wuLasn1aad i dmsuns1adnansleduluyl

An Electrochemical Sensor for Yohimbine Detection

Asuszn samgn

Siraprapa Rodsud

3%&nﬁwu%ﬁtﬂud'swﬁwaamsﬁnmmwé’ngmﬂ%wﬂuﬂ
MNPIANERSUIIUUGR 19713V DRAINBANERT
WA INYIAYFIVATUATUNS
A Thesis Submitted in Partial Fulfillment of the Requirements for the
Degree of Master of Science in Forensic Science
Prince of Songkla University
2562

$ % a
AUENS VI IUWIINYIAYEIVATUATUNS



(2)

FaInerdwus WwuLgasNIaAd i dusunsiainansledulul
FLdeu wNaNAsUsEN sonan
#191397 TReeans
o‘d' a a ¢ [
219158NUS N INYITANUSVAN AMLNIIUNISHDU
..................................................................................................................... Uﬁgﬁ’]uﬂjiuﬂqj
({Af1ansse A3, 1595 AUYAS) (99.005501] Roldq)
AS5UNNS

({978Nans1nse 93, 95105 Auyns)

N3NNI

({remans1nsd a5, lana yayin)

N3NNI

(n5. A%y Wavy)

Tadinineae univendeaaiuaiuns aylialituinerdnusatuiJudiunis

Y9I IANY AUnANgR I Inemansuvddin anundyniimenaans

(FNEn319158 AT.ANIANA A1F9E19)

ANUAUUTNNINGIY



(3)

195058971 HaWITEHNNAINNSANITEvRinAny et uavlduaninnuveunyAnandl

AUTINA DA

(§928Mans1N5e A5, 95105 AUYAT)

919759NUSNWINSANUS AN



(4)

Pndvesuesd navideildnedudunisluniseyliBusyaluszaulauneu uay

Lilagnldlunstuvesudfusyayntuvaeil



A a a s s IS 9 o/ (% a L3
VINYIUNUD LY UGB ININ LﬂiJlWﬂ’]ﬁ?MiUG]i’J‘{l’mﬂ'ﬁIEJ 83J1‘U‘Ll

AT wNaNAsUTEN1 S0Ran
#1913 TRIneFans
Un1senen 2561

UNANEYD

Ineninusldaneugeimuadiwiioswiedmiunmsemataansledalud
(Yohimbine, YOH) Tnen1su¥uus 94 2l 1nanad a1g uau (glassy carbon electrode, GCE) A8
n3 1M wunluwa (graphene nanoplatelets, GrNPs) (GrNPs/GCE) 2 Uil awanees Wil
wolufnans UTsliaunumy3 (Adsorptive anodic stripping voltammetry, AJASV) lnela GrNPs/GCE
udlai v wendushgedudmsumsmsnaasledalul Weswin GNPs/GCE anunsaifin
gunsAsentmi-lnd Auluanavesansledulul 16 viliansleduludanunsagnaaduag uuidmi
TR dwaliidumaiuamuiliensiveseusesdmiumnmaiamsledulud 1§
Anwanuaeduguiveuaznginssuvnaadl i 1wes GINPs/GCE Aaendeaganssaudiannseu
wudesnmauazmaialuadnlauwnumyEaud iy meldannefivenyau GiNPs/GCE aunsa
anduansleduluilliduegwh uaelivrsanuiudunss 2 933 Ao 0.2 81 5.0 llesluans uae 5.0

o w [

811 30.0 llastuans d¥adnian1snsiadn 0.07 Lilasluas uasdindninnmsinindelsinm 0.25
Tulastuans frmsvigiin Inediamissgudssuuduivg (%6RSD) oglutas 4.4 89 5.4 % uayTs
Mg ulianusatinyssendldlumnsininansleduluinuud evlusitegaeF ey danTee

aEMINFUAL (%Recovery) Tifeelunag 96 + 2% fia 105 + 2%
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Abstract

A simple electrochemical sensor to detect yohimbine (YOH) was
developed based on graphene nanoplatelets (GrNPs) modified glassy carbon electrode
(GrNPs/GCE). GrNPs/GCE was used as a working electrode and an adsorbent in the
adsorptive anodic stripping voltammetry (AdASV) for YOH detection. Due to GrNPs/GCE
can interacted with YOH molecule via the Tt-TT interaction so GrNPs/GCE can improve
the sensitivity of this sensor. The morphology and electrochemical behavior of the
GrNPs/GCE was characterized by scanning electron microscopy (SEM), cyclic
voltammetry (CV). Under the optimized conditions, the GrNPs/GCE exhibited excellent
adsorption and electrochemical detection of YOH with two linear ranges of 0.2 — 5.0
umol L™ and 5.0 - 30.0 umol L™, a detection limit of 0.07 umol L™}, and a quantitation
limit of 0.25 pmol L. The GrNPs/GCE provided good repeatability, with relative
standard deviation (RSD) values ranging from 4.4 — 5.4%. This method was applied to
investigate YOH contamination in beverage samples and had good recovery (96 + 2%

to 105 + 2%).
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1.1 AUATAIUEALY

v

ledulutl (Yohimbine) Wuansduladaniases (Indole alkaloids) ainlaain
WaenldivesduaiSiuuiledud (Carynanthe yohimbe) wagduglavilargaiduiiug
(Rauvolfia serpentine) Fanluduldiuiiioslunavuensningiunnuazioildens Tusen
(Tchoundjeu et al, 2004) #ensledulutazeengndnsedulszamdiunaidmalissauues

a a ' X o 4 A Y ) Y A X

svasuAulusunauLagyilivasadionvenedi Wuavglignsnisivavedionaddu
denalvisnenigIanausl wazdslinanseduarsuaimananshunamewasinands (Zhu et
al,, 2013)

v A

Tuefnduiisinfuivesnguauiuidiosrileduluifinuaudfiasuaussonm
LAZNTEAUAIIUADINITNILNA Lﬁ@LﬁNﬂ?ﬁﬂJﬁﬂW@Iﬂ%@ﬂ@j%ﬂ (Gerry Reimer, 1993; L. Svorc,
2014) Yaqtuiinstleduludlulduselovinenisunmg 1wy $nwilsashle e1nnsidey
ausson g 1wy 1sesau lsarnudulaiing (Tam et al, 2001) wazdaldndu
gzl inansnmanuaaiviensreetaauludnild Uemigan et al, 1988) uonanni

v a =

afin1sfnweniuauaudR N SLESUAN IO NN ANAYT BN TNTLAUAIUABINITN
waiundunaiuiu (Gerry Reimer, 1993) fvians@nwiludaivinass uywdianayauay
AR (Tam et al,, 2001) wiinanisvaaesdsbiidufuudaiisatunisiinaussanInnie
AMUADINTMIANATY Niln1surastesuludududriunanluaimsiasuiarinio1ein
A10150UN TIMTLANALTIANINNAUNA TINVINTEAUAIIUABINITNINA (Cohen Pieter et
al.,, 2016) warMTLiNLNAUBATUVRITINBLEN1SAan VeI UILAA
= va v 1 1 a 6 o PR ) Aa
Weosnnauaudaninandwmalileduludiduasnidnisuiunlglunieiine
dl o =l d‘ =4 o‘d‘ a = %) v v ¢ YV 2K
WenTamaniunavsanaldfisuszasndus lngdaardnasdnyaliginseniulasy

ansleguluilidngsnaneiedsene wu nauasleduluinaualuniosnurewnte Wusy
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199 1Wu 91n15UInAsTYe Aauldenieu Tnndaa nszdunsedie anuduladingsdu
Wlawuiiadamiy natinfesdanadvibiglasuansleduludludiuanuniulyeiad
duns1eieTInla (Yeung et al., 2013)

Tud 1985 dseaungsandy 16 Valasvansleduluiainiiouveaiseiiie

Y

o w |

NIINAN1INTEAUANUABINTITN AR BIYNIMAILTINGIUIANI8BINTT BBULTY dUau

a [ a [ [ 4 4:4::911 a f & Yo o A « 1 ”
Inniea Aauld warennisiiuntiien Tunsalfaisledulud desaniulude “leld (yo-yo)

Y

Y
o

E a U 1 a v v N6 = P}
gndsgenulavanluingiasaiunaunang lnenssudsduimelsuilduagliiiludgneen
¢ . ) a a ¢ a v oA o )
91nunne (Linden et al, 1985) Tuansgowiniledululiluaisiagldlaiiofludieain

& ¢ = 13 13 Y = o v
WHNELITL wanINTLUUTEIMALALIAT PRANTIEY LULTDSHAUA LazdINguiin1TdIiiY
Undransleduluduazndndudionmsiasunnyiandasleduluiidudiulszneudniig
(Beille, 2013)

Tutsznalnedsenuyriferivendeanegsedos liiwzdunsduny
AANADUUENTOATUBNLEIVDINATIENINENLANINET (S1URS, 2561) WiRvinsiiousdouas
1 a &£ 18 v < = 4{' a 3 @ 1
A0UNT3alenee Andu wafdsanunsanudiulayanvesdeanlute fuaesund dueeng
1 a 6 2 [ [ Gl = raa Y =) Y
wnsviangludumesidn anvasluindavsenanla Wlid ussyluviauiidlansovinuiiden
uaLan TnazedInd1eassnaudtasuisavaniiiensualnianavesd gl uazsey
Wmnenisiienldldedadaauindueueuguds (nesgeaulay, 2561) wewnndaslvn
AT 39AUIBNITANENTIUNITOINITHALEN (98.) lepanuwaniauieIfuedean?
AINATI7T 8100NaNEYINIsIINETaUATY InglanisuTiaeTeisnAlaRInldutenty s
913z AR SN IwNALS FaTEAUAINABINTTILUVUBYTUUARALALIATOIALVT DY
145wy weunndaslyadinandniedainan ee ldlasuaunslowioninlilinaaudd
4 <@ U &= I v v a [ Y L4 dl 1 Y Y A a o
1981 wlasduendninlile wadsdinisdnasuldiuinietielvindeinisindn waznis
o Y oA A a = ' < a e N |
nldifioaesarmiealsasilanivng faedrelsiniunisiientilunsovasesdoidud
ANNER Aslilnwigiuelivunsideunun.s.u.e1 w.a.2510 lngvshinnsandnennlilavu

[ [
= Y (% o

neideud1sue1usu 5,000 v Wnwdiankifiy 3 U wSensdnniausu (U1aan, 2561) wag



uenndmndinailulilunsdeaiiedsandamanasziosgnaidunimung g
PNUNTEUIUN VUUD Y
frinuninenuniidensesaiaarslediluiiazasngudulasanaoes
wa1e35kaun n1snainsismatialasuilninsifvedvataussauggs (High performance
liquid chromatography, HPLC) (Diquet et al., 1984; Sun and Chen, 2012) WARALAALAS
1nsnssmdvuaaalnsmnns (Gas chromatography-Mass spectrometry, GC-MS) (Chen
et al, 2008) wAlaa3awaninswesda (Capillary Electrophoresis, CE) (Chen et al., 2010) 9
Bseratavandinldlufes fifinsdaduisiundetouasfuiivensu udlifes inlu

nsldmesedldinsesdiovuinlugiibiliaunsaldnuneauiuls wiededsiangs taa

12 '
U S 4 YV a

TuN13M579ATISRUIY wazdlTURIUNITINSBNAIDE19TIE 981N wazaaaltilTawylunis

9 Y

o [

75299365129 wadaniaail Wi Iadudnniadenuisnuiaulalunisiiuinsiainanslesuy
Tuil Wasannmadaniaedlwidvelaussuninisinanuinauntinias lna1lun1snsa

a ¢ v ! A A cay va ] Y, v a =
AIAINTHUBYNIN Lﬂi@fll@LLagq‘Uﬂﬁmw%ﬁﬂJiﬁlﬂqQﬂﬂU’] ﬂqimiﬁﬁlﬁﬂﬁqiﬂjﬂLV]ﬂUFIV]’NLF’\IﬂJ‘lWﬁ']

[%
&Y [

Tusfudesododaliiivihalunisnsiada Feialniivinauiuidefunaisein Wy
i meaUsenuvIus (Hanging mercury drop electrodes, HMDEs) #alvilnueuside
1u50U (boron doped diamond, BDD) Falulilmes (Gold electrodes) 4 lwiawwaniivfu
(Platinum electrodes) Halihanusuman (Carbon paste electrodes) wazialwihnanad
ASUBU (Glassy carbon electrodes, GCEs) 1ufu

Tu¥ 2014 Svorc wazpmzldmenunsAnwiieatunisasviaastedulul
gt liiivineulageudidoluseu udariamnuliiasedin wiiddidesiinvasen
ﬁﬂﬁﬂﬁ']ﬁiﬁﬁumimaﬁﬂqﬂ (1.2 Taas) (Svorc and Kalcher, 2014; Svorc et al., 2014b) &
duerdndlaiiniigaiflnAanaufAse1eondindyu (oxidation reaction) ¥89@155UM
(interferences) Viswilafisineglusegisinlinanisnaaeslsifivsnsy

TuruAdeiFsaulafmuinaiauessoindin weluin ansuds Taaunuuna
(Adsorptive anodic stripping voltammetry, AdASV) dmsunsaataansieduluiifildeude

g wazannsailUldnsiainansleduludluesemvainnsdinisueueils lnuasld

DlHnanada1sueu (Glassy carbon electrode, GCE) MusuUsiamtvaluiimensiiiu



¥ ' o
A A Y U

wluwanian (Graphene nanoplatelets, GrNPs) tiiatuiuiR w9 lWHwazamsaLia
dunsnsguulwil-lwl (T - T interaction) Avasleduluills Geaztreiiuusyansnimnig
anduanslesulutduuimihtiliussansamlunseasiaieasledulul danuudugl

[
A a U

oA ° P ) A a = v o )
Undetie dnvsdsanunsninliussendldnsiainluanuininmgnseniaauiuls dmsunis
Waunnata AJASY ansiaialedululunulssiazfnemnaneimunzauvesdadey
| aa | a a aca eV Y 1 ¢ a a =
A199) NilnanaUszansnnuesidiasizi laun AnwrUsunansiiuuiluinaian dnwiniy
<, a & ¢ = o = &
Wunsawug (pH) vesasavansdianinglan Anwiattazdnglninvungauludunaunis
= a a ada fa o X = | I ¥
AvAU WATANWIUTEANTAINVDIITIASIZANNAUITULASANYIBI9AN UL T ULA UM TS

(Linear range) LazUninnn13ns323A (Limit of detection ) AMULABIASE (Precision) AL

9nABY (Accuracy) WagAINTWNTE (Specificity)

1.2 unmsadnNds

1.2.1 Teguluy
Tudulut (Yohimbine, YOH) {Wuansdulndamiases (indole alkaloids) @finl@ann
Waenldvesduar3iwuiiledud (Carynanthe yohimbe) uag duglatileigaiyuiiug

4 IS

(Rauvolfia serpentine) v JuldifuiiloslunavuensnineTunn wasiaiengueen

'
=

(Tchoundjeu et al., 2004) f@en1aaiife 17uoan1lansond-20ueanleduuLuu-16LUAN
AsuenTanuednlufialeanes 170-hydroxy-200l-yohimban-16[-carboxylic acid methyl
ester 1anTE19MENIBATAD CoyHyN,05 1aluana 354.44 ¢/mol AuaunTalung
agautin 0.308 me/ml An1sgaduiidaening 7- 87% (ade 33%) Sanandiniaadivay
mMennwandlunsned 1.1

arsleduludgnldifusndieifinanssanimmamne ieauiisnelavesgsn

Weannleduluiiluansnquuean 2 wonsiuesinudanines (Alpha-2 adrenergic blocker)

migagiinalnniseengnsnseruiaues inliiinnsusuaunavesansdeuseaimn dwalv



asndyrunselalszamuniduifonuayrasaldendiulats Tuisusnaeiizine il
aoAdenUSAtuinnSAae dwalioteismArsudsnsmiinisnaiefmvsiiasn
donduheiiunisinadeuladald Juluiuvesassngusdanaidhunaye

WAZLWANA

U7 1.1 gaslassadremaniivesansledalutl (YOH) (Tam et al, 2001)

A58 1.1 msnuansaandimeaiivagnmeninvesasiedululd (Tam et al, 2001)

AANWY Tedulud (Yohimbine; YOH)

170L—hydroxy—ZOOL—yohimban—léB—carboxylic acid

Fomuszuuang
methyl ester
Yohimbine: C21H26N203
gasluana
Yohimbine Hydrochloride: Cy1HyN,O5.HCL
Yohimbine: 354.4 ¢/mol
waluana
Yohimbine Hydrochloride: 390.9 g/mol
YNNABULURA 288 - 290 °C
Arnsazaneyn 10 meg luth 1 mt

1 =) =)
GLIRPH VBN FUI-dU1IUIA




(%
I Y

Togului 9 minensluguuuvaimsiasuwageilen1ansung nansue

1%
v A

amsiasuleduludiudassnaaiiiaifivaussanimmanaiaziiinussdnsaimlunism

o
a o a <

Hanydmsugeanitainie Ivssdiadiawazuauga neazussymenleduludlalasaaslse

(%

(Yohimbine hydrochloride) ivatgauialawn 2, 2.5, 5, wag 6 daansy uenanniddl
a o edaw & < = = s A = ] Ao B
nandagindianwauziluindnlavsendnladvionussglurindvivuiagn Ivenisuglude

