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Ph.D. Thesis A. U. Alam McMaster University Electrical and Computer Engineering

Chapter 1

| ntroducti on

l1.1lmportance of water quality mo

Access to safdrinking wateris fundamental to human development and elihg.Safe

water isconsidered asne of the most effective instruments towards promoting health and
reducingpoverty, yetonly 71% of the world population have access to saf&idignvater,

and 2 billion people use drinking water sources contaminated with fHi§cesaking it

one of the major public health crisis in many developing and underdeveloped countries.
Key contaminants imntreatedourcewaterinclude microorganisms such as viruses and
bacteria; inorganic compounds such as salts and metals; and orgamiatisentaminants

such as pharmaceuticals, pesticides and industrial effluents. Most of the traditional
treatment technologiesannotfully eliminate the organic contaminants in the finished
drinking water. In fact, witlever increasinggeing populationvorldwide and associated
intake and improper disposal wiedications, the presence of pharmaceuticals in drinking
water is becoming an emerging water problgn2 rherefore, monitoring of these
pharmaceuticals in drinking water is of critical importance to ensure safety aroeiva|

of public health.

Anot her two i mportantrarpiHkamg fwaeerciplaom@im
which canqiumadifdc&¥the twkae er. A certain concen
in drinking watneircrtoor gamsoaime ctainighet he f r e
concentrdependeaetem@mH &frewanee. of heavy met
drinking water hazardTher esfoonree ,p ac @it nmoef u otuhs

" Part of this work will be submitted for consideration for publication as: A. U. Alam, MR NHowlader,
N.-X. Hu, M. J. DeenCarbon nanomaterials baseléctrochemical sensors for pharmaceuticals monitoring,
April 2019. (in preparation)
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monitoring of the | evel oafl opnHy awidt hf rreeeg uclhal rc
of phar maceatviycaneds dardi nkiab,anmckecread i pmoces
can pranv m@ e opvuebdl i ¢c shkal o wevaventi onal an:
instresmemt sas bul kyexpldnel eet foeeandab-oui ne

Nt ehseavegy mphmadc eawntdi c al sensi ng ltoenc hrneisgpuoenss

ompl ex ,epecibfitypdh o hfumaguemtr cmas nsernaaner a
| ectrochemical sensors are <cheaper, s mal |
|l ectroscsleasiocat e desideamaaladadrloimoeoint or i ng C
har maceuti capld, arma afvnedenednwkld @regr n e

T ®© @@ O

I n this chapter, we i ntr ome fcleocofdhhaer niarcpeou ttiacna
heavy pttadnd , free chlorine sensing for drin
di scussedetteoehéemical $ daefsa megme netcihonn eqdu efs a
T h etseec h nii nqgcuheusd ¢ a Abnaesterdy s ens oc b efnoacrarhkd eeudt i c ¢
and heavy met al s seNnan c g ammeardcs rgatnrséoorrss o me
el ectrochamd c &Ir e ggskHeantsli onngir meWed e ds uanmbarnide f
companbofi hssensbruct ur ecso n doi e rnoastisingn snme lhav ant
mat er i aslosme @e@adf or mancesumgds aanset ergi t vy, sens
response time and stability of each type o
provaldewigt h the specificationeaoh s$bdes@ropo
the system. Finally, the resemmraesherctoend ri bu

1. Research background

Drinki ngguwhiseyev ablyu tbsigoth y scihceomi cal .paeamet er
par amertog/buwdt not plHi, mfreeé tcdhl orine concentr a
oxygeneonuctivity, @&r veawiicetd arsb oconf| 3dtfanmcd oor
recentncoyndarmd ,nants of emeswdmgascomlt&ar ma  eClEt
organic mi cropoll utants have drawnnsgmmens

Painkillers, hor mones and antibioticms are
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aguatiosyistlesmt fully understood
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Odirespectively, according [t®TBRNECdlaEHd D. r
estradi ol ( E2) 2watdq ®isshpjencd teesd steansbhe i vity d
met hodpB.BTghyenor e c o nacseprencitnsgp roefsenice CELC t hes
phar maciemtenovailrscanrtebat t ha&yp aear nior ditvhiedu alnl vy
compl ex mimbybyeadnubsshnabl gi sThulse fuf beicg wi. t

nat ur e poft etnhe 88Bdpyhatromaicenti cal enei nftdeeas
4
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necetssoi bgptter under st amdl telteil rodoha @lurgrham coewt

cost+toesesyhg Begbitive monitoring tools

pHf ree chl ori neseannsdi hhgpeavy met al

The wa&dl ue and free ohHl drriime i aagn oveart teir a galr oeh dch
we-bkei ntgheofnat ur al heunnvhiaradirthnee mptH aonMfdc ah ua gqoeo u:
defined as the negati vecamamenotnr d toigamn i dfh mh y
(EOYby the foll:owing equation

pH= -oggH,O" § (L)

The pH values normally range from 0O to 14,

i ndi cates acmedaincs, aanbdd spH > 07 uti on

The recommendgeddevwelti mom drinking wat.er i S
according to the Worl d[ K6 aTHtedn IC@ K ggauni i dzeal tiinoen
recommamadedower rang &.]Ainfp H6 a boufeé owaB te§ i de t h e
recommendend trhaengki stri butpomne styisdtlehmgand @lulli €
treapmentsseeasyvdrmtad apniayi eaddfadhettFyor Evwwmpl| pH

val mayg i nldeacgghtiand ni tri | #;&#htei manM oif ntdiw actaetre
presence of micdoaer dgpanoitddures ciorfl i watoe ri i esi ¢ n
[ 4;3p]JHval nessi dangédeofmad tox c b @ c adiucke ntiocd | Spi
di sinfectiwhg cdh ecnainc driressaud d © iten eoafh me ft4.43yst e
Ot her effects of gasrnte@ulindteddSpplddbrnosudeat oD
pi geds6]and i nefficfi edrti rdidrivhTleett enfeoerdes, tpoH b e
regul arly moni tdoi envka tmégr atfatneds tdaesettsr i pfud&]i on s

