface of the carbon electrode.

Table 4. Used carbon electrodes modified with carbon nanomaterials for the identification of
nitro-aromatic explosives

Basic . . | modifier analyte | technique I.)et.ectlon references

material limit

GC MWCNT THT AdSV 0.6 ug/l Wanget al., 2004

GC rpadeH THT DPV 4,4nM Tang et al., 2010

GC rpadpen oksid 2,4-THT [SUPPIN8 1450105 M | Chen etal, 2011

voltammetry

GC rpadex THT - 4,4 uM Goh, Pumera, 2011

- XIAPOTEHMSOBAHM THT - - Seah et al., 2014
rpaden
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- TPAQUTHM HAHOMA: | ppyr | oy 025ppb | Trachioti et al., 2020
Tepujan
THT 0,9nM
GC OMC IOHT AdSV 5,5nM Zang, J. etal. 2011
IIHB 6 nM
rpadex THT 0,1ppm Tan et al., 2013
GC rpaden ;E:ll: SXP ;:g;}iﬂ? Yew et al., 2016

GC - craxmactu yrpuk; MWCNT - BuineciojHa yrpukosa HaHOoTy6a; AASV - afcoprumona CTpUIIMHT
onramerpuja DPV - nudepenunjanta nyiacua sonramerpuja; CV — uukindka sonramerpuja; OMC —
ypebenn Me3omoposuu yriseHuK

Source:Author

Molecularly Imprinted Polymer Materials (MIP)

Tests related to the detection and identification of nitro-aromatic explosives
using molecularly imprinted polymers (MIP) were performed. Molecularly
imprinted polymer materials (MIP) are highly crosslinked organic/inorganic
copolymers in which cavities (recognition sites) are imprinted for template
molecules. whether they are explosive molecules or their non-explosive structural
analogues, as false templates (Kamaruzaman et al., 2021).

Functional Monomer Polymenzatnon
+ ’

Pre-polymerized complex

Extramon

Rebmdlng

Template Molecule

Picture 2. Schematic representation of the molecular imprinting process (Sajini, Mathew, 2021).

Significant characteristics from the point of view of application in sensor
technology are reflected in high specificity towards the target analyte, greater
physical stability, low price and exceptional robustness (Sajini, Mathew, 2021).
The sensitivity of electrochemical sensors based on selective molecularly
imprinted polymers is significantly improved by using nanomaterials such as
magnetic nanoparticles, gold nanoparticles, oleaginous nanotubes and graphene
(Lahcen, Amine, 2019).
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Table 5. Used carbon electrodes modified with molecularly imprinted polymers for the identificati-

on of nitro-aromatic explosives

Basic . modifier analyte | technique | Detection limit | references
material
rpacbut KATJOHCKIM MMEBUBAL- | 1prrs | by 5%107 M Pesavento et al.,
KJ aKpVJIHY TTOJIIMEP 2013
np Fe, O, Momndukopa-
rpa¢pur | He MeTakpmnHoM kuce- |THT — |SWV 0,5nM Alizadeh, 2014
JIHOM
DPV . Alizadehet al.,
rpapur MIP THT SWV 1.5 x 10°M 2010
np Au/dynepen/ammnHo i Shahdost-fard,
Ge anramep /MIP THT 3,5 atomola Roushani, 2017

DPV - qudepenimjanua myncaa sonramerpuja; SWV - BontameTpuja ca IpaBoOyI/IMM M3MjeHUYHYIM CUTHA/IOM
no6ype; MIP - monexynapso yrucHytnommep; GC — cTakIacTyt yribyK
Source:Author

Hybrid materials

In addition to the previously mentioned materials that are used as carbon
paste modifiers, research was carried out using hybrid materials. Hybrid
substances are modifiers based on the use of two or more different substances,
which are used to make electrochemical sensors for the detection and
identification of nitro-aromatic explosives. Table 6 shows the modified carbon
electrodes using hybrids as well as the detection limit values of nitro-aromatic
explosives experimentally determined by different voltammetric techniques.

Table 6. Used carbon electrodes modified with hybrid substances for identification of nitro-aroma-
tic explosives

Basic modifier analyte |technique Detection references
material v 99 fimit
GC PNEGHNs THT AdSV 1,3uM Guoet al., 2010
GC IL/grafen THT - 2,2nM Guo et al., 2010
MWCNT/
o THT 15pugL!
GC i(zllyethylenelmme/ np JIHT DPV 45ug L Arman et al., 2022
IHT 5,4 nM
THT 2,2nM
- nopoupun/rpaden JIHEB AdSV 6 nM Guo, S. etal,, 2011
THbB 9,4 nM
THT Xiaoquan Lu et al,,
GC np Ag/rpaden IHT DPV - 2011
GC np PtPd/rpaden THT |LASV 0,8 ppb Zhang et al., 2015
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GC  |mpg-C3N4/p-CD THT |LSV |68 ppb gélzlbwenwa“g etal,
GC IL/grafen THT |AdSV 4 ppb Guo etal., 2011
Ge | AseroMpomMpami | pyp gy 130nM | Chen etal, 2012
rpadex
TNT2.1
ppm
npAu/nonu(odenn-
THT (2.1 mg/L),
GC JIEHIVIaMIH JIHT CV DNT128 Saglam et al., 2015
—aHWINH QUIM
ppm
(1.28mg/L)

GC - crakmactu yrbuk; PNEGHNs - np Pt ensemble-on-graphene hybrid nanosheet; AdSV - agcopriona
cTpunuHr Bonramerpuja; IL — joncka reqnoct; MWCNT - BueciojHa yrpukoBa HaHOTY6a; DPV —
nudepentmjamHa myacHa Bontamerpuja; LASV - auneapna adcopnyuona cmpunume 60nmamempuja; mpg-
C3N4/B-CD - HaHOKOMIIO3UT MUKPONOPO3HM TpaduTHI HUTPUA/P — unKaonekcTpus; LSV - nuneapna
sonmamempuja; CV - yuknuuxa eonmamempuja

Sorce:Author

CONCLUSION

Applied electrochemical methods and techniques using sensors based on a
modified carbon electrode have shown significant advantages compared to
other analytical techniques for the identification and detection of nitro-aromatic
explosive substances. High sensitivity, short response time, mobility, commercial
availability and the possibility of performing in situ tests are some of the
advantages of these methods. Modified carbon electrodes provide the possibility
of modification of a large number of different substances and therefore a large
area of research in the field of application for qualitative and quantitative analysis.
Due to the improvement of mass transfer or the reduction of the electron transfer
limitation, electrochemical sensors made of modified carbon paste in comparison
to other types of electrode materials are characterized by high sensitivity,
selectivity, simplicity of manufacture, economy and minimal level of toxicity.
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