¢ v v A v v v &

sauladuaznaind1viglaeyaussasalunisidiionseduanudesnismaneiazldiueg
\deanidnee Jainidnduludeniaaeiun
122 WyIauAEns

leguluifigvsidueinguueaiudanines (alpha2-adrenergic antagonist)
Wegnandudngsinieledulutagidrduiudifukeani 2 (alpha2-adrenergic receptor)
MegusnavanUsyamnoulouudd (presynaptic neuron) 3845eUUYTEAMAIUNAIT TEUL
Usgamdlane indadon wazdulvgnulududen Gaunfazgnnssduieansdouszam
(Farrow et al., 1990) laun wesdNUWTU (Norepinephrine) 1139 Wasoa3 LAY (Noradrenaline)
Weleduludduiu alphaz-adrenergic receptor dsmaliiszuulse @1 nBUn1Lnen
(sympathetic nerve) MnausagadnaliauaInsedungueaanyinninnasauesesnuibu

(noradrenergic cell) Tad1suazudsasussozasurdusanun vinlnszauuesozasutduluy

F9MELiuTY (Grasing et al,, 1996) inlinasmdenveesi iuanualidnsinisivaves

[
= v a = a L4 |

& -3 v A o & = d' a =~
La@@iﬁﬂﬂ]uuaziaﬂ@umﬁ] UBNINNUIINATFDUTLENNDULNUIUDNAIYLYU I@U"Illu

Y

(dopamine) wazwelsindu (serotonin) Taeflauniiu vimthfirruaunisiedeulmives
$1m18 91sunivesyana Baglitinuiui lidedsnsedusineg soud welslniu viwihd
AIUANDANNTITIINIEY dn1Ia1sual waznssuiANsEn AruduUan inuduiusiule
Uiy uaziferfunginssumand ueseraiundu sxfinadenisvimiinfivesavedlunis
muAuMsIAaeNlm MsAufIvesesunl mnunszdunszias hidednsedusinenseud 1y
asfiAestunsmuauensual uaresuaifiwelatnlasveune
mssuansleduluilaenisiu leguluigngaduuazidnesnstasiagi lag

)=

NAATURY 1 aNYTAUNNTEINITDINIThULIAN 45 - 60 uTl ATIVTuIueaNgNd



(bioavailability) n3eUTunuuese1fanansaingnszuaiiontaedf 22 - 33 % geiaAu

Y

L3 U ¥

wansinsiuluwsiazymaa (Guthrie, 1990) nasanlasuansledululszauanududuvesans

v
a =

legululuidonasgn (Time to peak concentration; Tp) 38tinTun1ely 1 Falua 9N

LY A o = <

a15eiulng)argniInMIeNITUIUNTIIMMUBATUTIAY Feiliigaldnteewiniungniidnaen

19Uaane (<1%) (Tam et al,, 2001)

1.2.3  watifgsvesaisledulud
AnuAUlafinLar8nsINIAUYeeiilage (Le Corre et al, 2004) ladu weulyl

VAU MIAvidn JANAUM U wieeenigar kA daduaumimana nsedunsedte Ui

| Ve 1

= Y = Y] a v = 3
AIYY UqﬁﬂiﬁﬁlQWanﬂqﬁﬂau'lﬂ DLIYU NDILHY LLanglliﬂﬂa'U’]ﬂ@']Vﬂi aﬂqﬂliﬂmqquﬂiu

Y

nsdintasuansledulutianniiuly (Over dose) 81n157INUD1IILTULTIVY lan nawLile
gouKTy AusAndudaraluannund sanmedennuauna ddynifgiiuanuddivae
= C 1Y =2 o £ < [ £% v a &
913t stnTIniveInsiug Wlawunsy Wunthen lageinstiafsaaiiienaas
Aeeg 1 - 2 Jundanlasuansuenainid lundugiinnglsaila anudulafings gidam
a [ o (Y L7 a E=! a < ! = Q{' Y
Ngafunsiaueslakasdu gUislsaianm vielsandany 1Wunguideanaglasy

waﬁﬁmﬁaqﬁqmmﬂdw ("Spiegel'®; Tam et al., 2001)

1.2.4 8mswasizn Teduluy

nsasadinansleduluilufiognenige 1wy 1Hen wse NanAuTa1WITIETY
ansavitlanaeds laud nsesivinsiewmadialasuninsnaflvesataussausgs (High
performance liquid chromatography, HPLC) (Klyushnichenko et al., 1995) madiAuialas
ulnsnsfisrudusuaaualasuandiduindotnsiata (Gas chromatography-Mass

spectrometry, GC-MS) (Hong et al., 2013) ualaarssianinsveS¥a (Capillary

o

Electrophoresis, CE) (Chen et al., 2010) Fiansnsre et ﬂiﬂuﬁawﬁﬁami%ﬂu

aa oA o w

Wnuwtetowazidungeusu walldedinlunisldfededddiniadioauinlugviilrliaiuise

[
a o

THauneauinls taseeiiadisiaas Toianlun1sns19As12iuIY wasdTunaun1smSeL
Y

Yy A

Mog1aieen wagRodludidenvnluniingiainsiesi (Svorc et al,, 2014b)

U <


https://th.wikipedia.org/w/index.php?title=%E0%B9%84%E0%B8%AE%E0%B9%80%E0%B8%9B%E0%B8%AD%E0%B8%A3%E0%B9%8C%E0%B8%9F%E0%B8%AD%E0%B8%A3%E0%B9%8C%E0%B9%81%E0%B8%A1%E0%B8%99%E0%B8%8B%E0%B9%8C%E0%B8%A5%E0%B8%B4%E0%B8%84%E0%B8%A7%E0%B8%B4%E0%B8%94%E0%B9%82%E0%B8%84%E0%B8%A3%E0%B8%A1%E0%B8%B2%E0%B9%82%E0%B8%95%E0%B8%81%E0%B8%A3%E0%B8%B2%E0%B8%9F%E0%B8%B5&action=edit&redlink=1

1.2.5 M53AT12INNLAT WA
weafianaailindumedafiuiaulaslunisnihuleseinuiunaasange
desnidumaiaiidanuliiinsesigs 1w wiesiefineign ftunounisede
ﬁ’gasmﬁhisjamﬂ walinansAsisanga (Nunes et al, 2015) dewaliiinsiinaia
willWihunldlunsiinszdanssegmediinemansunsrateuiniy wu asssida TNT

(Cotchim et al., 2015), lunwaNNANL (Bartlett et al., 2016), TAwAU (Asturias-Arribas et

al, 2014), srnguiuuleglaezdiiu (de Carvalho et al.,, 2010) Wusiu

1.2.5.1 wadawadlnii
willnindunisfinviieriunisiedeudnadszyszninaisazaiedianins

lagfuRIntNvest Wi Tagerfeanuduiusiuvasnifunsasuldamiaail n1sin

[
0

walamaadniunldluduniitasgiiy asAnwanddniediiinigluwadiadlnii
(Electrochemical cell) a1namsluiigngg Taun Arnszualniia (Current) Ardngluiln
(Voltage) A1n15ulaifln (Conductance) wagA1au@1unIu (Resistance) Wudu lnaan

yaldnnantazaiuisanludmsiginmiusunaasaiiegiele (Bard and Faulkner, 2001)

LY

= a aaa a s . a a aaa a
Falunan1annisiinufiseninend (Redox Reaction) w3eni1siinUjiseroandintu -

a v o =

3endu (Oxidation - Reduction) dadudfAzeneiiniinsarsloudiannseusinarsalidnil

'
= = 1

TUsansdnatdduniis Jedamalramalnifndnladuiianudunusinessaduusuauesasi

AOINTUATIEA (Wang et al., 2000) lagazn1sAnwismeieaa el

1) waalWduadl
wadnd i (Electrochemical cell) fio seuuiiatunsaiinuiseninond
(Redox Reaction) latilafiansazarudidninsladuazdrindriidusuiisaitdulisasinii
= a o

lagaziinufiseneendndunsesanduiinuazaiuvestibiinnieaisasany Feasd

ianasaulraainasawadeontntuludinsawadsantdu waalWilueild 2 Ussan fe



1) wadiaaniin (Galvanic cell) #o iwadlwihualiiufisenamnsnifntuies
1§ udafinsasuulamdsnuedluidundsonulng
2) waddanlnslad (Electrolytic cell) fio wadlnilnafifiAnarnnislidng
vidonszudlnihannsueniiteliAsuiisenainglumadiailii
Felusuidedazinisvaassdogadiailuiiuuuisadsidninslan i
druusenaulaun
Al 3 49 fe drludigiay (Working electrode; WE), il ed1aBa
(Reference electrode; RE), %ﬁl?\lﬂﬂsﬁw (Auxiliary electrode; AE)
" asavaredidninslas (Electrolyte solution)
" Tnudleaunadudugunsaldmiunisnniaiamaaillilin agsinuni
AUAuMsIIAAAnduazianszualiiih Tnowndeslmnudleaunnazidousiefiu

AU IWBSKATAIUANAINIS LA LT NARIS LAz s ouTa vy Galuid198s was

i lwineae

JUN 1.2 uansdiuysenauresseuu Batch vaaailluil
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2) Wl (Working electrode)

v Huddfyreinsamaasemaiamaailalin doswin
ansfifesnmsiTzisduninuiiseeendiedu - Iindu fusnafmihdalidieds
Toudidnnseundissznanailudyaanisnevausdls dlnivhauivaresindetu
Wl menUsenuyIugy (Hanging mercury drop electrodes, HMDESs) F2l e
1ouALInlusau (Boron doped diamond, BDD) F2lHmoq (Gold electrodes) F21w

wnaniitu (Platinum electrodes) 93lW#nA1sUsuLNan (Carbon paste electrodes) uay

Flninanadesueu (Glassy carbon electrodes, GCEs) 1Humu

Turidedlaulaldtrlvinanadasveududalniyiay Fadudalndii
feultlunumaailni Wesndudilwihfidulinsdednndey awnsadinduunldla
o 10190 randsinadnglniiniinite (Naseri and Majidi, 2011) waziiveliuyssansam

1 a o g.jl = o % a ¥ gj 1% |
n1saeloudidnaseuvestilninFelinsusudsaiianthualiimensfuunluiwanan
(Graphene nanoplatelets, GrNPs) Jadutaniuiaula esndvuadnisszivuluaina
fnauaudanisin i ng wazsiaign (L et al, 2011) wenaninsusulsarmt gl

a L4

NANEYIANSUBUMIENIT I UL L UaNangIeinUseansainlunisasiainaisledulul

| A & da ) o a v a a a
LWT]%GU'JE’JLWNWUV]N’Jﬂu’]sﬂﬂv\]ﬂq LLaziﬂiflaiwﬁuaﬂﬂi’ﬁ/\luuﬂmwawLEWI‘&N@J’Naziimwm‘w

aunsaindunsisetnad — twid (7T - T interaction) Augezlsuninlulassas1swaansie sy

luid (U7 1.3) vilvanslesuludaiunsagngadueguuiiamintalnfinled dedawalviiig

¥
=

Uszansnmlunisnsiainanstedululdlangetu

T — 7 interaction

JUN 1.3 uansnisiindunsisenlnd - lnd seninadalnilh GrNPs/GCE uagansleduluy (YOH)



11

3) lemdnlaaunuuns (Cyclic voltammetry; CV)

v A (% 1

leadnlaunuuysiduimanidinindedldiudniuegiwnsvate dngn

aaa ) ¢ (%

vundunadadiaseziaiduiug lunisfinwifeaiunisiinujisenseend wenainiids
ansaldimatialgadnliaunuuun3d msun1sAnYINIAIULATIDUY WU Anwin1siinans

(%
[

fInans ANALAIvDIEISHANS U Anwinisissveseulesl WWudu lagluruidedaulald
wiadalgadnhawuunslunisfinwmginssumaeiilihviednuaznisiiauiiseiinond

yosansluguluil wazngAnssunisihinihvestalninlavinnisusuugeuy

£%
=

Tnawadatazidunslidndlniundalnivinusuuduseu aangasusu
Tudsganilandsanld iWunisawnuludramin (Forward scan) uazaingafisaanlinduunds
a v [ v [ o v (- =
asusy Wunsaunudeundu (Reverse scan) lagfmuadnsinisawnuviniu (3UN 1.4 n)
d‘ 2/ Y ! A v a ¢ a aaa a 4 Ao o da 2/ ]
eliansiiegrandeenisiiangiiinlisereendinduiaziandunimiivestalni
aladyaanisnevauss Sundt leadnliaunuluwnsy (Cyclic voltammogram) fagy
L4 9 ugasnisaunudndliinanndesliunn (—> i) aziinnsznszuaweludn (i) 61
Andlnfiueludn (E,) N1 waziloaunuanNgagavnenduundagasuau (i—>i) aziin
nsguaualnan (i) Adndluilwalnin (E,) 91wy Feanunsald@nwingingsunig
= v a ¢ P v a ¢ Y a aaa
willwihvesasidensiasied laganunsavenladnansidesnisiesisniuinuiizen
maadlniwuudundula (Reversible) wuudunduldle (Ireversible) vauvuiundull
¢ . . ) Ye = a aaa ‘:4'
auysal (Quasi-reversible) wenanfidearunsald@nwifsnalnnsiinufiservesas
Aoansinsziindusuugadu (Adsorption controlled) #3euuuuwnsnszae (Diffusion

controlled) UuRMtNT2 WAy



ii — i f
s
13
(9
=
c
5=
=
=
e
| — |
= =
LIan (AUN)
U

R=0+ne

nsZalnin (houwys)

dnellunn (qan)

JUT 1.4 . uansgUuuudaunsenu uag 3. WanddaaIunITneuausIued

WARA kAN IAWNLLLINS

12
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4) uwanwasHiinansuTalraunuuns (Adsorptive stripping voltammetry; AdSV)

wengasnAnansuTslaaunmunsidumaidafinuiziunisiiasievians
Usuauiles WetUSeuiisuiuisaeglumeialiaunuiuns feanunsadiasigiansiuusuin
Uoun1nds 1 x 107 Tuans wseuszunad 0.01 d@rulusiududqu (Parts per billion; ppb)

WosnwadawangasniinansuTaawnuuniusenauluame 2 Junau Ao

1. Yumdunisazan (Accumulation step)
Tudunsunisazautuazinistidnglufdieliarsndean1siasne i

(Analyte) unagauusianRminvalninieu (Working electrode) lngdgnisgaduniall

o

(5U7 1.5 n) meldanneiiansazaegnniunaeniial Fasiiiliansiiegaiisenisiase

[

wazaveguuimitalihvhauuasndoutiesdngd funeuaniuteieludaduninfiuay
WuduresansmegsunRantidalulin
2. %guﬁauam'%ﬂ?h (Stripping step)
Tudumeunsansudeiuandunisin QY IUNTNDUAUDIUDIATAIDY191AY
wglidngliifinszdulviansiediafiaulaifinujiteneendiadu - 36ndu (Oxidation -
Reduction) naulUluansavaredianinslas (g‘dﬁ 1.5 ) nedyaanseauluginisansuds

& =] Yo 6 a a ¢ A v v fwv v
UQWQNEULLUUﬂWﬂVﬁﬂHLLU‘UﬁLu%’JiﬁLLﬂu%i@ﬁﬂwmgﬂaﬂwaﬁﬂlﬂ

wada AJSV azuusaanilu 2 Useinn fad

e naagasniivualufnansdUslaaunuituns (Adsorptive anodic stripping

voltammetry ; AJASV)

Tddmivasiainansiianusafinujiseeendnduls lngludunaunisasay
WLRUANUTNTUYRIESTIADINTIATIEY Inelansgnaaduuuianiinvesdalni 1w

finsUsulgemeaunudiuuizay dulutunsunisnsiaiavietuansuleiuaslvidnglui

(%
U 1 a %4 (3

Weliarsngnaaduaguuilinindalninvineu iinuisereendindusendaisazane

Y Y Y

a

a a & o b4 LY a [ a v a
dianlnslad yinliAndganisaevaussmaailnindusendinduiia



14

e LanwasninualnAnansuTUslraunuiuns (Adsorptive cathodic stripping

voltammetry; AdCSV)

aQ v o

Igdmsunsrvinansiaunsaiinujisensanduls lnslutunounisasauay
WNAMUTNTUYRIENTNARINITIATIEN tngliansidesnisasiadingnanduuuiivtives
DIlnvIunnsUTuUsseasnuaivinzay ntulutuneunisnsiainnieaniuls

[%
o 1 a DY aaa Ly

aglidndlail welvansigngadueguuiintnvaluiiiau \ieujfsetsdnduseng

Y Y

a § o Y a o = X @ A o A
asazany danlnslad viliadygrunisrevaussnaailniduduianduie

gnnasanwidesdunuinarsledulutiluansfauisainufizen

¥
a v

sendnduld dufulunuifeilfadenld wadruengesniinueluinansuddraunums
(adsorptive anodic stripping voltammetry; AJASV) Tneludunounisazauiiodiuniy
dudutuansledaluasgnasaueguuiianihdliiiviunanadansusuiiusuussian
mgnIuLluanan mﬂﬁ?uiu%zumumsam%ﬂqLﬁmﬂﬁﬁ%maaﬂ%m%’mﬁaam%aaﬂmﬂ
v eunduldluasasanesldduarumsnevausaiueendnduiin 2 in fuansly