Chl oricnalno @l wi th and destr olyotdhies exasstessi ngu r |
bacteria sanncdhEsashesieshi a col i O157: HT7, Sal i
Shigell a, CQvai niopr yolloce bcadoc taenrd, , P sneaukdi onngo niats an i de
for di siwateecrt itorne aftrn®]nHo weewstoemimr ol | ed use o

necessarysdfoe easdiref i eatdioveniwdihgirnf eflchte WH

5
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recommended concentratior dfo SBhlpmiritise qoren( g
forefafnecti ve disinfection ap80hEc8&phadhedr e
f otrhe maxi mum r eincwealt natdiromikneng &L egr IS
Morepvémhe suggested concentrati oandf ofroofd e
processliniBgpppman®&®D20@pm reslpypf§EB8Le®w hl orine

concenmagaausoen o mpl et ¢ dumhseirrefaesc thii oyehy ceomecreent r
the | evel 0 fb a seadroailem me ti ma nteh p 5. Tfheatt ehck Watees
chl oconeeni ndartiinokni ng water I Sreguicmiutg oeal

moni t.oring

Heavy met aé¢add ,6RE)X i a&s metadr iaaclcsumul at es i n
adveefsfeects on [Ibibfhxmasheaddewel opment al and
di sorders in childrenandndenaktrdgsewdnibt pod
concentrations range whi ch S5dAe sHoa avi @alusd y
caucsaencer ilnunkg,dnedryesbrex mosed f or[ S5L%HM@ peri
recommended guideline for &%@ad/darl,D mgprjjor P
Thus, carefullew®Ilns tiomithagp owatdeérs i s requirec

1.22Conventi omalt ewaygsuadfi ty monitoring

Phar ma c esuetn scian gs

Convenniaobpgtad clani ques for phar maoeetsitofglas | ®t
bubkarmaceutical/ drugi mtae emp hd st etss ,wefl d r mawsl
i mpurities g ndandde gb iaadlad g ioma l sampl es cont
me t a b.oTh ea reaslaysssiasy/ met hods [ 6,6 ] s pgectfrb@®ma tnrew

chromat ¢ 6RBd@amy capill af g4Tdleodntvrecgh emng@di s

technofguersmacamud i c &a$ scnaenteabbedhleirt equant iet ati ve
and t meyeexatreensi vely applied icno mphaer epdh atromatche
water quality monitoring



Ph.D. Thesis A. U. Alam McMaster University Electrical and Computer Engineering

Ti tri met roifc ameatd bycsd rsi gismanlewph evuged n t he midd
centGaiyyussac invented tinile 3\60 lenbmesthrgiueednmie tyh o
the origin ®kEspetm betngtiveny mbdembiyvhed,

i ncor ppotag ntnigomet r i ¢ teredi efipori onvti ndge ttehcet | @me c i
met hibsdt abhgsesacti omi nkat iec mewasr matihd | teh ew
devel opment of f u nicntii torniarhe tgrAcou g m eatfigdeldysei s

met hods r edacl utdiermel odfmbor , hi gh precision a
referenceTi sneamdar aseruecheds f or the determina
al bendozole and gabapentim.Nomqueammer ctiiatlr a
met wad used for t par @ é[p&@&ipti rniamhadorny | osfo sbeen
fotrhe estimation of degradat iion aplrda d u otns t

application i[®.7drug estimati on

Spectrophot oreturnidc ame ti hmpabwatramatc apfplioa qve i isn bas
omatur as olJpyt iadbon and ¢ B6@imi ctahli st knaecttheobdh,e ct i ¢
transmission pr opesrtaealnynoeft adalarsenemat ef umatt i on
wavel @dmgt lad viannctllagaoeesa s u rteimmeentand | abaolroncgo ns u
withphegifgse otnr.op hot ometcdUMaY einstedt gheocdtsr o pph ot o me
derivati ve , smeecatrr oiscfopayr ed spact re@ag c ompayg n(en
resonance specUVVoisscopegc t(rNaiRhav e mébeen ext en
applied in the anal ysi $ G@LT Ipskeaor| noar ci emuettirci acl nde
generall youl o Wrase dchigesng Hf eox mat i gn (xdedaot ii @m
reducti onapdcatt8l¥wtai c ef fect .

Derivativeispectetabstobapgve i nvesnhiigcshesohi ant
or upper derivatives of absoepanteidnvatstheene
1950s. Ho weevcehrni qule r eetcted wieieo ntl o d hghet at i on a
complexity of gener ati ng iiesriibvlag | svpee cstpreocpt hr
and gradually caughtodutéendohonf wmthbr bbhempu
NI RS sal h plw a ndde sntornuct i ve procedure that prov

of al most.Theyadthatantagey samplueepreparati on
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treattmeentics beof optadeprusken @lf e dsoprbeexttrruanc t i on
othemi cal and physiNMR wasmpflier spta rraenpeotretresd i |
drug mplretaf teearumbheiscth@ftdhaer t apweoaclsess abl i s
in botbephacmbh and [akt3]Jdemi c research

(a) (b)
HPLC COLUMN
————— ] —b[ Mass Analyzer ]—P Detector
INJECTOR
SOLVENT PUMP WASTE %
—