;:;U‘ﬁ' 159
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f
0.9_
= /
@ 0.6 |
< HE
= i
Z ]
fu) |
;% L e 2. Stripping step
]
1
1. Accumulation step
0.0
a1 (undi)
U
o
=2
=
Q
=
S
3 |
put p
5=
=
e
H
e
c
T T
0.4 1.2

dndluiln (Thad)

JUT 1.5 0 uansdynaunseduvestunsunisazauuastunauansuleanaiaiangasi

Auelufnaynsulshiaunuuvs (adsorptive anodic stripping voltammetry)

U wansdygnisnavaueslutunaun1TansuTe
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1.2.6 JnguszasA
Weormugugesnuadlnihdnsunsirinaisteduluinannsaldaude
5357 Tauudug A wazaiuisadindszendldlunisasiainansledulul

Tusheegrunsasnuls

1.2.7  Uslgwifiaininazlasu
Towuasnaailwiddrnsunisnsiainansteduluuniussansnin Tvau

1 = a 1 o < a s a a ° v

19 fpuieanss wiugh 590157 @amnsaiegiasieduludlulsinunelawavaiunse

Uszgnaldamsunisnsiainansleduluilunuiudiinemans
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A5n15A 1L HUN15IY

2.1 d@15:Ad

2.1.1 leduluil lalasmanlse (Yohimbine hydrochloride, YOH 91nu3®w Sigma-
Aldrich Usginasnna)

2.1.2 n5AUB3N (BH;05 1AUSEN Ajax Finechem Pty LTd UseinAoadainsias)

2.1.3 AIAREdAN (C,H,0, 1NUTEN Ajax Finechem Pty LTd Uszineileasial)

2.1.4 nsalaanasn (HsPO, 3NUTYM J.T. Baker Useinaansgelusnn)

2.1.5 ldvulansonles (NaOH 91nUSEN Ajax Finechem Pty LTd UsginAlyasuil)

2.1.6 31 uulutnanian (Graphene nanoplatelets; GNPs 31nUSE% Sigma-

Aldrich Useineaiuu)

2.1.7 ¥hUsr@annleasy (Deionized water)

2.2 130N lglun1sAsISH

2.2.1 \n3ealmnudleauny (Potentiostat) §u 910 pstat mini U3¥M methohm
UTELALULTDULAUA

2.2.2 auiueslinda Dell Inspiron 14 7000

2.2.3 n3auansaratessuulduaivdn (Magnetic Stirrers) 8% IKA-color squid
(Uszineilwasuil)

2.2.4 304 Ultrasonic bath 8% Elmasonic s 100 - Hans Schimidbauer GmbH & Co. KG

2.2.5 w3sstahnidnnetioy 4 dwnis Ju BS224S 910 US¥W Sartorius
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2.2.6 1A399N50911 Deionized water 35U Easy pure RF/UV 31nUS¥ Thermo

Scientific

2.3 Janaunsal

2.3.1 N3z IndiLeY (pH indicator strips)

2.3.2 039

ee

aliillewsanlan (ALOs; HiDrgiiun)
YIABYNIA 1.5, 0.5 wa 0.05 lulAsiuns

2.3.3 Srlaihnanataniveu duriuguinans 3.0 fadiuns

2.3.5 laliherdBaned/Faneseenles (Ag/AgCl, Reference electrode)

2.3.6 tlalihgreunadity (platinum counter electrode)
YUAFURIUAUENAI 0.5 Tadiuns

2.3.7 lulastila wwn 10, 100, 1000 waz 5000 lulasans us®w Eppendorf

2.3.8 WIWNIUnaN

& Y aAo & o [y a 4 1 = 4 [ | 17
2.3.9 P3N MINTUEMTUNMTAUATIER U UNNes 1ImMAUILIRT NTZUBNAN WYILA7

AU

2.4 n1sseNa1sazangusNIulsUuduunias (Britton-Robinson buffer)

nsesadnansteduludmemaiatanwasninwelufnansuTaiawnu s

(Adsorptive stripping voltammetry) Iﬂsflﬁz’j’%gﬂw%ﬁﬁﬁwqqﬁmﬁw%ﬂﬂﬂﬁwﬂ'ﬁﬁ\luuﬂu

Y

Wwanayn warlvaisazalsusnyulstudutnines (Britton-Robinson buffer) Wuaisazane

v W

ddnlnslad lneldansazarsusnyulsTudutvines finaududu 0.04 Tuans pH 7.00 &9
wisnlaannsaneanasn (HsPO,) 1.22 fadans nsmez@fn (CH,COOH) 1.15 daans way
nsAUBsn 1.24 n5U LarUsuUsSumsalediusiaainlesauluvIndnusuinsvuin 500

fadans nUUIUSU pH mearsazanslafeulansenlandudu 0.2 Tuans
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2.5 nMsUFuUgsRmtalnfnnaradarfusudaensifluunTuiwanian (Graphene
nanoplatelets modified glassy carbon electrode; GNPs/GCE)

AouUsuussRmihtalninatadansuey yiheuazenlaeitaliinaia

a A

FasuaulUTamensazgiutivwineynia 1.5, 0.5 way 0.05 llAswng muadu 91Nty

Y

A9M81UsIENbepauka U RNt DI N Ae A LRSI

wisuns Auu lusnanian 2 Jaansu tluaisazanslauniianesunlus
(Dimethyl formamide; DMF) 1 faddns Ndatsiunieau (Nafion) wauey 10 lulasdns v
Trasduilafeniumesnssansilain (Ultrasonic bath) 31ty veauuRven g i

naraga1sueunsedIlaUSInamdens andwihlviuisigamgil 70 °C

2.6 Anwladesinge NilnanadgynIuvasTTUUINAIUIYY

Anwan NN raud s uNsInanseduluuaet Minatadasuau

YFudsaitamhmensiluuluwanian legldmailauongenitiansutadiaunuiunidaiiy

=b

F1duag19u1n 111999NNANIEANNIZAUVDITLUVAIL IN15n529 TR sleduludduls

v
6

{0 IUNTNOUANINA LA lun1TIATIZREU azlanuudugndedte Taednwtade

[

: 1
A9 A9l

2.6.1  Ysuraunsrtuunlumwananiiunsay
Anwidsuiansiiuulunananildlunisusulgsrimingaliiinaiad
& a ° ) ) a ¢ P & A A ~
ANSUBULINzaudnsuNIsnsIadaanstedulud (1 89 5 lulasiuans) wndusunains iuun
Tuwananitesuseunsiuluagyinlruseansanvesta ldnldiieawesanisnsiainans
leguluiiiasanndnunrmdhdmsunisifiaugisenlaiiiems uiluvaziferiumndsunm
ns1uuluwananuniullazyinlinisasmudidnasaudululaeniu
TagynnsAnwrUsunans iuuilusnanani 0, 10, 15, 20, 25 wag 30

lulasnsu andudenUsuaunsidluuluwananiwuigau lulglunisfinetaduduspeld

Feldinauaniasananusunansiuulumananilirianu v igenge
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2.6.2 AMUTUTULAZAINLDVVDIEITAZANeBANINTbad

[

Turidetiidenldasazareddningladid uansavaeUnmesus vy lsoudy
(Britton-Robinson Buffer; BRBS) @99¢%11n15Anw1ALe¥u89a15azataUnineswazaiy

Wntuvesilinesamnan inawilunisiansanferinnuliinseingign

263 dndluiinfimunzanludunaunisasan (Accumulation potential)

-

AnwAndndglninimnzanludunsunisasau s oTuUn o UNISHNNAIUTUTUY

Ya9asteduluunRtveet lndl GrNPs/GCE Tagazidandnglwilnivinlransledulud

Y

anusailUazaunianitaliiaunniige Feasanlaainadndluinaladyayimnis

novauaazAIAUlITATIZEN

2.6.4 awinnzanlulunaunisazay (Accumulation time)
= a I Al ) | f |
ANYNIANN LTI UTUADUNITAL AN LIANTLY I UTURDUNISALAUILAINARDAN

AnuIes1zY Ingvnnanflslunisazautsaiuluazvinliasleduluull ausasnun

1%
DY Y o

azanladuiinindalndn GrNPs/GCE denalvidgaunavausuinlutes virlva1aanu

TAAs1eran

IngagyinnsfinwUadesneg Naztladelaeazivasuutasadendnyl wazag
Yadwdul) anduilslatadennuizanualazur lulddmiunis@nwidadedug sely

¥NSANElReN1SAIInastedulull 5 Aty (1, 2, 3, 4 waz 5 Wlasluans) Ay

'
a

Wuduag 3 91 Feziansananeiiuiizan 3nnsiatauldnsieiasiian (High

i '
v a
N

sensitivity) kagldiiantun1siesevduiian lngagiivunannesuauvenalauanwe sy

(%
(% Y

Ainan3uTaliaunuuniaet Tunsunisazay (Accumulation step) AnunA1@nelniln 0.0

17a6 1181 60 U7 waglutunauni1snsiaia (Stripping step) MuuaaIdAngluianisuan

[

511719 0.4 waz 1.0 1288 N19M$1n15aLNU 200 Nadliadnaiuli
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2.7 AnwUsEENSAMNUR9I5AT1ZH (Analytical performance)

nsAnu1UseAniaineeaisinsedt Wunisfigaiddndsdnmuntud
UseAnSam annsolinanisasaiafiududiuazifiomss annsadluldiasevansledy
Tullushegeaielduasiinnuiidedo Tnevhnsanuwderieg el drennududunss
(linear dynamic range) Ind11iAn15m59230 (limit of detection, LOD) AndnAnn15aLAs1z9
WWeUTua (limit of quantification, LOQ) AULIUE199975 (accuracy of method) A4

WIB990935 (precision of method)

2.7.1 ¥29anuludunse (linear dynamic range)

4

I3 = | v v a ¢ a ) a a
LUUﬂ’]iﬁﬂquﬂ’NﬂjqﬂLSUlIGUuﬂaﬁﬁqiiﬁlaMl‘UUWaqﬂquﬂiﬁmaﬂ’]i’JLﬂﬁqg‘wﬂ

gnaeaziugniian lnensidansavareuinsgiuleduludimsuanududuwiuey

EN

uazasouAquarduduresansleuluifiennazuudeuluietsiidesnsnsaiinge
ndnduimaiilfinassnsvluansanudiiussenineududuresansayarsnsgu
lodulutiasdyraniinouauss ﬁw%’mﬂamﬂﬂi’w\mWﬁﬂmmmé’uﬂiz%w‘éawﬁmﬁuﬁ‘
(Correlation coefficient, ) §3an r AildFesaglutaeszning 0.995-1.000 Foiroglufivensy
1§ wazuansirdanuduiusseninenududuvesasleduluiuasdygnunisnevaussiia

UUNTIHAN1INTIVInasUSIaueela Fearsanlaainautuvesns v (Bruce et al., 1998)

2.7.2 IA1NAN15M5299A (limit of detection, LOD)

[

Indransnsninfemudutusaniietesfigaussansleduluifianusn
Ansesildlusegafessuuiiianiu leamsafinnsanlfansnsdimssningani
YosANTBLULINATTINULRRALNY Y domnuturesnsinasgusEnIeudidueq
a1sazatenInsguleduluduasdynimnisneuaues (Armbruster et al,, 1994) @1u159

ATUIUANNZUANT
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38,

LOD = —
b

W S, Ae ATEUUUIIATIUUNLARALNY Y

b Aig ANUTUTDINTINUIATFIU

2.7.3 YAAMNANTIATITABIUSUIU (limit of quantification, LOQ)

'
[ o

Fndrinn1siesieilelsua Wunsfnwszduanududuiign vesais
leguluifssuvanusaiaseilaludiegneaiaunsamsualdaluieganaansansinin
Iplaganunsafiansantianndnsaiuseninduinvesd ieuuulInTgILULIARALNY Y o

AMNTUTDINTILINTFIU (Armbruster et al,, 1994) @unsaAudnlaaInaunIs

108,
b

LOQ =
dl' A oA o
LB S, AD ATLULILUUNTINTZIUUUIAARLLNU Y

b fi® ANMUTUYBINTINUINTFIY

2.7.4 ANNWIUEI9975 (accuracy of method)

Lﬁumiﬁﬂmmwﬂﬂéﬁﬁawaw%mmmmmiﬁimiwﬁlé{ﬁ’umiﬁﬁagJJﬁ]%QIm%LLam
Teglugudndesaznisiundu (%Recovery) Tasazvinisiiuansloduludadlunsesdiud
AMILINTUANS9 (1, 3, uag 5 lulasluans) wEteSesfuIAseiansTesulus annii
funnmauareuluglrasfosasnsldnduiu efigadi s iwmutulienuusiuann
Uouliedla lngRasauussuiguiunueinIsRaNTUIAIS08aENISNAUALUATULN NNV

Association of Official Analytical Chemists (AOAC) International Fanandlumsad 2.1
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AT 2.1 LEnNYINITRITNAIS08aE NS IANAUALTAIULTLTUANS AL TIUD S

AOAC (AOAC, 2012)

Analyte % Analyte Ratio Unit - ?'Zfovery
100 1 100% 98-102
10 10" 10% 98-102
1 10? 1% 97-103
0.01 10° 0.1% 95-105
0.001 10* 100 ppm 90-107
0.0001 10° 10 ppm 80-110
0.00001 10° 1 ppm 80-110
0.000001 10”7 100 ppb 80-110
0.0000001 10°® 10 ppb 60-115
0.00000001 10° 1 ppb 40-120

Table excerpted from: AOAC Peer-Verified Methods Program, Manual on policies and procedures,
Arlington, Va., USA (1998).

2.7.5 aAMadiesvasds (precision of method)

ANULTAEY AD AINUAINITOLUNITNSEVINE1UR935 AT IEAelAdN1IE T

1 v
s o (%

Wingay anneifeatu Jaunferenuluaanudsauuduinsiduiuasilag any
WisdlunisasiainaiunsagliainAifesazvesAmiuinsgruilowuudusimg (Relative

Standard Deviation: %RSD) (Bruce et al., 1998)

SD

%RSD = )

x 100

1 ' [
[y Ly

TuadedAnwIANUigwe s RIRAILITUle N1SwI UL LA GrNPs/GCE

[
[

6 A59 Inent nin GNP/GCE Mmseuniazasiunsiainasteduluuaanududy 0.5, 1,

3, Lay 5 Wlasluaanedng 3nUudIAE YU TR UEUSINLANIAIUIMI S0UaURIAT

N v o & Yy v ™~ ~ Y] 3 .. . .
ll’]miiTUL‘UENLUUﬁNWWﬁWWNQ@iLLa@Q%'}QWU W ULNYUNULNEUNUDY Association of Official

Analytical Chemists (AOAC) International Fauanslumsnad 2.2
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.:4' I3 a o i d’ v ¢ a Y v
AITNN 2.2 LLﬁfﬂQLﬂmﬂﬂqswgﬂqimqiaﬂa3?’]']3J'W]5§']ULUENL‘UuallW‘Vlﬁ (9%RSD) NAMULVUYY

AN99 AULNAINYBS AOAC (AOAC, 2012)

Analyte % Analyte Ratio Unit RSD%
100 1 100% 1.3
10 10" 10% 1.9
1 102 1% 27
0.01 10° 0.1% 3.7
0.001 10" 100 ppm (mg/kg) 5.3
0.0001 10° 10 ppm (mg/kg) 7:3
0.00001 10° 1 ppm (mg/kg) 11
0.000001 107 100 ppb (pg/kg) 15
0.0000001 10°® 10 ppb (ug/kg) 21
0.00000001 10° 1 ppb (pg/kg) 30

Table excerpted from: AOAC Peer-Verified Methods Program, Manual on policies and procedures,
Arlington, Va., USA (1998).

2.7.6 Nas1zansleduluiluniag1ease

a

Turuifed{iduldvinissassaniunisal Tnenisldansleduludacly
fhegruniasrufiannsomieldhemuiuasandeuasnuldluaniutudis Tiud yayu
lamataes (Full moon white wine cooler 5% alcohol) atuasuauuialed (Smimoff
Black Ice 7% alcohol) U3 (Pepsi) @lusm (Sprite) Futuasionina (Zummer — mocktail)

uazupuAIasa (Crystal drinking water) waatuiasiainaisleduluiameIsnnaunau

nelaan e imungaunlayinnsAnwIunkad

Desdusnisinvinavesarssunivludiegnea 6 via 11dnanodsn
Wanniundely Tnenmataadesnuinauansleduluifanududuutuou 0.25, 0.5, 1.0,
3.0 wae 5.0 llasluans thendyaanmsneuaussiildiunasansnauduiussenineay
Wuduvesansleduluiluadesfuiuadyaanisnevauss mﬂﬁuﬁﬁm_gamw%amﬁﬂu

FENINYANTTNAADILULATBINLLAZNITNAGBINILAITUINTFIUMIETT two-way ANOVA
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YanNLlevinn1sAnwnsIninasledulutsiuniuanssuniuianInasnule

ludegraasosy lawn lewdeylessy nunadeulossuy glasa nsaueanssdn nsndnsn

' [
adad v =<

Lay WoANDERE YIMNIBNHAILITULIANUNTIWIETR arssuniulunsosnuazdiNalidy ey
n1snevaussvasledululivdsuliisadntdeewinty nsfnwaiugunisnaasalaenis
anvinasleduluinigldanziivnzay Aenudnturesastedulud 5 lulasiuans uaz

FyunsnevaussesansednluinUasundasliudesiinndesuuliiiu + 5%
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A1SNRaRIazanUsIena

3.1 AnwanwazRavdiuaznginssumaailnilivesvalvdnana@aisuaunasaalniln

] 3 a o v !
nanadasuaunuIulsentenstuuluwanian

msldalnihnara@msveunifimausuusanyssendlddmsunsnsiainans

[
a

leduludmswmeiianengeufinans Ul dhauwumsuulrdyarunsnevausuazainula

£
[ 4 [ L

AATILIRN LNBNIAUDINNANINANT NI TR WNUUTLENTAINUD IN1TATIVIAABNNT

a %4

Juuianiidalddidiedanaisveu nsrfuurluinanian (Graphene

=)

o & 4
VAN UN
nanoplatelets; GrNPs) liaLfinuseansnnlunisasiateansteduludlilamanuliiessi

a9 warausansIviananududusiile

< !

31nn15AnwIRInTUI LN MendesganssaBidnasauluudeInsn

(Scanning electron microscope; SEM) wuindalninaradansveuddnwausiintdndu

(%

fuRITIussuAanslugun 3.1 n nafluwilumanianddidnvazeyniaduindaiang

w10 <2 lulaswns (U7 3.1 ) WeuTuugsimihvalitnatadaisususiensisiuuily

' (%
Y

wanannuIdnsuulumaniannszatgeg iRt bl vilinunimtives
IR TUAMandugUN 3.1 v FadoNuiRunnTuizdmain1sdwuBLannsouATy uag
wonntl nyituwlumanandwsiuauansalunsiiliih Jadumsdiudssdvsamlums

A3
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JUN 3.1 n Eahalndhnata@aisueu (GCE)
¥ Bathalinaradian sueuinusuussiimtsensfuulumanan (GrNPs/GCE)

A anwaeNIIAULIUNaNLEN (GrNPs)
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Anwaaantinisiliihwesdalninaiadansuou (GCE) Wisuifisuify
Flwnanadarsueniiusulssdienafuulumanan Grps/GCE) Tnsldarsazans
wasnlaenlud 0.5 Tadluans (0.5 mM [Fe(CN)J>) Wuansdanaredinsuinnnsg
AnUFATeERend (Redox probe) Taumadialendnlaauansyafivisdndlnih 08 fa- 03
e Samsnsauny 001 Taadseiunit wuindlelddnlwiinanadmsuey (GCB) axiindayane
nevaueIvINIRAnUfATe0enTinduLarIdndureureinlanludiidndluin 043 laad
wa - 0.04 ladanudndu Fedidnanuunnssvesdnglniin (Different peak potential, AE)
Wity 047 Taad dhudnliihiiusuussiaidensifiuunlumanian (GrNPs/GCE) Us1ng)

g unevausdveInIsiiaujisensendndunazidntundndluin 0.27 1aduas 0.15

Thad sudsu Jafimanuuansnavasdndludin (Different peak potential, AE) winffu 0.12

[V VA
v a A

Tad sihiosnnaituulumanandldusuussiamida e fudsednsamlu
nsaneloudidnasoulirtunazifiuanuananselumsilnihvestalnidndaes uenani
azdunaiuindalnih GrNps/GCE dulrnnszualiives ”zy,zywmmauaumﬁqmdq%ﬂﬂﬂﬁ
GCE Faflunamnainnisiaalniin GrNPs/GCE Situfiaufingusinldansiwlosnlosnlusanunsa

WnAnuizesaendgiimin g liialaunndngalnin GCE
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20 - 0.27V
043V
% 25 | ----- GCE "
3 GrNPs/GCE S TS
@ 10 4 /' ““‘-::ﬁ:
L_"': ’,/ --------- -
e e
‘2 5 A
c 7 ’,4" 1’
[ 2= e
Z 20
< 1 7
£ 35 =
-0.04 V 0.15V
-50 T T T T T T 1
-0.40 -0.20 0.00 0.20 0.40 0.60 0.80 1.00
Andlwiin (Tan)

5UN 3.2 lwadnliaunaluunsulunsasiviameinluenluametiliinarataisueu (GCE)

waztalihnana@ansueunuivsemensiiuwiluwanian (GrNPs/GCE)

A9ANwIANAIUNIUYDIT LN AsmATaBuRLaudalUnlnsalnTLa
P . a I3
il (Electrochemical Impedance Spectroscopy; EIS) Tuaisasanainesnlaenlua 0.5
Jaaluais (0.5 MM [Fe(CN)>"*) F9Ausi1un U9t i 19 LUSHURS I Ua NYealE U B
N3IMATINNAN MINNTINTANBALATINNANTUIATAYILTAIIUAIUNIULINAIINTINATY
dl [ 1 Gl = v < d! b4 1 = ol = 1 ?lj
HnaNAvUIaannITvselianwaziduaTsnantsenit lnefnwussuiisusywinetalnii
N s & a s ) a v v a

nanadAsuey (GCE) wastalwinatadaisuaunuiulssiantimensfuuilunanian
(GrNPs/GCE) 91n3U#1 3.3 wuddalniln GCE Sanwaugnsmilaaduaieenay dauanatianss
AANFIUNIUTES (9,699 Q) Tuvaugalniln GrNPs/GCE fidnvazilun3anauiioy

(791 Q) wanafeArAuaIunIuYeItdlnfdesaniioUsuugeniensfuuluwanian

(% 1
Y =

Matlieunanauandinisiliiives GrNPs agrglvinisinluihvestalninday
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4000 - ® GCE
GrNPs/GCE
3000 R : 9,699 Q
20, °
[ ] [ ] ° ®
c ° . .
= 2000 - ® ° °
N [ ] .. ..
' ° ° °
° .S'O‘.
1000 4 o
: A
V R, : 791 Q
0 ' T T 1
0 5000 10000 15000
Z' ()

SUT 3.3 BufiusudaninsalndiBanadliiin (E15) vesdaluihnanadaiuou (GCE) uay
Hlnihnanadansusuiiufussnensifiuulumanian (GrPs/GCE) Tu

ansazanowlasnlaenlun

3.2 AnwngAnssuniwaiilniivesasleduluiflrevrlnfinatadaisuauuazualuiia

o ¢ a o a Y v =
nma%msuauwﬂiuﬂgamwmmanmﬂuuﬂmwamam

AnwngAnssunuaillviivesarsleduludmematialendnliaunuiuns
IngiSeuiguseninansaniamedsliiinaraiansueu (5UN 3.4) wara1nni1snsiain
metalninatadiarsusunuiuusanignsifuuluimanan (GrNPs/GCE) (UM 3.5) wuin
leduluddingAnssumiaadladndusuulddundu (reversible) wazUsingdyiunis

=~ a o =~ o & A a ¢ va & 1Y )
nevausIvsiinanTntY 2 ia vistlilesainansledulul anunsalididnasouliaoinsads
donARBAUWITBUDY Svorc wavany (Svorc et al., 2014b) LipUFuussimthalniinae
a ) a ¢ & a a o a N A
nsruunlumanian ssusngdyaunisnevauesansleduluiiluiineandinduiia 2 find

T o

Andluifl 0.68 uae 0.85 Liadt (3UT 3.5 Feanasannslatalniinanadansusunusingdayayod

[ 7E 7
v a A

nseeuauasndnd il 0.70 uag 1.08 Liadmuddu (Ui 34) Nstilieannnsuunlumanian
drelmAnnisdeinudiannseuseninganslesuludludatrludnlandslunas Faiiy

Uszansnmnisinlninvestalnidndnane
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45 4
3.5 - YOH ; GCE
25 -

1.5 4

aszualui (ulaswauuys)

0.30 0.50 0.70 0.90 1.10 1.30

Andlnvin (Taae)
JUN 3.4 lgpdnhiaunuluunsusansdayaaunisneuausswaasleduluiionsiainse il

nanadmsueu (GCE)

45 -

......... GrNPs/GCE

—— YOH; GrNPs/GCE
25 0.68 V

35 4
0.85V

15 4

nseualndn (lulaswauunds)

0.30 0.50 0.70 0.90 1.10 1.30

andglnil (as)
a a ) a ¢ A Y
5UN 3.5 lgpdnhiaunuluwnsuuansdyaanisneuausswesasleduluil Wensainme

DlnfhnatadasueuiusulaRmihtalnihdensluuluwanian (GrNPs/GCE)
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Anwinavessnsnsalnusedndlniuardygranevaussvesasleduludl
uan1sAnsdanandluguil 3.6 wudndlodisnisaunuiutuain 20 fs 200 adliadde
Junil Fuananisrevauewwesasledulutisiintunudusazindlindeulumeun
i Feamnsadusiliinansleduludfingfnssumanailiuuudunduladls (reversibility)
(Asangil et al., 2012) LLasmﬂﬁ?w‘hmsﬁﬂmé’ﬂwmzﬂﬂiLﬁmﬂgjﬁ%muuﬁwﬁﬁ%ﬂﬂwmms
Indudnuagdisewuunisuns (Oiffusion controlled process) W3auuugAtu (Adsorption
controlled process) IngfiarsaunannisiuTeuifisuanwauzauduidunswssnisnaen
nsNsERINeAdIINImeUatasedasieduluRUShIINITARNLA 20 F1 200 Gadliad

Feflaunmsidunsaie y = 0.1628x - 1.9733 ; R? = 0.9948 (gﬂ‘i?i 3.7) Wisuisuiuanududunse

YeINSNAANTIMTEWI A NS evaussresansledululfus naeswesdnsInig

1 a = d! = 14

aunud 20 89 200 Hadliaddeiund Feflaunisdunseie y = 3.0603x — 14.816 ; R? =
0.9626 (gﬂﬁ 3.8) WUIIAIERFNNUS (R?) V0InTINTENINAIFTYYIUAITAOUAUDIUDIETT
Tesulutifudnsnsaunuil 20 &1 200 fiadlaaddandilng 1 vienanlddauduiusids
Guiidind1 Fuandiiduihasleguluiifnvuenaiaufiseuuiamhdalinduuuuge
U Uain et al, 2010) uenaniideannsafudiuldnnsiasanmaruduresnsidunss
s¥iasnNIanuUIAInszudlnNiLazanNNANNURERATINITALNY TABrINIIAIAIINTY
0gl 05 wanafenszurumaAnUiAzonvunisuns uazmnildinnuduedd 1 uansia
nrUIUMSIAnU AT uUAATY (Azizi et al., 2016) Fauilondennsnszuinsanniany
YOIANFYYIUNITAOUAUDIVDIAT Lo FulUAUTRIINITALNUNUITaNNITLdUN TR D
y = 11453 x - 11497 ; R = 09923 (U1 39) Feawnsaduduldinnszuiunisifnufisevy

Al GrNPs/GCE vasansduluiiluwuunszuiunisgadu (Adsorption controlled

process)



33

80 - 200 mV s™

60 -

B
[=}
1

nszudli (lalasuauuys)
N
o

20 mvs?
0 4
20 4
-40 T T T 1
0.30 0.50 0.70 0.90 1.10

dndluni (rad)

JUN 3.6 laadnhaunuluunsuvesansleduluungnsinisawnu 20 1 200 adladsiedund

40 -
y = 0.1628x - 1.9733
30 R? = 0.9948 o
¥
E [ ]
2
9 [
e
j’é 20 - ®
= ®
s=
EE ®
5
€ 10 - °
°
2
°
O 1 1 ) ) 1
0 50 100 150 200 250
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40 -
y = 3.0603x - 14.816
30 R2 = 0.9626 .
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3.3. AnwinavasUTununsiiuur luiwanian (Grps) MwunganlunisuFuugeranin

Sl

Homnnafludanautdlunisilihuagiufuiitaud iy waeds
anunsauindunsfzenln - In (-7 interaction) fuansleuludlld dadudsvhmsfnum
Unanmituulumananfimngaulunsiuviulgimidaliiifieldnismsate
ansledailutl Inevhnsnaassdnuuuansiiuulumwaniandl 0, 10, 15, 20, 25 uag 30
lulasn3u msdnwidananldnanismaassfauandunised 3.1 uazgud 3.10 wuirdam
Annesifiuunlugetudesq delduima nsftuulumanandaud 0 8 20 lulasniu

warasannusuIans AuL I uwanan 20 tulasnsu ndsandunusunans iuunluiwanan

Y 9

25 warAusuiu 30 ulasnsuAimnulAmsiziisuanad Netidesannliotiuusuiansiiuy

[
v a

Pluwananann 0 a9 20 lasnsutuyinlvfiunnveat i Alelunisnsiainuuiudu

(% '
v w1 a

egeeinusans Mwlunstrnivestr lnindnee wazillaUsuiansfuulumwansan
a 2 v a v o W = < a ° vl ada 9
WALUINY U I AANTSTR U UNULINTUYBINSANS UL L LA a NV TANUAR NN
FlvdusuanaswazUsunansduun lumanianivuniullasdavinenisdenudidnasou
seingIwindvansteduluddmaliaimnulhieszvanasiansifuunlumanandusunn

ynAiull setudadasnUsununsiuunlumwananMvanzauas 20 ulasnsy

= o =

uaﬂmﬂﬁLﬁaﬁqaﬁﬂmﬁwﬁuﬁumﬁuﬁﬂaa‘m*mmmﬂwwmﬂ%mmﬁuﬁﬁwm
n15AAUGASE" (Effective surface area) wastaliihiiusuussdronsfiuulumaniand
USuna 0, 10, 15, 20, 25 war 30 lulasnsy dnwlagldansavatewasnlaanlunainuwdudy
5 fiadluan§idu Redox probe saufumpdinlendniaunusmdawnuiidnglniih 0.3 1 0.8
Thas Aidnsinisawny 50 Sadliadneiuii (gﬂﬁ 3.11) udrtharnszuadlaundurumie
ﬂ%uwmﬁuﬁﬁwaqmil,ﬁmﬁﬁ'%m (Effective surface area, A) Fadruraldanaunis

Randles-Sevcik A9baR
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l,= (2.69 x 10°) A n*? DV2C U2

A fio Usunauiiuniivesnisiinuisen (Effective surface area)

o)

n A Swudlanaseuditieadesludfisen

3

1o

D fio AnduUsEansnITUNS (Diffusion Coefficient)

C AD ANUIUTUY

U fio dmsIn1sauny
lnaAuwnmaUsinaiuiivesnsiinufaseruurmihd i nusuugs
A8 GrNPs UTu0ue199 ananauandlum1s199 3.2 Feusunauiuiiivesnisiiauiseivu

Hanthdalniiusudgesieg Grps TUsunasneg@enndesiumaulinszinlaninnis

[
=

! Y A UMY A a a aaa = SR a
NEADNADUNUN "\NEJ‘LJEJ‘LJI@'J’]‘UiﬂJ’]ﬂJW‘LJ‘VlN’J?JE]\Tﬂ’]iLﬂﬂUQﬂiEl’]LWN?JUL@JE)LW@JU?JJWEM GrNPs

911 0 9 20 lulasndu Msivsnanuiivesnsiauiiservuimtnd lWiwiugy vinli

aaa a =

arslesuludidnngaduuuiihtiliiwivewssunisiinuiisereandindulauinduls

[

| P2 a 4 = a1 a ¢ PN PN o = <
danalvirnaulyinsgiasdu waslrianulyinsginasiand 20 llasndu ey

'
aaa =

U3unas GrNPs TliSInauiuiiivesn1sinufisenunniian uwasdieldusunas GrNPs iiaau

Wy 25 waz 30 lulasniu TunisusuugsRamirda il imunuSuaiiuiiisvesnis

[V VA
v a A

AnUfATe1ana Badamaliriaulieszsilunisesiaialedulutanasnig Matiiesain
= a a a a v o W ° v oA & Ada P
WauSuna GrNPs Aunniuluanaagiinnisdauriuiued GrNPs ¥lrusunuiuiiianasle
WaLLlaANKUIYDY GrNPs NunnAuluvinuszansamnistlndnaznisaneleudidnnseu

anasdnme (Ma et al,, 2012)
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A15719% 3.1 wansaAulwszilunisasiateaisleduluinanuduty 1 89 5 lulasluans

Wiausuugsianthtalnihmensiiuwimanianysunasngeg

Ysuraunsituunluiwanian aulasiei
(lulasnsu) (lulaswauuussalulasiuans)
0 0.0161 + 0.0004
10 0.390 + 0.007
15 0.48 + 0.01
20 0.67 + 0.03
25 0.55 + 0.02
30 0.40 + 0.03
0.8 -
E
= o 0.6 4
S S
€ 3
o _g
s% e 0.4 4
c 3
X
< 2
& 02 -
)
0°0 — ] ] 1 1 ] 1
GCE 10 15 20 25 30

Ysuraunsiluulumwanian(GrNPs) (lulasniu)