FiguR.&chematic diagram of

(a) High Performance Lig
HPL&CoupMaesds SpectrasSgopystkemL C or

phar maceuti cal ana

Common chromatography technique$74ingh ude
performance thin [I6a3ephercthomomanogr bpgyi d ct
HPLC)Y,5]aamd ghr omp7.6 pAnaoprhgy t hese techniques,
mo s t wi del yHEsE€@di sysat ¢ mcrhmm oonmfat oglr ambhny t hat
anal yte i n a tshoel vneonbtialt ek hpohgens ea s e s snunr ewitthhr o u
chromatographi c mptekikangp/sandadadsromianmggs polhasen |
Figlh(@a) The ne axmipdreear ri ed by a moving carri e
or nigerogelnat itimg ftloidTomeahcomponents of the s
t heol umn at d it fiTes.seen t v avied coict if w1 ct i on of S p
i nteractions owmi ttha g#iheen aardys oprhbaesnet. Thei vy el oci
determi hedchgmi cal nature, toweolnmmruraendTfon
compositthieomodfi | e phase. The itelmkt earerdgybi ch
from thedefolmends asetention time. i phetreuént
condiptrioovmsi dent i fying char actHePrLi€Cathepandt e,
and identify compounds that can be dissolywv

parts pienr pgharmaoeautlfi €all formul ati ons
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Al t hdHPdHC provi desl ua it dva&j oan ad hyasri ma sefut h € a |

' imitations include price of columat ytbBel v
analdse sto the pr optrateit@amgroynamhuia spea oKi ng.

chromatography omamisi sedEMB)y omsef rcyoo@Ek der ed ¢
one of the most importanth2ddeehtfiwgyRBRecent Ity
HPL-KS has beetnheessaghodbdmaceut i cl[adn8Qdvampo un d s
spectromesg ry §iMdbQ Bagtsoamosf mol ecul es to facil it
and detection in accordance ,widlhs a hmanawmod -
to chaidge GiN&Et e ohni miuetameagad at accordance wi
physical and ¢fhoelmiociad d opbrijof poéne tode smponent s wi
peakt hddterbased on thejrasaseshaemai-it cgaulmley s
1-2( b)

Heavy metals sensing

The U. S. Environment al Protection Agency (
known Mest h(old 200. § 2Retvvhod . 20 @in@r Rekhe anal y:
|l ead | nwadtfebrdk nmoghnbet ho & enl ospteadnadbagradni zat i ons
acommemanaf awitwwbregseanrsusal so approved by the
Met hod3 I ISGMBPHA et al .-96 2a0MW®B0 B3 OBHSHNM, 1996,

and Panteitnhtoedst1 001 ( U. S. EPA/]THRO Y the2l0i0NPea
inductively kOBplédwpdadbma g@machromadc omgo g
(G@S)Yraphite furnace atomic absorption spe

anodgici plpt agmetory (ASV) to analyze | ead.

pH sensing

Conventisemali ngHt echnol ogi es for wagleassqual
el ecbasedd pHwhmectheirwmasnt ed by Armoll8&3Beakand
commer ci al | &&dT hen fli93shimp poiHas egelit ed 58 @d teici g od e

devel oped by F. Haber and Z. wKtbmanshaewumz
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ampl [ BlDEfferent typemerdge dplbld seswveg s | decac
whicbul d be catthrgoe i madechempebangdgb2)s,
el ectrochemi €Ca)ptsemdodsshn sabr & gd saseesdaryasn e
based el ectr ocahreentidrtea IImlced te cad a nsoeersd ¢yr sised pH

A lgass eulscaxloloywai msl o famasdpeeci fi ¢ gl ass (for
containing | itimumn eorrn astoydpiowmaliidgnndr (dr ochl or
orbuf fered chlanindeer sal uteipers)aly oge/ chll ovrei de
Ag/ AgGlat uealt eciel elagdtarsecde®), pdmad t8i¥%h eenl ect r
anyH measusememieeer surf heeohedn daiteedubyp f or
silicate ¢kalpentlsoml elcayierel vy sp.&Crome &lslp® nd o n ¢l
hydr bagdr i's creaasticdd o wti Hbdu | lamn earcltaiMmgé at e
proportional pteor mem@ ad mddihrete oaufT@dussi d he acc
chargethe inner side cofncieimeé rduilnb ntrheef adHetse r
solomti The potenti al di fferenkEe iacrgbihbvee nt hbey
famiNes equati on [ 23]:

E=E° +&;}m—|oggH30+ f (112)
z
wheBes the standard cell potential, which
internal reference electrode (relative to

the inteyrRiasl tshel wtaisorcAo ETH an tt huet8ea dteebnizld rka t u
is the val ence')df s hFbaer dsdoaoyo (0 4§t A 0tC/H®Do.16)49 alnd
[ (D] is thecoromesuamthdiimgl ar co®ceAtr @a6i A€, o

el ectrode potential i oaufna :ft on dtei on of sol ut
E=E° -0.05916pH
(13)
whiexxpeebse i deal pPH sensi @ai5Wi. 1y onfV/ tplHe (glha s

i Enown as the Ner nwsstalathedseh oifehres g rhregs tpiHa n
sl dippes been treatvad uas i inhe hree fde vpeth ospermesnotr so. f
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Free chlorine sensing
Free chlocomernifasdydtoemn!| orous acid @QCGHO.CI ) a1
Chl orine gas intdiosiucp®doilh®@disswd tdd2l4dfwesr

Cl,+H,O - HOCI +HClI, (14)
where HOCI i s a weedtk s adicrdtdca m@IC'lipmr wataéd y
HOCI2 H*+OCrl , (115)
|l npartitempar ature, the perce@flageadifodincit bo

the concenf{EO{ whmncbhf i B the pHcarf Weé egemdrua

expressed by:

gOoCr g

[HOC'] - lOgKa +pH1 ( Tl6)

log

where'l]p@@l [ HOCI ] are the eqoOClardi ?i@Clc,on
respect Knvel t,heardd ssoci ati on “c®tns2mnAcC)o f[ HD
obtain the | evel of, ieneedmbliouireet bensehu
togetthrert wd concentr aOCbThheorfe ea rtehretr v gHOndd a loor
met hods mofnridge r ¢ hlsarcibneasi metri c and el ectr
i ncl wmdisrog:pti omet rN-dmestptphdicesr yu inregl i[a8nd-]ne ( DF
t ol i[Bibrte ot her [ &&8e|nvidcoamest r [ 891 ¢ h r @amd t®gWg r ap h
chemilumi[i®ddazmraccaeamper ofme2,r93] met hods

The DRBed absorpti omewi y ailsebidehcoadu $ e ssso thh egenn
sensiFfieei tcyhl orine oxi di azmnéagg eDPRP @ tadk of adm dan C
pH al uer oh8.47Thei sclopwmot ometrically read ou
amount/ conteaftlr atthiecoal.edfect hiosn mnfadrged o€ ht or i
sensing it 5r @gmpmm wit h aTheadnurtaecy Safatle.sO 4 n
Pr ot eAcgteindceyc | aasedstiandard anal ytical appr oa
monitoring ¢PB3ffree chlorine

11
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Temperature sensing

The empenét wakkfeact s mopshty soificconihealbi par amet er
Theefoemper yatee o famprhea stbroanb d i dreirn kKihreg wa't
gual ity withAchciogrhdi amgc utroactyh e Nernst equat
sensiotfi atethfeabrodd pde e mdweromat er t emper at
freédl orine monitoring, t hec hdhismed bi & thieo nwad
tempef adire

Typitearper atscrasm densa@rnt egori zed as resistanc
including thermistors), t hermocoupl es, and
pure snecfal as (Pgl)at iwhwmien areksda ssavarnlbyet he i ncr e
temperaturaepomakiwvg ittemper at @ C&)atoerBiballci en
Theb®sedn&TiDhhbya wide si@WRBIChg or arrBhed OAAfC  w
sensitivigRA@ofd 0an0dOa3k85ur acy of ~0.AXH9nAQ ( be
RTD cabe dlabvo axamiedomduct or material (such e
changes i n gmalilstamarg d oian ato et ikhpesr v 9 st Jsdeh

t her ndesvtiocre has a seéegathitye ndgaCilRe i ewfiarc et he

i ncr etassmep eorfa ¢ lu r @heavsiaceenur acy of 0.1 AC to 0.
AC t o ThGmDajfo@yv a sdfa gRaTiRissnaflolot@pmd nltow cost

I n a thermocouple, two dissi mwharchmetraldaca
t her moel ecwh éwioh epmatetwemel tt jakhi ct i ons are exposed
temper(@laagteesc § 9.1 Tveaeltu)e tohfer imbeplod ctorminea |
deter mtmed nay ure of the two med abh sttvaeradn t h
j unc tAithres .moc @suegmiupe 2 @0 0d éApCe nodni ntghe me9.@] s us
Howetdryr mobavel @a@overracy (RaRABS. t han

A - junctiaod di pde ar j uncsthioogns rtornagn stiesntpoerr a
depenedeenctt ri cal Foharexatmgarl iesitawclese.or a BJT i s
consdwamrnent , the forward biased voltage wi

12
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chap&he jumitcommuse or sensor s ohawe 0a ALe n &
wi t h s egmrseiattiewi ttynan 1 mV/ AC.

123 Future water quality monitoring seE€

Conventional drinking waestsequdguas$ timuy dalis@shied o
sampoi ngadmpl e transportation t o blyabtorraaitnoerd
per sonnidlle sappreosackexpensimensuming, and | a
inteMorepvehemagsebhesistl ¢ f r édvmendan aasi welkli eas
| ohgegr m st or age mpfl ledsh el Bv@it ee x amp | et, hldolwe ope
c omu lptair amet gu a lwiatt ywrotstsst CAD tfsar aasmek Bt andst

are based on thdheolcodiometorfiad idviireeln @ethlt ey erag:
with the anal ytpeso.vg uldleisrtead tivdvdttto wk i mMesas ur e me
accuracy, and can mwrhbye rb dorfudsididmedessnvant i mina¢
chromatographphéaembolegaepalhetral s sensing s
instruments size, requi r entdmts sf oprH darlfadi atrer do d
frdmagiyll airgeow spwinrhd gbstrequmidgel ar mai nt e
such as cali br athieom edred emefil GRiFrbge r dfs e b u ft ih (
moni tori nagnaltghaee rDsFndogh deensi ti vity and accu

detecteomli yr ahdferye qauceenltilbyr at e d. Ho wenweeerd, su
expensi viensoprtynceandeusc)yei r on ma » & acdhbeynsi c al s, and
di f fisccualltettm Jrda® 3, 1T H¢éakferrvati ve sangi ng |
essethd iamddress these chall enges.

Al ternati vel y,acsceupesaosrys onpaenrba tHi mgnh pwir 1 o
fabri caaireencedosithnsgy I ncr.8pe e deaccebmts i ddeew ealt a ponme
el ectrochemechhhalsegigdmag gtl i arteeal i zati on of
The advanted ged rofc hteline ¢c & h d mecd uedsegaw m d anio 3
mat esrtirad ¢ swrcdsrafsakc e t@imhwywahiali | or materi al pr
el ectromoefrfaincib@mmtet bk s maralt ewd i se masensor
of nanomafllerdtaeldsnmanmnamanebieal smegr af ed r wic ak
andi croel ectrowmi trejacsagdmoplite pca,gagnah processi
13
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transmissi onc @rmsnipome i itnat nedagtoyastteedns f avi t bper a

mi ni mum humamnh 5QnltOebr]vent i on

Sevegtaddieepsadhy dr-bgeéd sensor s u smencgh ami crab
transducers f oorf twhaet eme agsuudr!|Eiiti@dyHlp ve a met et & e
sensafd edi f iyoomlpt eemedotre t delt iseartuect veereygy and
l ong responskee hnahege sobCo mmt rnaimiielpy @ ¢ a l sens
are heghdygtea and senlsimiswed i hanmoddhigrye ahra vtey .
Al so, the components fordepeéecticaksgbigiiadr s s
antdypi,cathg seasahe mir eatluo rrewameeatstusg e e H |

Ther ecfoonrtei,nuv-oast dtoavs @ awgter quabitdyf moout t
achi ecvhee-mierchani cal and apvachbagesenebrtshe Tak

sensors over othamatygpesmet hsedesons!| adée:

T Better abil i tfyalroi dbaet eeda swiltyh ncawsrsr ent mi cr

T Si mplnegregrati on with microelectronic comp:
T Wider sensing range and faster response W
T Higher structur al compatibil i tdy ewatbH axi s

di mensi ons.
T Better compatimanuftytwsethimodpadgi ¢s$s ve
T Lowmaterials azonéofi mbsrtmddé&eidoandel y.

l24Reseahah | enges

Chall epgasemaoaeuti cals and heavy metal sens
El ectrochemical sensing of phar maceuti cal s
reported in the | ast few years. El ectroche

wi t h bi osaemoiseq,si ngnm genosensing and nar
techniques. However, bi osensi ng, I mMmmunose

chall enges including the foll owing:

14
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A Handling of di fferent bi omol ecul es, and

enzymd, DAA requires specific temperature

imits their | ong term use in ubiquitous

A Most of the biomolecules degr-aeéesm svabiti

and redéfi abhése ysensor s.

A Some of the biomolecules mayraonebdepsubb.

which al so makes their use | imited.

A The fabrication etfedihese chamiooasl raemdilbiec

whiacehhnbetdogenemaéni stry or chemical | abor

speci al apparatus and sepai aheball btiho cahnedmi sca

chepkdawe es

Among t heeldeicftfreoxcehmetanerccahi ques, nanomateri al
advantdadweotus t heir simpler fabrication proc
and | ong term stability. However, they suf
ofethi osensors. Therefore, research effort
the nanomaterials based sensors while main
|l ohgegrm stability. For exampl e, ii m@r o vwsiemgs ot
can be achieved by appropriate choice of n
sensitivity can be i mproved in two ways: (
current due tdheredox ene¢ aglin®dtdreo fwbtrtke ngenso
tuned Bs® hatwdysclss eanovWwae ni s hel npwhe el iktnbiete o fi s
det eddeD) onf (tbanskasiomclraralsye,d.t IS evsmai bevit
i ncr ewasgadAr ger cruesipaoeiassecomead e anal yte i nter a
wor ki ng lend etchhiradiree@egaméanoenat eri als can be bec
t heD Land sdnsti hivisulydragcee areas and high cor
Al arger el ectobdeasbohaocanamat e rnicarlesa sdeedc i |
response for an anmnaleytpe eisme nsred aodfti iavnec dsdiat seesc
same geometri Thissur piesc ek aagroeuar.abl e flyteens
concentrations. Howeverc¢amndfofes e th clr ye aasre di ncaur

15
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backgroundll&édfFhenitncreased backgdouwmmd d¢turer
senstyiand i n tabrThhiisn cadefacscesal tatn ey e Lo dpeug ree e

carben present niamomke e Tidaelb opnur e ceaxrtbeonns i wred
el ecthremi caldurrednugc ttihoen bk eiardgon @ nprn omceesaased b
cur rfeonta.ddr es s , t ltiasabmmdimad tl eernigaelf anant e wmad nk | |
t haet t achméehes mbl ecul es or meotmplouNgbs®mti €ws¢ch a
Sso eémldaancreadp randlemishcltaena bteyg mp By sthielct i onal i za
omodi ficati onnamfomalit@érec astebnpsnoDcant yeamanpk ov

t hrough eil reccrteraosne d e r haéneatl wd dere a meglinesd thrgo d e .

There are different approaches for the fun
enhanced electrochemical performance. Choi
appropgenteis also anot hefrunrcetsieoanracd h zah alolné

require multiple chemical reaction steps
chemicals. Al so, some processes nmaobteguigoedt h e
for health and the ensi mneencent t oThevel ope f
process with |l ess number of chemical reac
environmentally benign reagents. Anot her ¢
with | ess complex malte,r iadmestaorugaruire/.i rFaormrg a
work both as functionalization agent for ¢
for attracting more analytes into the el ec
reducing the spiozteenandsdamdt cafr ctuhd used for
measur ement i srasedahalhl a mpe.rtlamtt hi s regar
done to deoet o@o i eamnrde dhii gihon potenti ost at
connectirei fyrf @patrda abl e water quality monit
Chall engaensd ifnr epeHembsli snrgi n e

El ectrochemiazraé wiHd sleyn smoeaesmovrethead .| seHmoghebsy iermm
A macjhoarl | enge wiid hses s piemdbe heance Fr®ortexampl e,

S 0 nsee n sschrosm-be r n ptHr asap,onwlei | ex lmihiRdies nsti an o
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supNeerr nst i anRerseessphootusled. f ocus on i mproving
sensorsufMer hbti an @re stploen scketaibe drnetpeenadigateh ¢ i t y
majiossues rel at emde-Be0or nsse n saalNeso nwitstidgpre r r e s p o n
instability andf ptolbe sepdanr@mdbdivi &-Wegomnstsiuprer

respommet 1l alkatl egfdotloowihneg: phenomena

A Physical degeadanigomabokerilés: sensor surf
A Chemical degradationi pofevédresisbelnesi mega cntaitoe
sengnangr i gOFalatnmdgh @ chemi cal esemposigt maheof
Alnterference f raodrs otrhpet i toens to fs oolfubteiftoimag ns o
det ersi be at enct hseemasloirtsy boyf bl ocki ng the r et
Alnstability of the temlaect S0 ©ir c ¢ dho g rgguae Nai t cs
semi conduwdhteearnt i calt hggg mipeond ecst wfs change

Anot her chal |l edagber iicsatrieolna tteetic htheotlcemhgatiersef tthhe
sensihres .f abcostatiobnt he §$ &mrx@rRn sosnkseusned Idb e

amount ofThneartgbfaobreel s at i atn Ipir plc etaenrals el rna tvuarceusu
envi r osnhnoeunltd b é n av bai doeldudabgaasriedo,ovo s t a-adedar ge
procespsriongi siisngt. heHogyweahdee ppsot edf mahedepkads
po-st eat merttegnper at ar eaodd hbet ween perfor man
sensarns provide stimulus for  Fartkeeamplsgea
dr awb agclkisasodd| p &lti mo doefshmesi ze and croesdeasrtd mul
imhe fieksdatfecsobicttiemi ualt hpphH gsams@mseld it o
devel op new mati emgi dles ha mhdpupptsionmveatgdch t | bi | ity

| ooavo st amdar fha rgrhasremes @r s .