JUN 3.10 nevluansmuduiusseninaUTnan sy lumwanan(GrPs) wagaaIy

IAwszunlnainnisnsiadnansteduludnanududu 1 99 5 wlasluans



40 -
~~ 30 - '. %
g y /*\
Z 20 4 77 N N .
g 10 :./ °°°°° \,;,,0:'7
S 1/ =
= o7 7 — —GCE
sz -10
= T /‘_‘ GrNPs 10 pg
T 20 4 P /| GrNPs 15 g
?;3 -30 4 ,}i‘\j e // | GINPs 20 ug
40 ~ng 4 GrNPs 25 pg
++ GrNPs 30 pg
‘50 T T T T T | 1
040 020 000 020 040 0.0  0.80

dndlwia (ad)

1.00
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5UN 3.11 lemdnhauwnaluunsuuansdayanunisneuaussaanodnluenluaninududu 5

fiadluans meTalihiusuusssaeysunma GrNPs Usinnsnee

13797 3.2 wansUSunanunnsiauisevestaliin (Effective Surface Area) Lile

USuugstamthalifinge GrNPs MUsunamneg

Usuraunsituurluwanian

Effective Surface Area

(lulasn3u) (A1319LTURLUNT)
0 0.070 + 0.004
10 0.1229 + 0.0005
15 0.1280 + 0.0004
20 0.1385 + 0.0004
25 0.1285 + 0.0005
30 0.1254 + 0.0007
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3.4 AnwInavasnnututuLaziilevvaansazatedianinslad

v
a v A

Tusuidsiildansazanrsivinesusniulsiudu (Britton - Robinson buffer
solution; BRBS) tHuansdidninsladluwadiadlnirildlunisesiatnansledulul Tnoas
Win1sfnwmainududunarfilesvesarsazats BRBS fnunzau ialilda1ay
Amsziuaz “zgzgwmmamauauaqﬁqq Tngvinisanuiaaududy 20, 40, 60 way 80
fiadluans (51971 3.3 uaz UM 3.12) annnanisnaassuindleld BRBS Ainndudu 40
fadluanslidmnuliiesesigaiign waziderududugenin 40 fadluansazdaalsien
aulalinsizsianas ieananidlernudutugeluarsazanedidninsladieuniaiy

= ' ] A N a ¢ i aa I3 a v &
HUINYU 'e]’]"\]E‘NNa9]'e]ﬂ']5Lﬂa@u‘V]sUEN?1’131883J1Uu381/1’3’]Qﬁ'ﬁagfﬁﬁl@Laﬂi‘ﬂ'ﬂa@]LLﬁ%N'ﬂWUWJ’JIW‘WW

(Cotchim et al,, 2015)

Anvmavesiiievyesaisazaty BRBS fifitey 5.00, 6.00, 7.00, 8.00, 9.00,
10.00 wag 11.00 (m15197 3.4 war3ui 3.13) Inefinasilunisiansandelidiadiy
Limsevigsganazadndluiiiusngdyainnisaevaussmiian :nn1snsIaiaans
Toduluyl TneldansazanaBRBS Aifovsnee wuiansazans BRBS anududu 40 fadluans
fifivey 7.00 Iﬁmmmlﬁmiwﬁﬁgﬂﬁqﬂ wazUsIngdyaynnInevauesiidngliin 0.68
Tadt iosnansleduludiiie pKa ogf 7.13 (Lambert et al, 1978) sihliloanslogalul
oefluanmeiifuuasiilimilansondanaedu o dwaliAauffseoentinduldenty
vilimmailalinszianas Sadenldansazansuiviulsduduiianududu 40 fadluans

Moy 7 d1nsuisnsnsiadinansiedulud
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AN5199 3.3 wansAAulNwseinlnannisesiatnanslesululdioltasazans BRBS

fienududusine
AMULUNTUYBIESATaY BRBS ANULINATIZA
(iadluans) (lulaswaunusaalulasiuans)
20 0.53 + 0.06
40 0.69 + 0.04
60 0.49 + 0.02
80 0.46 + 0.03
08 -
o071
[(r]
3
\nS g 0.6 -
e 5
E ?5 05 4
c B
< 3 04 -
=2 =
< 2
cC @ 03
re
= 02 J
= .
=
0.1 4
0°0 1 ] 1 1
20 40 60 80

AMNITNTUANTaZAE BRBS (ladluans)

[

JUN 3.12 nemuansmnuduiusseninemnududuvedansazate BRBS wazA1Aulaingy

7leannnsesivinasteduluu
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199 3.4 wansenaldiessinlannnssnainansledulutiuazdnglninnusing

danaunevauswesasledulul Weldasazate BRBS NTike%s (pH) #1ee)

] ' a ¢ o o o
ALY (pH) Arauladiaszi AndluAniusingdyeyainis
Ya9d15aza18 BRBS (lalasuaundssalulasiuans) nauauas (1nad)
5.00 0.53 + 0.04 0.85
6.00 0.55 + 0.02 0.75
7.00 0.69 + 0.04 0.68
8.00 0.28 + 0.01 0.63
9.00 0.22 + 0.02 0.57
10.00 0.22 + 0.03 0.55
11.00 0.20 + 0.03 0.54
4
10 - - 10 8
- ©
o 2
E @
g 0.8 A L 0.8 E
5 : g
c [cw
r o= 0.6 - - 0.6 S o~
! . 2 ¢
) ;—\" T il ¥ &
(SN T @ G
S O
2 3 04 - L 04 &%
c = ]
(o @ r
& =3 % =
e -
& 02 A i J 7 ko2 T
— . r ¥ . -
-3 Sensitivity Potential =
= =
=
0.0 T T T T T T 0.0 ;%

500 600 700 800 9.00 10.00 11.00

pH

'
a

JUT 3.13 navluansrnuduiusszninaniiiervesasazaedianivsiad, Amanuliinsisiile

nNsnTIinansledulun wasdndlnihnusingdyaanisnevausswesasledulull
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3.5 AnWINavaIAng A wagaldludunaunisazay

Anwdnglaihfomnzauludunounisasaudielfansletulutgnaaduaguy
AanthdaluiiitonIsundoudusuduneunisan3uls Tagvinnisanwitdredndlud
- 0.1 9 0.4 Taad nanlumsazay 60 Jurit anataansleduluifianududu 1, 2, 3, 4 way
5 lulasluans Minasilunisiiansande dndlwihiliamnsliinszsigeiian nansmaass
Fanandunisisi 3.5 9annsAnsmuInlEan gl 0.3 Taadludunounisazausitlailgen

Anulimsigiiasan (UM 3.14)

nanldlutuneunsazaulvanstedulutgnaadueguuiianidalniuie
WS HUNS DU MSUTUNDUNTARSUTY YinsEnwleglrdnglndnludunaunisazaui 0.3 1nas
WALANWILIAINTALAUN 30, 60, 120, 180, 240 war 300 Fu1% Ms19dna1steduludinIy
WU 1, 2, 3, 4 wag 5 lulasluals ndudwinnisiSeudisuatanuliwseintaannian
Tunsazauwaazan Tgnualun1siaisanfe iailun1siasigidu waglraiaula

¢ ) P a = '

JATIENEEN HAN1TNARDIRIUANTIUATITIIN 3.6 Waz3UN 3.15 TIINNANITNAGBINUT
Frgwsnidlanalutuneunisazanundua1nnuldnseilunsnsiainaggluniuainu
UDIN 180 AU sz turksndunshmanlunisazauunTuazvinlvansleduluy
ansainavanegusaRniiliilaunty ndsaintudiauliiesgsiduudliy
sl danludunaunisazaufiundu 240 waz 300 Fun9 Lilpsainuialdinaifans 180
a ~ a fa v a a v O a a o e v o = \
Jurfansleduludndnazauus i ninianududildandasliianunnTulmans
TeduluuNazanusnuRInATUSU AL setudadenldinaluduneunisazaus 180

a oA I3 a ::4' g v 1 a ¢ ::4' P <
AUIN Lu@Q‘ﬂqﬂLUuL'Jaﬂﬂaumﬁﬂﬂi%ﬂ']ﬂqulvlﬂ?Lﬂﬁ’]ﬂm%ﬁﬂ‘m?j@lLW@@'J’]NTJ@Li'ﬂUﬂ']iG\T]"U
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M1597 3.5 wansAinuliessilunsenainanslesulud Welddndlninang

Tutuneunsaza
Andlnia auladasei
(han) (lalasuauuusnalulasiuans)
-0.1 0.59 + 0.04
0.0 0.68 + 0.03
0.1 0.80 + 0.04
0.2 0.97 £ 0.04
0.3 1.03 + 0.06
0.4 0.92 + 0.02
1.2 -
g 10 -
k-
= e 0.8 -
=
€2 o
[ [ . -
< 3
2 3
& 2 04 -
s
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2 0.2
0'0 | ] | | ] 1
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dAndAnnldTudunaunisazan (an)

JUN 3.14 nnuansanuduiusseriedndlihlutuneunsasauuazainnuliin i

Taannsesiainansiedulul



A15719% 3.6 wansAANlIeszluntsesIatieasteduludiilaldinanly

I
Y

YUNBUNTAZAUTLIAIAI

anludunounisazas R PR P IRt Y|
(Bui) (lalaswouuusnalulasiuans)
30 0.48 = 0.02
60 0.86 + 0.03
120 1.07 = 0.08
180 1.7 £ 0.1
240 1.7 £ 0.2
300 1.6 £ 0.2
20 -
S
e
(1
,,;.g 1.5 4
\g E
c g
= =
E @ 1.0 4
o \%
G
=z =
& 8 05
& = =T
e
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;
c 0'0 ] 1 1 1 ] 1
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1anluldunaunisasay (3‘11’11?1)
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3.6 ANYIUTLANSAINVBIISNWAIUITY

3.6.1. Anwrsauduidunss (linear range)

[
a v

dleldanslmunvauresiafinaududmsunisasiatnaisledulutdae
Fll11 GrNPs/GCE FvinmsAnenUsyansnmuesisiiamndy Inofnwianndreaudy
Funseesnsnsainansledulutneldannefivmnzay (s1ei 3.7) ntuadiensviuans
ANNFNTUSsYIeanseualnin (llasueuuds) way anududuvesansiedulud lalasla
an$) nunsnsrataansledulusie GrNPs/GCE Steamududunss 2 919 Ao 929usnd
Ay 0.2 89 5 lulasTuans wasdrsiigesiienududy 5 81 30 Tulasluans Inefaunis
EURSIAD y = (235 £ 0.02) x + (0.23 + 0.05) Uz y = (1.01 + 0.04) x + (7.34 + 0.78) M IUAIWU A3
wansluz Uil 316 uag 317 adidesanlutisusniienududuresasioduluing duansae
Lﬁmmiazam&‘Jjuuawﬂﬂ%’ﬂw%} GrNPs/GCE wuusuiiien (monolayer) dwilwnnsanelou
Bidnasonanansleduludlugedaluihdululdinend Sefimanalieseifiganindsd
aoufiosndanuuanssvesdygyunimevaussmnni wiilenududugauliunm
vosasleBuluiifiavaueguuiiavidaliin Grvps/GCE agtfunuuvanedu (multilayer) 39
nsaneloudidnnseuainansludsinlniihandululdontuiiesanissosvinsseninatures
nsavauvesansleduluduuiantindalnin GrNPs/GCE dawaliiainnuliinsizianasnin
1u5tmsuaqmm1,%’wﬁwi’m (Desimoni and Brunetti, 2015) 34lasinnisAnwiusunaesasiedy

Tulfigngadusguuimth 3l GrNPs/GCE Tngn1sAuumAIN1sUNAaUNUNET (Surface

coverage ; ') AINAUNITAILLAAS

r— @
nFA

[ Ao mmiﬂﬂﬂqmﬁuﬁﬂa Quamnens1augusuns; mol/cm?)
Q fo Yszlnih (aaeudy; O)

A fo WufiRnvostaliih (mMsseufiuns; cm?)

F fio Amsdinsuag (96485.4 Aaeudsialua; C/mol)

n s Sunudidnaseunitierdaduljize
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AINNANIIANMNIUFILAAIIUAITNT 3.8 D2AULAIUINAPNUTUTUYD IS

=

loguluil 0.2 s 3 lulasluans aslivsuavesansteduluiignandusg uuianinvali
GrNPs/GCE aglugaeU3una 5.0 = 1.2 x 10° i1 7.8 + 0.8 x 10° Wilasluanssensnasusiuns
Tuvandrnnududunsiiaos nuitfenududuvesanstedulunlugisududu 581 30

lulasluans duUsuauvesansleduluiignaadueg uuianindalniln GrNPs/GCE iiuaiu

agluiaSinns 1.30 = 0.09 x 10 9 55 + 0.2 x 10* llasluansremasuminns

Tumeaesisluadenldanuiduduvesansleduluilugiusnvasany
Judupsullosanliainulieszingenii wsdoaulszdaniamlunisnsiainas

Todulutva RIS NN

a Ql' ada o X o ) Y] a ¢
MIINN 3.7 LLaﬂﬂﬁﬂng‘WLﬂmqgaumaﬁﬁﬁwwwuqsﬂuaqﬂﬁ‘Uﬂ']i@ﬁ')ﬁ]')@aqiiﬁalﬂl]u

G‘ o af s =)
ANNTMIMNNZaNd T UNIINSIINENS ledululd

Ysuraunsluunluwantan (lulasniu) 20
AMUTUYuvRIEIsazateUNWes BRBS (fiadluans) 40
Niayvasansazareuniwas BRBS 7.0

anznwansauluvunaunisazay
- dndlniildludunounisazan (aad) 0.3

- g luvunaunisasay (un) 180
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aututuvasasiedulud (lulasluansd)

JUN 3.16 Laaunuluwnsuwanidygyinnisnevaussesasiedulutimenisnsaindie s

WaunTunglaan1IE Azl

40
~®

5 1 y = (1.01 £ 0.04)x + (7.3 £ 0.8)
bé 30 R? = 0.9967
= 25 J
—
)
- 20
Erd
= .
g 15 - &
33
/ad
c
£ 10

.
5 . y = (2.35+ 0.02)x + (0.23+ 0.05)
1 R? = 0.9995
0 -’ 1 1 1 1 1 1 1
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Anududuresansledulu (lulasiuand)

JUN 3.17 nemuansmnuduiusAnseualnihduanudntuvesansteduluiingainneis
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M5 3.8 wansAIN1SUNARUITUNEL(T) vesansleBululiannududusmiequuiint

PN GrNPs/GCE 1iaviN1N150579 7902835 NWaI LU

Anududuvesasledulud AnsUnAguiuiiAg
(lalasTuans) (lulasluansronisnaiufiauns)

0.2 50+ 12 x10°
0.4 1.14 + 0.03 x 107
0.8 2.04 + 0.06 x 10
1.0 2.4 +£0.1 x 10°
1.5 3.9+ 0.7 x 10°
3 7.8+ 0.8 x 10°
5 1.30 + 0.09 x 10™
10 25+ 09 x 10*
20 4.2 +0.9 x 10°
30 55+ 0.2 x 10*

3.6.2 ANEYITAIINANITATIDIA LAZVAIINANITATIIATIUTU

IS o w

48

ANW1TNI1NAN15NTIIA (Limit of detection; LOD) WazdAINNANISASIIN

aa

WWaUIunas (Limit of quantitation; LOQ) 8473

AWAUITUY LAdI1u15aR915u1bAN

SRT1AIUTENINF YY1 URDF Y Y IUTUNIUNINAIINTBLYINAUEIN (S/N > 3) (Swartz and

Krull, 1997) Ingauialaannaunis

LOD = —
b

100 10S,
b

e S, A ANUERUNIIASTILUURARALNY Y

b Az ANNTUTRINITIMLINTFIY

' [
1 LY [

WU NNRUNTUTIATNNANISATIATA (LOD) Windu 0.07 lulasiuans wazdl

[

YAINAN1TNTIVIATIUSUL (LOQ) Wiy 0.25 lulasiuans
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3.6.3 ANWIAUNYIVD9IT

Anwirnudieeds Inefnwiainanuaiunsalun1sig: shnsmaans
Tnew3eudalnilh GiNPs/GCE 6 92l usazdalniinldlunsiatnansledulutiiaandudu
0.5, 1.0, 3.0, war 5.0 lulasluans vnsesatnanududuay 3 91 wagvinmsnaassnield
anmzivngan antuUisuiisuddyananisnevauawessiaza L uLg A
mmmLﬁmwummgmﬁuﬁwé (9%RSD) WuinTiaudduvesensTeduluy 05, 1.0, 3.0 way 5.0
lalasTuand Semnudosuusnpssudanivdvingu 4.4, 5.1, 5.4 uag 4.6% puddu  #
wandlumsnedl 3.9 uazsuil 3.17 Gemenudsnvunasguduivdusmnmudududuey

Turnasifisauduldaes Assodiation of Official Analytical Chemists (AOAC) International

(AOAC, 2012) Ao 11 819 15% (05 UM = 0.2 ppm, 1 uM = 04 ppm, 3 UM = 1.2 ppm, 5 uM = 2 ppm)