Research and devtel opmemitc aln fer ewelkhl bocuase
compar edptHo sema br adfr awihes critahjeorl ac k owi tshrensir
revereialkblt e on cHh®@QGlbioANtOLCdheicadimi cahesensi ng m
shoael dher reaet sweiedt ghl ori ne, or seleotivel
the ehegémode®nventi onal DPD baskd opeéemcail

reactioragbknt bewi t &nrfrreeveeprsiciBdreitrheer al t er n a
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t he wusieosnefl eabhi vme mbraanmsgpcselTleaeti o membr ane
exsfsamost DoODOmuwery few were f olbredafusiee ilddC I

oxidizing nature. ThesehsmwastgerdeaV sl ofpoirn gf rae
sensicmgtigal.ly i mportant

The chemical reactivity of the free chlori
options, such as thengsel eodt raomdpeecryocnieitcr t b

voltammetrynmedsut echen t domieed lothaege abl e f or
amperometric measurement. ndheaxsesptbieex iat Yo i ¢
using the sensor s..mBuratl seor mparoev,i diei ssnalewdder
sensing accurachesomlesc tdri msavtiovNvdeah g® r ange
andiV.Finall vy, amp ereamae trreiscat dppantseosrh ii ol t at s o
i ncr aasgde sdompmllaxidogft tohe sysneddrenbeensor

conf i guwreetdi oths be modifi aduiorabrleedeseée gsieng
Addr essictha@ | t deanrg eisf € e r cshelnossroirnec onf i gur ati ons

similar to t hwistempfrdore épiHa bsielnestbya Isan ¢ art @ dwc c o0

1.Bl.L.ectrochemical sensors for W a

1.31.Phar maceand chhd asysemasal s

El e cthreomi c a l sensing techni quetse c honfotigdure st ear m
power f ult hsattr aatreegoys &I pter & aditt i on al ameé loy tt ihea l
advantages of i nso demaneé accfoosd tpprsimmeti K ayn @ p o
[ L1A ]numbedrecafroanal ytical techniqgues have
of el ectgeomd®ema c aduertaetcetl yyad wg d a nlriiadingaer koefr

mi ner agnsr mas&mud i heavyy meitvalronment al and bi
[ 118, ThEe9]desamghfiodeentpl e, stabl e,deavnidc ei nn
requi reef fhiiagchd gy ect r o[ch2 Mh ygltesct r ochemi cal
pl atfor ms have been devebopedi ffioarat it @ e d
phar madeuwtriesdd temtas a@&mnetldimigdn of@akd o, 1224 heavy
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metfal 33 addeteicodevel opments in tbegntihelsdso
of advancenlatfeunicétlasoinhaadl vt @t ed omrda v hetomatingyi e s
mat eri al s with deesxicreepdd hmposriapthoglhoegr §eds? [4ad s d

El ectromkeamiuc @lmehnhi ques

El ectr oaneamiua ebnemnu tqiuleisze t haWer keilregct Eloa@@tsr,
( WEQRef erence El ea€Cbuotder ( BEwbbaotddar €CBper at
potenti ostMmtpoctienctuiiadast at i s a three ter min:
mai nt atrdnest ear nppirneed vol t age bédttweanr ntgmne WE oann

CEFi g@3®howsouwgh sofae mpattigen twhoesrteatAl and A2

amplifiers
'e) R
RE 1
A1 CE WEo -
o—+ A2 —0
Vin * Vout

Fi guaB&€he potenti ost aetl eccitrrcoucihte ndiicaaglr.asme nfsoirng measur e

Avail able techniques for electroanalysis i
(CV), di fferenti al pwlasvaeyv wo bt a mmmetyy ( EWRY
chronoamper ocOVetirpo tde@A) oldegantarmd ach eemi ¢ anl me a s

whi@hcyclic potenti al s pemploitse ng @ nafthgsrEnesd b e
showrri ga4ea)he mapmh acthrit@E on@eegkt edners a l

anywhere in bet weudni.prel@ardy esomhi sambhobhpot ent
Sstepp( Hhe cwvsmuroEmtd mplsedneddur i ng the second |
number of pointenpewvescas ohtEBbEBepMKEEBUr ve
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+1Yhe scan r abty¢/ s s wipiecsh ftdhedd etrimmerebet ween |
hentchee sampThegi rntieweval t(isntea nissrelpttael)dulEr attad
t WéE(cA)i s plotted vers(gWst Ag)@miCkot d@Ektod t ag
gi veCM hacas sFhiogvis d )n

E 15
(a) P ,‘ (b) B
/N 10
€ T asinLsV / B 2§ e
J T
L g
Eoon [ 3 9
j = i
Pretreatment I Epa -5 pa
Start of scan t EP‘
'10 T T
11 09 0.7 05 0.3
— Potential applied Potential (V vs Ag/AgCl)
(C) E (d) T N
__ B " frequency
scanrate —_— Itorward '
e] I
E
T \ ireverse
Eoegin -~ - ..I.E.".‘"i. Etegin 0! 1
Pretreatment T mreasured current =iyl Bretrastrient P T2 * frequency
| — R
Start of scan t Start of scan t
—l Current sampling window W Current sampling window
—— Applied potential - - Applied potential
FigadeaP)otenti al applied dur[ihg5€pgdl (b)) Voivypaomamket €Y
di ffusing redgaanigphoives tawvhbhed& c and pevédlig(e)urrent
Potential Ripfpfferadntdivali nB®)s ¢ @R)otl ¢ mtmmelt reypwadn € dWalwe i r
Vol t anmBWt)r y