M99 3.9 LansAdyQIanITnavaUeIedaslusuluiNAMUtLTUR1e) WanTIaTnnae

4171 GrNPs/GCE 6 4A

Heysyraunisnauauss (lulasuauwys) vesansledulud

i finnandudu 0.5, 1.0, 3.0, uaz 5.0 lulasluans
0.5 1.0 3.0 5.0

GNPs/GCE 1 1.333 2.353 5.244 7.668
GNPs/GCE 2 1.246 2.269 5.555 8.267
GNPs/GCE 3 1.223 2.412 5.733 8.583
GNPs/GCE 4 1.266 2.217 6.080 8.293
GNPs/GCE 5 1.195 2.459 5.471 7.710
GNPs/GCE 6 1.148 2.153 5.351 7.844
Aade 1.201 2311 5572 8.061
SD 0.05 0.118 0.300 0.372

%RSD 45 5.1 54 4.6
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12 S

% RSD = 4.6
e —_—
2
Z 8
e
. % RSD = 5.4
3
c
z
2 % RSD = 5.1
[~ f—lﬁ
%RSD = 4.4
0 - T T T 1
0.5 1 3 5

anududuvasansledulud (lulasTuans)

M electrode 1 electrode 2 g electrode 3 i electrode 4 @ electrode 5 [ electrode 6

SU# 3.18 nwluansAnmsgrvestaliiin GrNPs/GCE annmsieiadaluit 6 93l way

Imsreviansleduluufannutudu 0.5, 1.0, 3.0 waz 5.0 llasluans

3.6.4 ANWIAIUIINIZVDIIS

= a v e’l’ [ aa (% a ¢ 14 = A
Wesnsidedaulaimunisnisesainaislusulutiineldnaaeuaioshiu
Nonafinsudouarsleduludacluiionimaluisussasanige Jednwimudniznois

TAgNNSANBINAVDIFITUNIUNTNNUTULATDIAUTND199:TNaRDTEUUVDISNWNAMUITU TIUIN

¥
% = a

FINAUITULANTUWIZAR @15suniulueIosnuazdal idunIsnoUaLeIUDIans

o

D

Toguluiivdsuludfisadntonvindu msfinweuaunmnaassinemsamataansledulul
melFangiivunyay fnnududuresans 5 lulastuand uazdyqianisnovauewesans
Toduluifuasuwladludosdidndeauuliifu = 5% Feassunmufinniaznuludiesng
\w3espufiagiinsAne Toud ledeslesou Inunaidenloseu glasa nsauoanesn
NIATR3N waT WOANDTEA FaaNIINAABINUIFYINNINUALIwBEsleBulutiTinL
Wt 5 lulasluansvuneanuiduduvesanssunmuuaazsdalaldvingu laun amaududu
voaglasa luiedlosou warlnunai@eulossu 50 Wih A1suelun 40 i1 ueaneses 30

WIN AENURDANULIUTUTDINTATAINLALNTALDEABIUN 10 11 (A15197 3.10)
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A15197 3.10 WAAIHATDINITANBIAINUIUNIZVDITEUUANAUITUIUNISIATIE A TTUNIUN

) | a4 A
oranulufiognuaTeeny

AUTNTY IAINAAIUNY
ArETumY (laTasluans) Torelance limit (Fold)
ylase 250 50
Twunadoulosau 250 50
Toavulosau 250 50
ANSUBLUA 200 40
woanagoa 150 30
nsanadnasinuadn 50 10

ASATAIN 50 10
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3.6.5 ANYIAUBNUEIVBIISHALATIDIATIN IUADE1ATDINY

Josdufnunavesumindlusiesausazaila duansluasei 3.11, 3.12,
3.13,3.14,3.15, 3.16, Wagguil 3.19, 3.20,3.21, 3.2, 3.23 uar 3.24 lagvihnsSouiiiey
ﬂﬂv\lmﬂéf’aasmm%aﬁmLwiazsuﬁmLLasmﬂWﬂJaqmammgm‘la%ﬂuﬂﬁmmLsﬁuﬁu 0.25,
0.50, 1.00, 3.00 waz 5.00 lulasluatd Tneviin1snsiatndedsfivmuunieldaniiegd
wangay Mntuideyaillduieseidieds two-way ANOVA nuirdeyausasgaaindaess
we3eshn 6 viin WeiSsuiisuiuansimsguliieuuanesiueg wildeddry Asedum
Undeiio 95%

A o

ANIAULIUEIT0RTNRAUITUMT 9INNTAUIMSoYaNSIANSUALYEY
arsledulutiipuasiusaegiasafimnududu 1.00, 3.00 waz 5.00 lulasluais Tusegs
\3esd 6 fee1a Tiun Wayulaigaiass (Full moon white wine cooler 5% alcohol)
awesuenuudaled (Smimoff Black Ice 7% alcohol) wWUE (Pepsi) dlusn (Sprite) Suies
flonwa (Zummer — mocktail) wazthaua3afa (Crystal drinking water) W1u1n593 300
37NNy wd A&y anisnevauesiildanuiarfegunsuanduduaiy
dudlaeldaunsidunsosnsmiinasgiu anduihemamududuildndunaiuiosas

nslandufu (M151991 3.17) nuASesasnistandupueglugis 96 « 2 fis 105 = 2 adad

ﬁmmLLaJ'us‘J’Tﬁ'ﬁLLasagﬂusﬁNﬁaam%’dé’mmmmsﬁsuaa AOAC (80 - 110%) (AOAC, 2012)
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= | o a ¢ al Y v = = '
AN 3.11 w@ARAn fgiy}']mﬂ'ﬁm@Uau@ﬂm@ﬁﬂqiiﬂgu‘lﬂuwﬂ'ﬂ']uLGUNGU‘UW'Ns] WIBUNEUTENING

asunsguleduludivansleduludlualusn (sprite)

AN YOH Heygyraunnsmavauas (ulaswauuys)
(lalasluans) #151105§71 YOH YOH fidsluin3asdu Sprite
0.25 0.538 + 0.005 0.538 + 0.005
0.5 1.18 = 0.07 1.15 + 0.03
1.0 1.91 + 0.09 1.97 + 0.04
3.0 523 +0.14 5.19 = 0.06
5.0 7.97 + 0.05 8.2+0.2
9 -
® Standard YOH
8 - YOH in sprite ®
~ 7 n
o
E: y = (1.56+ 0.05)x + (0.3 + 0.1)
2 6 -
3 R? = 0.9972 |
& 5 *
2
<, e
=§<?: i y = (1.59  0.03)x + (0.30 % 0.09)
T 3 - R? = 0.9986
39 .
Uad
c 2
1 4 [A]
0 V | L] | L] ] 1
0.0 1.0 2.0 3.0 4.0 5.0 6.0

anududuvaasedulu (lulasiuans)

JUN 3.19 nansAnywaveuvisndiUSeuliigusenitensnannsgvansieauludivasleaulud

Tualusn (sprite)
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= | o a ¢ al Y v = = '
AITNN 3.12 LL@RNIAN QJJQJI']ﬁuﬂ'ﬁm@Uau@ﬂm@ﬁﬂqiiﬂgu‘lﬂuw?’\I'J'WllLGUNGU‘UW'Ns] WIBUNEUTENING

arsunsguleduluidivanslesuludlu v (Pepsi)

AMULNTY YOH deyaunaunismavauas (lulaswauunys)
(lalasluans) #151105§74 YOH YOH fidsluiaSasdu Pepsi
0.25 0.538 + 0.005 0.53 + 0.02
0.5 1.18 + 0.07 1.14 + 0.02
1.0 1.91 + 0.09 1.92 + 0.05
3.0 523 +0.14 5.07 = 0.07
5.0 7.97 + 0.05 7.9 +0.1
9
® Standard YOH
8 4 A YOH in Pepsi )
7
5 y = (1.54 + 0.04)x + (0.3 + 0.1)
3 R = 0.9983
g 5 i i
= .
T 4
=z
Z, y = (156 0.05)x + (0.3 % 0.1)
5 R2 = 0.9972
«
2 4 LlL‘.ﬁ"
1 l
o
0 1 1 1 I I 1
0.0 1.0 2.0 3.0 4.0 5.0 6.0

amaduduvasanslodulud (ulaslums)
JUN 3.20 HansAnywaveuuvsngUSEuLigUsEnITen e sgansieauludivasteaulul

Tuud (Pepsi)
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AN 3.13 wamAdygrunsnevausuesansleduluuiiaudutusigg wWisuiisy
sginansespuledululivansleduluiluesesnuyayuliiaaiaes

(Full moon white wine cooler)

AMuLdiudy YOH dryayraunisnauauss (lalaswauwys)
(lulasluans) #1501M5g74 YOH YOH finTuiAFasdiy full moon
0.25 0.538 + 0.005 0.56 + 0.03
0.5 1.18 +£ 0.07 1.2+01
1.0 1.91 + 0.09 20+ 0.1
3.0 5.23 +0.14 5.02 £ 0.02
5.0 7.97 £ 0.05 7.98 + 0.03
9 _
® Standard YOH
8 -1 )
YOH in fullmeon -
7 4
i
2 6 4 y=(1542003) x+(0.34 £ 0.08) _
@
= R2 = 0.9988 .
c 5 4
& |
=2
<
c 4 -
5=
=
T 3
E y = (1.56+ 0.05)x + (0.3 + 0.1)
e
< 2 . R? = 0.9972
1 4 2
0 I 1 I 1 1 1
0.0 1.0 2.0 3.0 4.0 5.0 6.0

AU dutuvesasleduluy (lulasiuans)

JUN 3.21 namsfnyinavesunsndiseuiisuseninansmannsgiuansleduludivansteduluy

Tuiasaspuyfayuliigaaes (Full moon white wine cooler)
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al' o a ¢ al Y v ~ a
M99 3.14 LLE@ngAn fgiy]']mﬂ'ﬁm@Uau@ﬂ%@ﬁﬂ'ﬁIﬂ83J1Uu‘1/|ﬂ']']iJLsUiJsUum']ﬂs] WIsungu

sevieansunssuleduludivanslesuludluesesruaosusnuudnlod

<9

(Smimoff black ice)

AuLdiudy YOH Heusyraunisaauauas (lulaswauwds)
(lulasluans) #1501M5g74 YOH YOH fisTuiAFasdiu Smirnoff
0.25 0.538 + 0.005 0.64 + 0.03
0.5 1.18 + 0.07 1.148 + 0.007
1.0 1.91 + 0.09 1.92 + 0.04
3.0 523 +0.14 50+ 0.1
5.0 7.97 + 0.05 8.1+03
? A e Standard YOH
8 -+ m YOH in smirnoff '
. ] :
&
2 6
& y = (1.56 + 0.01) x + (0.32 £ 0.04) .~
& > R? = 0.9997 l
= 4
< y = (1.56% 0.05)x + (0.3 + 0.1)
= 3 R? = 0.9972
€ 2 - ra
1 | =
8
0 1 1 I 1 1 1
0.0 1.0 2.0 3.0 4.0 5.0 6.0

AU uTuvasaswanluy (lulasiuans)

JUN 3.22 wans@nyinaveduisngiSeuiiiguseninansmanasgiuansiesuludivanslesuludl

Tundesnuaasuaniwudalad (Smirnoff black ice)
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M7 3.15 uanaAdeygan1snavaussetasleduluinauintusige) WIsuieusning

asumsguleduluiivansleduluiludinueasa (Crystal drinking water)

ANULINTY YOH Heyauaunismavauas (lulasuwauuys)
(lalasluans) #1531M3574 YOH YOH fifslutinAun3ada
0.25 0.538 + 0.005 0.65 + 0.02
0.5 1.18 + 0.07 1.11 £ 0.04
1.0 1.91 £ 0.09 1.91 +£ 0.02
3.0 5.23 +0.14 5.01 £ 0.07
5.0 7.97 + 0.05 8.1 +0.1
9 -
® Standard YOH
8 ¢ YOH in water ‘
o 7 - ‘
2
2 6
@ y = (1.56+ 0.01) x + (0.31 + 0.03) |
e
S 5 R? = 0.9999 &
? 4 o
=z y = (1.562 0.05)x + (0.3 £ 0.1)
G 3 -
2 Rz = 0.9972
€ 2 1 -
1] e
¢
O 1 I L) L) I 1
0.0 1.0 2.0 3.0 4.0 5.0 6.0

anututuvosasiedulud (lulasluand)

JUN 3.23 wansfnynaveduisngiSeuiiiguseninansmannsgiuansiesuludivanslesulud

Tuthdua3asa (Crystal drinking water)
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M7 3.16 wamIAdye IuNIRaUaUIUsansleBuluuniauuTusNgY WIsuIisy
seie ansuespuleduluilivansleduludlueiosnuduweidonina

(Zummer — mocktail)

ALY YOH Heygyraunnsnavauas (lulaswauuys)
(lalasluans) #13501M 5§ YOH YOH ii@silu Zummer mocktail
0.25 0.538 + 0.005 0.59 + 0.03
0.5 1.18 + 0.07 1.12 + 0.04
1.0 1.91 + 0.09 1.90 + 0.03
3.0 523 +0.14 4.99 + 0.06
5.0 7.97 £ 0.05 8.0+0.1
9
® Standard YOH
8 4 & YOH in Zummer moctail .
T 4
=
2
=
& y = (1.54 £ 0.02) x + (0.31 £ 0.06)
b% 5 4 R? = 0.9994 &
3
c 4 4
=
3 3 - y = (1.56% 0.05)x + (0.3  0.1)
:
c 5 . R? = 0.9972
14 e
)
0 I 1 1 1 1 1
0.0 1.0 2.0 3.0 4.0 5.0 6.0

AnANTuvasansledulul (lalasluans)

JUN 3.24 wansAnynaveuvisndiUSeuliiguseninansminasgiuansiesuludivanslesulud

lundasnuduesionna (Zummer — mocktail)



PN v Y o oA aaa o X
$H1519N 3.17 9]’]5']\‘1LLﬁﬂQﬂ']i@EJagﬂ']31®ﬂaUﬂu6U@Q']ﬁV|W§NU']GUu (n=3)
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Yy v aa Y v a av vy ' a v
Y anududumpuasll  anududunaeila Aaaesanay
LASDIAY ) ) o % RSD
(lulasluans) (lulasluans) nsldndudu
1.0 0.99 + 0.03 99 + 3 2.45
Wayulaud
v 3.0 2.98 + 0.05 99 + 2 1.62
AaLaas
5.0 4.82 + 0.08 96 + 2 1.61
1.0 1.02 + 0.03 102+ 3 2.69
aAasuan
3.0 3.03 + 0.07 101 + 2 247
wuanlad
5.0 50+ 0.2 100 + 3 3.49
1.0 1.00 + 0.01 100 + 1 1.33
Wus 3.0 2.99 + 0.03 100 + 1 1.03
5.0 4.80 + 0.07 96 + 1 1.38
1.0 1.05 + 0.03 105 + 2 2.40
alusn 3.0 3.12 + 0.04 104 + 1 1.30
5.0 50+ 0.1 100 + 2 2.11
1.0 1.01 + 0.02 101 + 2 1.59
FULUDS-
3.0 3.00 + 0.04 100 + 1 1.21
<
flanwma
5.0 4.90 + 0.07 98 + 1 1.40
1.0 1.01 + 0.01 101 + 1 1.17
Lfunsada 3.0 3.00 + 0.04 100 + 1 1.39
5.0 5.00 + 0.06 100 + 1 1.12
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unauuazdatauauuy

wiadansadl i Avauitudmsunsesaieastesuludmeta i naradaisuoun
Usulsarmtmensifuuluwanian (GrNPs/GCE) suiumailauengesnitvueluinan3uteliauny
WN3(Adsorptive anodic stripping voltammetry, AJASV) aglagneMinuiganauanilunsneg 3.7

Ao Usunansfluunluwanianiildusuugsiianthalnii 20 lulasndu Tdansazanedninles BRBS wudu

2

40 fiadtuans Ae 7.00 AngludnAldlutunaunisazaun 0.3 Thad wazldnanludunsunisazay 180

' [ '
] a v caa

U FeNRaUITUTUausauNnlgIude Iatanuldesizinauasldinarlunisnsiainfsings
Taeliaanududunse 2 929 Ao ¥2asnIAuudy 0.2 84 5 lulasluans waza9idsnaduuty

584 30 lulasluand lneflaunisidunssfe y = (2.35 + 0.02) x + (0.23 = 0.05) R?= 0.9995 uaz

(% IS5

y = (1.01 + 0.04) x + (7.3 = 0.8) R?= 0.9967 Mua19U HUAIAAN157ITA (LOD) Wihiu 0.07 lulasla

[

a1s kazilininAnn15ns19TARUS I (LOQ) windu 0.25 lulasluans (115197 4.1) Faderemutdy

(Y A

LEUATS ANINANITHTIDIALALTAINNANITASIVIATIUSUIUNR tatlSeuieunuaulaelunisnsiadn

ee

s i 9

a1sleduluundunneuntn (M99 4.2) wenanddslinani1svingnvest wdnga Tvan %RSD Tudig 4.4 -
5.4 % adadanuudugng lnedanadesesasmslanduauvesleduluiniuasluiiegiseglugig 96 +
289105+ 2% (915199 4.1) Fadulumuinusineeusulaves Association of Official Analytical

Chemists (AOAC) International (AOAC, 2012)

[ (%
aa Y

wonINUITNAM L VLLUGEsadlUUsegnAlgn1sliIne1fansdmiuni1snsa
as1zvansteduluunluieuluesasnulunsdluesnisasalausuen Aatun1snsIinasleduluilae
TN AY GrNPs/GCE datdunradanivnaululunisirldmdunisnsiadiasivaslesuluiifiodu

aNgUUNSFUEIUADUAI LA YR INTTUTIARTY



[
LY

M1517 4.1 asUUsEansAnYedds RN

Us2ANENNURINBNITASIAVAANS L aN TLNAIEAI B NN AIUNTIUW

& [ o
P9ANUTULHUATY

FAAMANITNSI27A

Fnafan1snsrdaladsunn

3 a v ¥ oaoa
ﬂ‘lLQﬁﬂ‘iﬂﬂﬁ:ﬁﬂ'ﬁlﬂﬂﬁUﬁu

0.2 ¢ 5 lulasluans

5 i 30 lalasluans

0.07 lulasluans

0.25 lulasluans

96 + 2049105 +2 %
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[
[y v

d‘ b} a a a a A =< (% av
AN 4.2 LU UNBUUTEENTN TNV ULV N UV UNUIIUII DU

. « o o . FnNAN1IMTIINLT
druanududunss  Yadrnien1snsaada (LOD)

WBnldaszi . . UTue (LOQ) Aag1enldunisnen 81989
(luTasTuans) (luTasTuans) .
(lulasluand)
HPLC-UV 12.13 - 970.32 0.15 0.51
HPLC-APCI/MS 12.13 - 485.16 0.008 0.026 NANAUIESNAUTTONTNNIILNA (Zanolari et al., 2003)
HPLC-ESI/MS 12.13 - 485.16 0.008 0.026
0.026 - 1.279 0.019 F3u
SPE and HPLC - (Pietsch et al., 2008)
0.003 - 1.279 0.006 Uaanaeg
GC-MS 25.6 — 2558.2 1.53 - nadenlfivasduledud (P.yohimbe) (Chen et al., 2008)
UHPLC/UV/MS 0.28 - 547.45 0.07 0.21 wWienldduleduduasndndusinileduluddududssnau (Sun and Chen, 2012)
Nonaqueous Capillary oy
25.6 - 255.8 2.6 12.791 sayulnsledulul (Chen et al,, 2013)
Electrophoresis (NACE)
BDD with differential ansannanduledud (Pausinystalia yohimbe)
0.25 - 90.9 0.13 - Y - - (Svorc et al., 2014a)
pulse voltammetry LLazﬂugI’aLWEJwaLﬂuwu (Rauvolfia serpentine)
BDD with FIA . o o
0.3-10 asannainduledud (Pausinystalia yohimbe) .
amperometry 0.15 - Y - n (Svorc and Kalcher, 2014)
10 - 100 uazduglaueiwaluuiiu (Rauvolfia serpentine)
determination
UHPLC-PDA-QTOF-MS - 0.13 0.51 wandugiansasuledulud (Cohen Pieter et al,, 2016)
HPLC-UV 1.279 - 25.58 4.22 - nAnfauaififansleduludidudiulsznau (Farouk et al., 2011)
UHPLC/MS 0.05-127.91 - - NARAMIIBNSLETY (Stanislava Ivanova, 2017)
GrNPs/GCE with
02-5 4 s X
Adsorptive anodic 530 0.07 0.25 LATINY UYU

stripping voltammetry
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A simple electrochemical sensor to detect yohimbine (YOH) was developed based on graphene nanoplatelets (GrNPs) modified
glassy carbon electrode (GrNPs/GCE) to improve the sensitivity. GrNPs/GCE was used as an adsorbent and a working electrode
in the adsorptive anodic stripping voltammetry (AdASV) for YOH detection. GINPs/GCE can bind to YOH molecule via the m-
7 interaction. The surface morphology and electrochemical behavior of the GrNPs/GCE was characterized by scanning electron
microscopy (SEM), cyclic voltammetry (CV) and AJASYV. Under the optimized conditions, the GrNPs/GCE exhibited excellent

adsorption and electrochemical detection of YOH with two linear ran
limit of 0.07 pmol L™!, and a quantitation limit of 0.25 wmol L™

§es of 0.2 - 5.0 pmol L™ and 5.0 — 30.0 pmol L™, adetection

. The GiNPs/GCE provided good repeatability, with relative

standard deviation (RSD) values ranging from 4.4 — 5.4%. This method was applied to investigate YOH contamination in beverage

samples and had good recovery (96 + 2% to 105 & 2%).
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Yohimbine (YOH) or 17a-hydroxy-20a-yohimban-168-
carboxylic acid methyl ester (C21H2N20;3) is an indole alkaloid
extract from Corynanthe yohimbe and Rauvolfia serpentina bark,
which are native trees used for medicinal compounds in South and
East Asia and Africa. Traditionally, YOH is an aphrodisiac that has
been used to treat sexual dysfunction and enhance performance.
Moreover, YOH has also been used to clinically treat cardiac disease
and impotence.” YOH is an a,-adrenergic antagonist that inhibits
the presynaptic a,-adrenergic receptor, which causes an increased
release of norepinephrine from the central and sympathetic nervous
system.’ The side effects from consuming YOH include increased
urination, high pulse rate, high blood pressure, headaches, hypoten-
sion, dysuria, dizziness, bronchospasms, nausea, insomnia, anxiety,
nervousness, vomiting, anorexia, sweating, tremors, skin flushes and
allergic reactions. Therefore, both yohimbine and food supplements
containing yohimbine are illegal in many countries, e.g., the United
Kingdom, Ireland, the Netherlands, Belgium, Denmark, Czech
Republic Canada, Australia and New Zealand.*> However, both
yohimbine and nutritional supplements containing yohimbine have
been used in several countries for increased performance, sex drive
and weight loss.** YOH has become a popular street drug due to
its sympathomimetic, aphrodisiac, and hallucinogenic properties.*’
However, previous studies report that YOH has an important impact
on human systems and has a high potential for abuse. Therefore,
simple and highly sensitive methods for the determination of YOH is
very important.

Several techniques have been employed for the determi-
nation of YOH, such as high-performance liquid chromatog-
raphy (HPLC),'"-"* gas chromatography (GC),'*'” capillary
electrophoresis,'® spectrometry'”'* and electrochemistry.'**' Among
these methods, electrochemistry is an interesting alternative for YOH
detection because the electrochemical technique is highly sensitive,
rapid, simple and inexpensive. There are several electrochemical tech-
niques. Adsorptive stripping voltammetry (AdSV) is a convenient
technique for trace analyses of many elements and organic com-
pounds because it has two steps: preconcentration and stripping. The
preconcentration step is advantageous for trace analyses.”> Several
types of working electrodes, such as hanging mercury drop electrodes
(HMDEs), boron-doped diamond (BDD) electrodes, gold electrodes,
platinum electrodes, carbon paste electrodes, and glassy carbon elec-
trodes (GCEs), have been employed in electrochemical studies. GCEs

“E-mail: warakom 1@ psu.ac.th

are widely used in electrochemical studies because they are inexpen-
sive, environmentally friendly, and reusable, and GCEs have wide
electrochemical windows.” However, bare electrodes are likely to ex-
hibit sluggish electron transfer. To improve the performance of work-
ing electrodes, the surfaces of working electrodes have been modified
with many materials. Graphene nanoplatelets (GrNPs) consist of short
stacks of platelet-shaped graphene sheets that are found in the walls
of carbon nanotubes; unlike carbon nanotubes, GrNPs are in a planar
form. GrNPs are an interesting material because of their properties,
including excellent electrochemical conductivity, nanoscale size, and
low cost.**%

In this study, a simple electrochemical sensor based on
graphene nanoplatelets (GrNPs) modified glassy carbon electrode
(GrNPs/GCE) for highly sensitive detection of YOH was developed.
GrNPs/GCE was used as an adsorbent and a working electrode in
the adsorptive anodic stripping voltammetry (AdASV) for YOH de-
tection. The aromatic rings in the structure of GrNPs can partici-
pate in pi-pi interactions with the aromatic ring of YOH, resulting
in YOH being closely adsorbed on the electrode surface. As a re-
sult, the detection efficiency increases, leading to high sensitivity and
low limit of detection. The morphology and electrochemical behav-
ior of the GrNPs/GCE were characterized and compared with those
of a GCE. The effects of several operational parameters, including
the GrNPs content of the modified electrode, operating pH, precon-
centration potential and preconcentration time, were optimized. The
adsorption and electrochemical oxidation performance of YOH on the
GrNPs/GCE were investigated by adsorptive anodic stripping voltam-
metry (AdASV). The linear dynamic range, repeatability, and deter-
mination of YOH in beverage samples were evaluated. To the best of
our knowledge, there has not been any report on the use of AdASV
based on GrNPs modified GCE for YOH detection.

Experimental

Chemicals.—YOH was purchased from Sigma-Aldrich (Italy).
GrNPs were purchased from Sigma-Aldrich (Spain). A stock stan-
dard solution of YOH was prepared by dissolving YOH in deionized
(DI) water and then stored in a refrigerator at 4 — 6°C before use.
Britton-Robinson (BR) buffer solution was used as the electrolyte so-
lution by mixing phosphoric acid, acetic acid and boric acid and then
adjusting the pH of the buffer with sodium hydroxide. All chemicals
were analytical grade. DI water was used for the preparation of all
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the solutions (18.2 M€2-cm) (Barnstead EasyPure IT water purification
system, Thermo Fisher Scientific, USA).

Apparatus.—All electrochemical measurements were performed
with an Autolab 910 PSTAT Mini, which was controlled by the PSTAT
software. A conventional three-electrode system was employed using
the modified electrode as the working electrode, an Ag/AgCl elec-
trode as the reference electrode, and a platinum wire as the auxil-
iary electrode. The pH measurements were performed with a pH/Ion
510 pH meter (Eutech Instruments Pte Ltd., Singapore). Electrochem-
ical impedance tests of the electrodes were performed by an Autolab
PGSTAT302F, which was controlled by the Nova 1.1 software. The
morphologies of the electrode surfaces were characterized by scanning
electron microscopy (SEM) (Quanta 400, FEIL, USA).

Preparation of the modified electrode.—A GCE was polished with
a sequence of 1.5, 0.5, and 0.05 wm alumina powders to obtain a
smooth mirror surface, and then the GCE was rinsed and sonicated with
DI water for a few minutes and dried with nitrogen gas. The polished
electrode was modified by dripping 20 pL of a graphene nanoplatelets
(GrNPs) suspension (2.0 mg mL~" in dimethylformamide) onto the
surface of the electrode and allowing the electrode to dry at 60°C.

Electrochemical t—The electrochemical behavior
of YOH and the modified electrode was characterized by cyclic
voltammetry (CV) from 0.40 to 1.20 V with a scan rate of 100 mV s~!
in an electrochemical cell filled with 5.0 mL of a 40 mmol L' BR
buffer solution (pH 7.00). The AdASV measurement was performed
in an electrochemical cell filled with 5.0 mL of 40 mmol L~! BR
buffer solution (pH 7.00). A few microliters of YOH standard solu-
tion was injected into the electrochemical cell, and the current due
to the oxidation of YOH was recorded. The AdASV technique had
2 steps: preconcentration and stripping. First, YOH was adsorbed on
the electrode surface at a set potential and time while being stirred; the
preconcentration and time were optimized. Following the preconcen-
tration step, the stirring was stopped for a 10 s equilibrium time. Then,
the YOH was stripped from the electrode surface, and the voltammo-
gram was recorded using linear sweep voltammetry at a scan rate of
100 mV s~ from 0.40 to 1.00 V.
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Sample preparation.—The 6 beverages employed in this work
consisted of alcoholic and nonalcoholic beverages that were purchased
from a local supermarket. The YOH standard solution was added into
vials filled with 5 ml of the beverage samples. Each beverage sample
had a YOH concentration of 2000 wmol L='. All beverage samples
were injected into an electrochemical cell at concentrations of 0.25,
0.5,1, 3, and 5 pmol L™ to study the matrix effect and at concentra-
tions of 1, 3, and 5 pumol L~ for the recovery test.

Results and Discussion

Characterization of the modified electrode.—The surface mor-
phology of the modified electrode was characterized by SEM. GrNPs
are thin flaky sheets with particle sizes that are less than 2 jum, as shown
inFig. 1C.The surface of the modified electrode (Fig. 1B) was rougher
than that of a bare GCE (Fig. 1A) because the GrNPs are homoge-
neously distributed on the GCE surface. Therefore, the GrNPs/GCE
had a higher surface area than the GCE. Moreover, the GrNPs exhib-
ited high electrical conductivity, which endowed the GrNPs/GCE with
enhanced conductivity and good electron transfer.

Ferricyanide ([Fe(CN)6]*~*~) was used as an electrochemical
probe to characterize the properties of the modified electrode. Fig. 1D
shows a cyclic voltammogram of the GCE toward 5 mmol L™!
[Fe(CN)6]*~#~, wherein the anodic peak occurred at 0.43 V, the ca-
thodic peak occurred at —0.04 V, and the difference peak potential
(AE) was 0.47 V. After the electrode was modified with GrNPs, the
anodic peak and cathodic peak occurred at 0.27 V and 0.15 V, re-
spectively, and the difference peak potential (AE) was 0.12 V be-
cause the GrNPs improved the electron transfer quality. Moreover,
the GrNPs/GCE provides a higher peak current higher than the GCE
due to the larger surface of the GrNPs/GCE. Moreover, the effective
surface area was used to confirm the increased surface area of the elec-
trode after modification with GrNPs. The effective surface area can be
evaluated by the Randles-Sevcik equation:

I, = (2.69 x 10°) An¥*D"/*Cv ' (1

For 5mmol L™! [Fe(CN)6]**~,n=1,D =1.45 x 10~ cm?s™!, and
v=50mV s~ The effective surfaceareasof the GCE and GrNPs/GCE
were calculated from Equation 1 as 0.067 cm? and 0.123 cm?, re-
spectively. These results reveal that the effective surface area of the
GrNPs/GCE was two times greater than that of the GCE.
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Figure 1. SEM images of the GCE (A), GrNPs/GCE (B), and GrNPs (C). C;/clic voltammograms and (E) Nyquist plots for electrochemical impedance measure-

ments of GCE and GrNPs/GCE (10 pg of GiNPs) in 5 mmol L™! Fe(CN)6]

~H= containing 0.1 mol L~! KCI (D).
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Figure 2. Cyclic voltammograms of GCE and GrNPs/GCE in BR buffer (pH 7.00, scan rate 100 mV, and potential 0.4—1.2 V) without (A) and with 10 umol L™

YOH (B). Cyclic voltammograms of GrNPs/GCE in BR buffer pH 7.00 containin,
relationship between current and v (D). Linear relationship between current and

Electrochemical impedance spectroscopy (EIS) is a useful tech-
nique for confirming the properties of the modified electrode surface
and the measurement resistances of the electrodes. Fig. 1E presents
the Nyquist plot of the GCE and GrNPs/GCE (10 pg of GrNPs) per-
formed in 5 mmol L~! [Fe(CN)6]*~*~ containing 0.1 mol L' KCI.
The charge-transfer resistance, which is determined from the diam-
eters of the semicircles in the Nyquist plot, is 9,699 @ for a GCE
and 791 Q for a GrNPs/GCE. The Nyquist plot for the GCE had a
large semicircular shape, which indicated the poor charge-transfer re-
sistance of the GCE surface. On the other hand, the Nyquist plot the
GrNPs/GCE had alinear and less semicircular shape, which illustrated
the high charge-transfer resistance of the GrNPs-modified surface.
These results indicated that GrNPs improved the electron transfer and
conductivity of the electrode.

Electrochemical behavior of yohimbine.—Cyclic voltammetry.—
The cyclic voltammograms in Fig. 2A show the background current
of each electrode (GCE and GrNPs/GCE) without YOH in an electro-
chemical cell. GrNPs/GCE had a more extensive background current

g 10 pmol L™! YOH at different scan rates (v) from 20-200 mV s~! (C). Linear

2 (E). Linear relationship between log current and log v (F).

than GCE because the GrNPs improved the conductivity of the elec-
trode, which provided a larger background. Fig. 2B shows the cyclic
voltammograms of YOH, wherein two irreversible oxidation peak cur-
rents were observed. The first peak was noticeable, and the second peak
was less obvious. When the GCE was used to detect YOH, the first
and second peak currents occurred at 0.70 V and 1.08 V, respectively.
After modifying the electrode surface with GrNPs, the potential of the
peak current of YOH decreased to 0.68 V and 0.85 V for the first and
second peaks, respectively. In addition, the GrNPs/GCE provided a
higher peak current for YOH because the surface of the GrNPs/GCE
was larger than the surface of the GCE, which enhanced the charge-
transfer resistance and improved the electrical conductivity.
Moreover, two oxidation peaks were observed from the cyclic
voltammogram of YOH according to . Svorc’s study.® The two
oxidation peaks occur because YOH donates 4 electrons and protons
in a 2-step oxidation mechanism. The first oxidation peak at 0.68 V
may be defined as the oxidation of the hydroxyl group of YOH, which
included two electrons, and two protons were removed to create a
ketone ring. Afterwards, the second and very poorly defined peak at
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0.85 V is probably associated with the oxidative deprotonization of
the carbon at position 6. Moreover, YOH can offer a number of sites
for deprotonization up to 12 electrons in pairs.”®

Effect of the scan rate.—The effect of scan rate was studied to
explain the behavior of YOH on the GrNPs/GCE by CV experiments
with a constant concentration of YOH at a scan rate between 20 and
200mV s~!, as shown in Fig. 2C. The peak current of YOH increases
with increasing scan rate. According to the Randles-Sevcik equation,
the linear relationship between current and scan rate represents the
adsorption control process, and the linear relationship between current
and the square root of the scan rate represents the diffusion control
process.”” As shown in Fig. 2D, a plot of the peak current (i) versus the
scan rate (v) is expressed by the following equation: y(i,) = 0.1628v
(mV s71)-1.9733(nA) (R? = 0.9948). As shown in Fig. 2E, a plot
of the peak current (i) versus the square root of the scan rate (v'?)
is expressed by the following equation: y(ip) = 3.0603v(mV s~!)"2—
14.816(jLA) (R? = 0.9626). In this study, a linear relationship between
the peak current (i) and the scan rate (v) was obtained, which is typical
of the adsorption control process.