CVi sommounsleyd t o study the electr{Mankaeémiteal h@m
sensead)soolrutoifonat matl eicuul @dsor b®©ac admteo ot her el
DPV is used for both quantitative chemical
and thermodynamics| DPVchemdbophtueertical oasan
using pul ses withE astprst anpam spaodt peldtititigadre e

14 ¢ WM s a speci alwhweguigs oemguddd o DtR\S FsS lgpauwre i n
1-4(d) DPV andus*Ww) satruedy the redox properties

20



Ph.D. Thesis A. U. Alam McMaster University Electrical and Computer Engineering

ofanalbyetceasus ¢ wamé j abhhaer a c:t(le)r i Isit g it scsaennasti ket i i evvi et dy
by mintit mefzfiencgt of t hean@bhha rmpirreg paercri esret ,el e c
can be analyzed dwaltthtean dckaiekh ¢ amamtn s b mp
el ect r oncehaesmurceathent techni gq(@ €AnpCGAtechhiguesia amper
constant dgotential is applied and the current is meadwréh a constant interval time

The obtained current is then divided by the calibration factor to calculate the concentration

of a specific analyte in the sampléowever, CA technique is more prone toise and

fluctuations and, thereforesuffer from lowaccuracyin detecting analyteat very low

concentrations.
El ectrochemical sensing strategies
The versatility of the elebérwctdemraalgesef

whi c hwotrtke ngd edEs f Wmay be emmddainfciee dt htea r f un.
app!l i detpiecnads .ntghe modi fi cation strategies,
bi omolleaasudaenssi ng (al so knownn arso nbarboasseendsl isn g
sensi ag sFhiogvkd e n

Bi osensors

I n biosensing appsoatht heh $Wbhodd hotfiz @adreadoy t e
specific biomolec(Ubessensaathf jamhu sesnszeyansedsr s )
nucl ei(cg eancosdesnBloase bi omol ecul es function &
systtam.nbeased bi osensors combine the high sy
the great sensitivity dfl2sjeai el eayeoclé mid
enzyime i mmobilized obtthe WEGJ¢®u-drihgeewrtod i dfy
i nt eCeemmon enzymeisg fiomc |lbude eanyt oc hirlognke] P45
hor seradi sh pghl@gByrdasien { HRPPayyl) c hdlli3mgst er
andut yryl ch[ol 3Fders teexraarspdiemmotbR A iwaesd i n car bo
pol yethylenei mine or pbbydgheobeenambonompe

usicmg bons chraeseerd printed el ectrodes (SPEs) a
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WEs[ 126 h anot hear bsothnu drya naondgi oat nraot nodfsis It mmr @vh
i mmo bdi IwTzategho dpehercdl oucn dcso nepad lespdh D |

u Antibody é
Enzyme
» (c)

Nanoparticles —rly

i
o = |

Carbon Nanomaterials

FigdbEabriamapplni ciad diodi edt r ochemical ga@hisiingatil ertd
t hel ectsuodeacaenal §mids copfasamp(lod;l ect r ombé e snu c e theret
phar masee a ¢c@.l met a

Ant i broadiefsi ed biosensor s, al smu ko bves earss e |
gai medh attention ilm the spaseinsihpegi agpraach
ant iibothgct i onathes irlecogni t itohne aamdall byidetd en g yot
WE s ur fwahciec h I s readtiHeg dettaelcyt eadd Hoth2e0mi c al
Immunosensors are extredame tsheel eana et wa nadf sie
excell ent | itroiutdsthh eo fu sdee tefc td manl.l Av kleuymepsa r cafm:
in evaluating and optiintiezriancgt iionmmmuonro steimes oly i
bet ween the analytethlatd ddeateererhiecas otdlee saupé
and stabimMmuposénsdhreanl rlecer scthdmwaasl i mn
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fabricated byabibmmoluesntiizg6Ggand moresdlramalol n
passive adsorption on SPE surfafk&32pr the

Nu c |laecitbdassteidee nsor s, or genaype awmamsresd rred o/g noin
together with the promisin@pdtatmeirlsutae e &fh o
or RNA fwhigodemansé i | i zsewr foand eo acfh etelceo gWHE t i 0o n

I n this approachspetchiefadeptdlaiec HArce @o gsneigzuee n
specific I|lisgandamangnd abgetd mol ecul es with

incl pdion@i ns and Apharmmeace umteircealf ilrystt hrregpeo r
groups indegeadenhdwmeaitset acesbhgiaf thbenape!
di agnastail yg,j cal gohdemmadewgyai[gbI B rr exampl e

si ngtlreandesds ONSAt Gweesr | mmo bsi edissednbby d monol
( SAMsn) WBroughosuwd pAasyb o(nds$ heode teencd o corni noef
di srupt i nrgo gersinti Bcdapi e p

Nanomatbersieadl ssensor s

Nanomah &sedl el ectr orchperma camtmeslcaméeovwar ds t he
adopandaoni mpl efmerei @fcit mevtchueedes ¢ Ut diteii onal t une
abil i tays steombsled,f and navadrycedeercttireaast att ha ta nasac @l
Thdi rewcttc wmrhest hese ptrroepneerntdioeuss agraei ns i n ter
selectivity Taed naeosmateriays can be group
nanomaterials, (2) metal and metal oxide b:

ot her nanostruatlwr danp(re .ng .e,d mpollganelra ( Ml Ps

Car bbasemdhnomat eri al spolsaMe oma umti evahlargo Itoog yt h e
di st ienlcgdtvrei cal , t hermal propemtcats, @adb one
(CNTenap,Hadd rEg nense s opar mairss ,  gaunadn dooanrsb oanr e
differectrbypme s apbd3¥dieertiadlla ¢ or semoftonduc
carbon nanoan r iuccaltwarleys p rboyp ep driteisci pating i n
procdsselagct r oscehnestmipagadlvyensi ti vity, electroc
and resifotudnaregpdtammdd icnmamrerbher aonbeecaebormy a
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nanostructures idnetpoosantc@ar bl es uprbfsceammdief i er
[ 13dr exampl e, CNTesl eschtorwecda teanlihyatim icHe idetrogidi iva r