Moreover, the slope of the plot between the log peak current (log
ip) and the log scan rate (log v) can confirm the type of process: slopes
of approximately 0.5 or 1 indicate that the process is due to either a
diffusion or adsorption control process, respectively.”* A plot of log i »
versus log v is presented in Fig. 2F and is expressed by the following
equation: y (log i,) = 1.1453log u(mV s~!) — 1.1497 (R? = 0.9923).
The slope is 1.1453 for YOH, which is close to 1, confirming that
YOH was adsorbed on the surface of GrNPs/GCE. This result reveals
that the electro-oxidation of YOH was an adsorption control process.

Optimizations.—To improve the good adsorption and electro-
chemical performance of the modified electrode (GrNPs/GCE) for
YOH detection, the fabrication condition (i.e., GrNPs content) and
operational conditions (i.e., concentration of BR buffer solution, pH
of BR buffer solution, preconcentration potential and preconcentra-
tion time) were optimized. For the fabrication condition, the effect
of the GrNPs content was tested with conditions; 40 mmol L~! BR
buffer solution (pH 7.00), 0.00 V preconcentration potential and 60 s
preconcentration time. In case of the operational conditions, the effect
of the concentration of BR buffer solution was tested with conditions;
20 pg GrNPs, BR buffer solution pH 7.00, 0.00 V preconcentration
potential and 60 s preconcentration time. The effect of the pH of BR
buffer solution was tested at 40 mmol L~! BR buffer solution. The
effect of the percencentration potential was tested at 40 mmol L™! BR
buffer solution, pH 7.00. The effect of the percencentration time was
tested at 40 mmol L' BR buffer solution, pH 7.00 and the percencen-
tration potential of 0.3 V. Each of these parameters was investigated
by analyzing a series of YOH standard solutions in the concentration
range from 1.0 to 5.0 pmol L™'. Optimizations were carried out by
changing one parameter and keeping the others constant. The sensitiv-
ity (slope of the linear relationship between the current response and
the analyte’s concentration) obtained at each condition was compared
and the optimum condition was considered to be the one that provided
a high sensitivity. All measurements were performed in triplicate.

Fabrication conditions.—GrNPs content.—The effect of the GrNPs
content on the modified electrode is shown in Fig. 3A. Fig. 3A shows
that the sensitivity was increased when the GrNPs content was in-
creased to 20 pg because the modified electrode enhanced the surface
area for absorption of YOH, and the GrNPs improved the conductivity
of the modified electrode, which assisted the electron transfer. How-
ever, excessive GrNPs content on the electrode surface reduced the
electrical conductivity and inhibited the electron transfer on the elec-
trode surface (Fig. 3B).” In this study, the results showed that when
the GrNPs content was greater than 20 g, the sensitivity decreased.

Simultaneously, the effective surface area of the electrode was mea-
sured to confirm the relationship between the GrNPs content and sen-
sitivity. Following the Randles-Sevcik equation, the effective surface
can be calculated as shown in Fig. 3C. The effective surface area ex-
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Figure 3. Effect of the GrNPs content on the sensitivity of the GrNPs/GCE
(A). Cyclic voltammograms of GCEs modified with various GrNPs contents in
5 mmol L™ Fe(CN)6]°~#~ containing 0.1 mol L~! KCI (B). Effective surface
areas (cm?) of GCEs modified with various GrNPs contents (C).

hibits the same trend as the relationship between the GrNPs content
and sensitivity. The bare GCE has an effective surface area of 0.067 &
0.004 cm?. After modification with GrNPs, the effective surface area
was increased when the GrNPs content was increased. The most ef-
fective surface area was 0.1385 £ 0.0004 cm?> when the GCE was
modified with 20 g of GrNPs, and then, the effective surface area was
decreased. Excessive GrNPs content on the electrode surface made the
surface too thick, which inhibited electron transfer. Therefore, 20 pg
of GrNPs was used for further studies.

Operation conditions.—Effect of the concentration and pH of the BR
buffer solution.—The supporting electrolyte has an effect on the sensi-
tivity of the GrNPs/GCE to YOH. This study used BR buffer solution
as the supporting electrolyte in the electrochemical cells. The effect of
the concentration of the BR buffer solution is shown in Fig. 4A. The
highest sensitivity was observed ata BR concentration of 40 mmol L™,
and then the sensitivity decreased as the BR concentration increased;
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Figure 4. Effects of the BR buffer concentration (A), BR buffer pH (B), preconcentration potential (C) and preconcentration time (D). The calibration curve of
YOH under the optimum conditions (E). Adsorptive anodic stripping voltammograms of YOH at concentrations in the range from 0.2 to 5.0 pmol L~! (F).

this phenomenon likely occurs because as the viscosity increases when
the concentration of the BR buffer solution increases, which decreases
the migration of the analyte on the electrode surface. Fig. 4B shows
the effect of the pH of the BR buffer solution, which was studied in
the pH range of 5.00 to 11.00. The first anodic peak potential shows
a negative shift by increasing the pH of the BR buffer solution. The
sensitivity of YOH reach their maximum value at pH 7.00. Therefore,
to avoid the possible interference in real sample, 40 mmol L~' BR
buffer solution pH 7.00 was selected for further studies.*

Effects of the preconcentration potential and preconcentration time.—
The preconcentration step is important for AAASV. Determining a
suitable preconcentration potential and preconcentration time will in-
crease the amount of YOH adsorbed on the surface of the GrNPs/GCE.
The effect of the preconcentration potential on the sensitivity of the
GrNPs/GCE to YOH was studied from —0.1 to 0.4 V; the highest sen-

sitivity was observed at 0.3 V (Fig. 4C). The effect of the preconcen-
tration time was also studied from 30 to 300 s at 0.3 V. The sensitivity
increased from 30 s up to 180 s and then was quite stable at longer
times (Fig. 4D). Therefore, a preconcentration potential of 0.3 V and
preconcentration time of 180 s were chosen for the preconcentration
step and used in further studies.

Analytical performance.—Linear dynamic range.—A linear rela-
tionship was plotted between the concentration of YOH (Fig. 4E) and
the anodic peak currents (Fig. 4F). As shown in Fig. 4E, there are 2
linear ranges for the GrNPs/GCE to detect YOH at 0.2 — 5.0 pmol L~!
(Fig. 4F) and 5.0 — 30.0 wmol L~! with sensitivities of 2.35 pA/wmol
L~ and 1.01 pA/umol L', respectively. There are 2 linear ranges
due to the different forms of the absorption of YOH on the surface
of the GrNPs/GCE, in which a low concentration of analyte could
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Figure 5. Repeatability of the current response of the GriNPs/GCE from six different electrode preparations.

be adsorbed as a monolayer on the surface and create a linear range
with a higher sensitivity than that created by a high concentration of
analyte, which could be adsorbed as a multilayer on the surface of
the GrNPs/GCE.”' The detection limit (LOD) and quantitation limit
(LOQ) were calculated by using LOD = 3(S,/b) and LOQ = 10(S,/b),
respectively, where S, is the standard deviation of the intercept and
b is the slope of the calibration curve. The values of LOD and LOQ
calculated as described above were 0.07 and 0.25 pmol L™, respec-
tively.

Repeatability.—The repeatability of the modified electrode
(GrNPs/GCE) was studied by preparing six electrodes and then com-
paring the peak current from each electrode at various concentrations
of YOH (0.5, 1.0, 3.0, and 5.0 pwmol L™'). Fig. 5 shows that the
six preparations of GrNPs/GCE provided relative standard deviations
(RSDs) between 4.4 and 5.4%, which are acceptable RSD accord-
ing to the guidelines of the Association of Analytical Communities
(AOAC). Therefore, the repeatability of the six electrode preparations
was acceptable.

Interferences.—To develop this method for investigating YOH con-
tamination in beverages for aphrodisiac purposes, possible interfer-
ences that could affect the determination of YOH were investigated.
The effects of various potentially interfering substances, including su-
crose, sodium, potassium, carbonate, alcohol, ascorbic acid and citric
acid, were evaluated by adding the interfering combinations to an elec-
trochemical cell containing 5.0 pmol L~ of YOH under the optimized
conditions. The interference criteria for each combination in the ob-
tained recovery for a solution containing YOH was set at 3=5%. Table [

Table L Tolerance limit of interfering substances on AdASV
detection of YOH using GrNPs/GCE.

Substances Concentration (pmol L™1)
Sucrose 250
K+ 250
Na* 250
Carbonate 200
Alcohol 150
Ascorbic acid 50
Citric acid 50

shows that citric acid and ascorbic acid had the highest interference
potentials, and these substances had lower concentration limits than
the other interferences. However, the results in Table I also show that
molar excesses of sucrose, sodium, and potassium less than 50-fold,
a molar excess of carbonate less than 40-fold and a molar excess of
alcohol less than 30-fold did not interfere with the determination of
YOH. This finding indicates that the GrNPs/GCE is selective for YOH
in comparison with the tested potential interfering combinations.

Real sample analysis.—The proposed method was applied for the
determination of YOH contamination in six selected beverages, Sprite,
Pepsi, Full moon, Smirnoff, Zummer cocktail, and drinking water,
which were purchased from local supermarket and spiked with stan-
dard YOH. The matrix effect of the beverage sample was studied
under optimized conditions. The matrix-matched curves of each bev-
erage compared with a standard YOH calibration curve are presented
in Fig. 6 and analyzed by a two-way analysis of variance (ANOVA).
There was no significant difference at the 95% confidence level, so
there was no matrix effect.

Recovery tests can indicate the accuracy of the proposed method.
The %recovery values were calculated from the YOH concentration
after each beverage sample was spiked with standard YOH. The %re-
covery values range from 9642 to 105+2% (Table II), which is ac-
ceptable according to the AOAC guideline (80 — 110%). This finding
indicated that the proposed method can be used to determine YOH in
beverages and has good recovery.

Conclusions

This work presented a simple electrochemical sensor based
on graphene nanoplatelets modified glassy carbon electrode
(GrNPs/GCE) for the determination of YOH in beverage samples with
good adsorption and two unique electrochemical oxidation peaks of
YOH. Under the optimized conditions, the GrNPs/GCE successfully
determined YOH contamination in two linear ranges of 0.2 — 5.0 umol
L~ and 5.0 - 30.0 pmol L~! with sensitivities of 2.35 wA/pumol L™!
and 1.01 pA/umol L™}, respectively, a low limit of detection, a low
limit of quantification, good repeatability, and no matrix effect from
the beverage samples, which helped decrease the time for analysis
and allowed good recovery. In comparison to other techniques for de-
termining YOH (Table III), this GrNPs/GCE provided a low limit of
detection. In further applications, this method can be used to determine
YOH in beverages for forensic cases.



Current response (uA)

Current response (uA)

Current response (UA)

Figure 6. Comparison of standard YOH calibration curve and matrix-matched calibration curve obtai

Journal of The Electrochemical Society, 166 (10) B771-B779 (2019) B777
Sprite A Pepsi B
10 10 i
...@.... Standard calibration curve <..@.... Standard calibration curve
-
% <e-fA+- Matrix-matched calibration curve b é B <ol Matrix-matched calibration curve o
64> (1.59+ 0.03) x + (0.31 + 0.09) g 6 ¥y (1.5420.04)x +(0.3£0.1) et
=
R:= 0998 @ § R* = 0.9983
4 3 a5 4
2 3
2 ' ¥ = (L56£0.05)x + (0.3+0.1) 5 2 o ¥ =(1.56+ 0.05) x + (0.3 0.1)
o R=0.9972 &Y R* = 0.9972
0 - - \ 0
0.0 10 20 3.0 4.0 50 6.0 0.0 1.0 2.0 3.0 4.0 50 6.0
Concentration of YOH (umol L) Concentration of YOH (umol L)
Full moon c Smirnoff D
10 10
<.-@--- Standard calibration curve ...@.... Standard calibration curve
-
g | ke Matrix matched calibation curve N é g | e Matrix matched calibration curve 3
S 3
H
6 { ¥ =(1.54£0.03)x + (0.34+ 0.08) S 6 {y=(156£0.01)x+ (0.32+0.04)
R! =0, ] R? = 09997
4 s 4 g
S
2 - v = (1.56 £ 0.05)x + (0.3£0.1) 5 2 o ¥ = (1564 0.05)x + (0.3£0.1)
‘,A"" R = 0.9972 ‘.l" R* = 0.9972
0 0
0.0 1.0 2.0 30 4.0 50 6.0 0.0 10 2.0 3.0 4.0 5.0 6.0
Concentration of YOH (umol L) Concentration of YOH (umol L)
Zummer mocktail E Drinking water F
10 7 _@....Standard calibration curve 10 ...@ - Standard calibration curve
5 <vedh-o Matrix-matched calibration curve g 3 <+e-Me++- Matrix-matched calibration curve .
@
g
6 1y =(154£0.02)x + (0.31  0.06; 2 61 ¥=(1.56£0.01)x + (0.31+ 0.
Ri=09994 2" g R=09999 .
4 i @ 4
2
3 - ¥={L56£0.05) 2+ (03 0.1) 32 ¥ = (1564 0.08)x + (0.3% 0.1)
.,,l" R:=09972 ...." R: = 0.9972
0 0
0.0 10 2.0 3.0 4.0 5.0 6.0 0.0 10 2.0 3.0 4.0 5.0 6.0

Concentration of YOH (umol L)

Concentration of YOH (umol L)

d for six b 2 pl

(Sprite (A), Pepsi (B), Full

moon (C), Smirnoff (D), Zummer cocktail (E), and drinking water (F)).

Table II. Recovery analysis of YOH in the beverage samples.

Beverage YOH spike (umol L™ YOH measurement (jumol  Ca 9oRecovery 9% RSD
Full moon 1.0 0.99 & 0.03 9Ot3 245
30 298 + 0.05 9 +2 1.62
5.0 4.82 £ 0.08 96 +2 1.61
Smirnoff 1.0 1.02 £+ 0.03 102+3 2.69
3.0 3.03 £ 0.07 101 +£2 247
50 50+02 100+ 3 349
Pepsi 1.0 1.00 + 0.01 100+ 1 1.33
3.0 2.99 £ 0.03 100+ 1 1.03
50 4.80 & 0.07 96 + 1 1.38
Sprite 1.0 1.05 + 0.03 105+2 240
30 3,12+ 0.04 104 + 1 1.30
50 50£0.1 100+2 2.11
Zummer Mocktail 1.0 1.01 £+ 0.02 101 +£2 1.59
3.0 3.00 £ 0.04 100+ 1 1.21
50 4.90 + 0.07 98 + 1 1.40
Water 1.0 1.01 + 0.01 101 +1 1.17
3.0 3.00 £ 0.04 100+ 1 1.39
5.0 5.00 £ 0.06 9 +1 1.12
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Table ITI. Comparison of the analytical performance of the proposed method other techni for the deter ion of YOH.
Technique Linear range (umol L™')  LOD (umol L™!)  LOQ (pmol L™') Sample Reference
HPLC-UV 12.13-970.32 0.15 0.51 Commercial aphrodisiacs 7
HPLC-APCI/MS 12.13-485.16 0.008 0.026
HPLC-ESIMS 12.13-485.16 0.008 0.026
SPE and HPLC 0.026-1.279 - 0.019 Serum 32
0.003-1.279 0.006 Urine
GC-MS 25.6-2558.2 1.53 - Dried powder bark of P. 14
yohimbe
UHPLC/UVMS 0.28-547.45 0.07 0.21 Yohimbe barks and related 11
dietary supplements
Nonaqueous Capillary 25.6-255.8 26 12.791 Rauvolfia yunnanensis herbal 33
Electrophoresis (NACE) drug
BDD with differential pulse 0.25-90.9 0.13 - The extracts of Pausinystalia 26
voltammetry yohimbe and Rauvolfia
serpentine
BDD with flow injection analysis 0.3-10 0.15 - The extracts of Pausinystalia 21
(FIA) amperometry determination yohimbe and Rauvolfia
serpentine
10-100
UHPLC-PDA-QTOF-MS - 0.13 051 Yohimbine supplements 13
HPLC-UV 1.279-25.58 4.22 - Yohimbine-containing 34
product
UHPLCMS 0.05-127.91 - - Food supplements 5
GrNPs/GCE with AASV 0.2-5.0 0.07 0.25 Beverage sample from a This work
simulated situation
5.0-30.0
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