ofchemreacttriodnmc@asnti fouling properties and
[137,IB8basal pl anpel alaielde f esdidgteehso wreelver si bl e
el ectroahedlmawt regdox|[ 1p30&}eanpthiteatdei me n s i-d)n a | ( 2
nanomateri al Iwattthi “@a rhimedxnadhgmnbamopt r act ed att e
recentdugeearidss excellenthi ghhekcariicalsusttraemrg
t hermal aocdneétetiVviobvh€ osthanced el ectron t

is dusubtl etsl ec{idiic properties

Met allic nanmnobatisartiinhudm, s iah v e a(rNApQIsehse g H
catalyticda¢dfevemites! Wheactihes®c NPEBd aate i
modWEge,nh alaet ecaisycanolbbeer mandy i edl ecpr ochbhemesa
whi ch can be e xtphl eari rmoeddy n Kkynindptoisodpe Ft D ens

ther modymaimtc ,ofuawniteiwn conf iof e memd & acabififRer t
el excxiradiiioore | ercea ¢ w® np hafr mac e utoiwearl soratl es s n
pot emteisagplesg,tl 4L gFlryom a ki neti NPpocalterodt e i e&lwe
transfer due ttheef € edarmfeca onke retl heecaf 6 A ep i at e
sel ecafi omhtedRPs i s cri thicgpal densaicthiiveivieyr i n e
el ectroreductiosi mliegacpheaerdmadewtni cdalansfer
typeeoNPbeand di ff &NfPpretr feoleduwattrs@r oces setse.at di
Met al NdPxsihdoanwi r medi at ed, orglae cctoanmbni ntartansf er
Nobmet al N&@eindh@ance tthher oduignhett cd®lamcstf eon i n d
Transi ti oM Pmse QMIPMhooxwieggee s snaid & i pl e valences ¢
t hadn -fflloipp betwaeleann d hlesteaQ EBchhtha uesleect r ooxi dat
el ectroredudtuieconobit heggehsskc bhgbéat awysal enc
[ 142]

Nanocomp oyshiriseedsa toer iEplexc i duneaeindmgypr o diede r abl e
propeart iexclamygyndesiraibh e v @mangepsluiscati ons, [

el ectrochemNansnabc osmrepmssyintge phriobpiewhtii cebsl iammreear
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combi nati ons of oifn deiavcihd ycadanrpporeaegneat rotpibgodt n e sv
apparantany materd alnmdédiifodend n Sdhe of t he

nanomawéiichlbseawe uftarl i zbd phaltypwaceseutoifcal s

combinations of multiwalled c¢c&yédmod mlaatoit ubl
( Pw) t h adouartiendd AsCil)iicad eo XiZn Q) , and tptaniun
[ 124]

Mol ecul arly imprnimms¢ecpbhymemp(¢(MhPing tect
cavities in the pol ymer matrix with hams af
recently gained attention due to its very
ot her nafpdwddni edihiBealsseedn si ng technique, the re
of t he ol @adgskrec hnor ed s umftac et heef the pol ymer
chemically removetthao taegéee mwhpechalfssachiflag
selective capt utrhle atialngpeteddsday the prepavation of MIPs

are bulkand surface imprintinfl44,145] Bulk imprinting of MIPs ha shown successes

with low-molecularweight compounds. However, bulk imprinting is not suitable for large
macromolecules because of their hindered mobility in tlyhlireticulated polymer

network.In general, epitopapproachs used whera representative fragment of tiaeget

moleculeis preparé as atemplate forthe MIP layer [146]. Binding capacity of surface

imprinted polymergan alsde maximizal by increasing the effective surface aoédhe

electrode surface usiragditionalnanomaterials, such &NTsand graphene, which are

deposited before the formation of the MIPs. In additeoself-assembled anchor layean

also be formedntop of CNTSs to increase the homogeneity of the binding gited.

1.32pH andchllreri ne sensors

pHensing

Wor kpmignci plsetsatoef esloecitdr o hhaermei deaele np B xpd s are
than seven di f[fledt8 Gjo r me xHr@ P b ® me xocchcaunngsea

me mbr ane rich I TOH)ydooxeint gomomwalp s gltahsesr el ¢
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mechani smsedioxc leuqduei ;| i bH:Q"u mns nbelt wieergn a met
OoXi;deedlso x equi | i bgfiuam s nlveotl wa enrg rhlet al oxi des
val gnecdessx equilibriumhaseomai e i awssend dH

hydrogemsbangedpbl!| yi ngc uarnr teeldsdioyddr e cadr r osi ol
el ectrode @fatopmmbangebygf Hsur f acet ptoe emati af i &
to the pH change of t he edanstsaocctiian g-losny l@untdi od
model s atl itque d ¢ @ Inteddrifavt i on of el ectrical

resistivity) of a material with changes in

(b)

HOCI+2e"—CI-+OH- 6H,0—0,+4H,0%+4e"
OCI+H,0+2e"—CI+20H-

A+H;0%—Bte(+H,0) Reference

electrode

Free chlorine-
sensitive film

Electrically
conductive film

Substrate for
sensing electrode

Electrically conductive film
Substrate for sensing electrode

Fi gu#6.6sc he ma¢ aar pooft e
amperometric free c

C phsemsnnngr nerc@bgdini S me o

t
| Ensor and its sensing n

® —

nti tr
hl o E 5.
Different confi gur ade weldoapeeiid pahb otviee@a s e ds c we D
me ¢ h a nHosweswew i, 1 b cus osnt twied enoy r e Kkmrotwesd pH
potenti ometA itcy peil ceaclt rpoodtessn.tdeth me t r io c e sGsnbes @ I t
of the electhvamsiail ®ectabtedsandtalitéhed eoftehreern:
el ec.t r nbecto mmonl y used rmdteirmaiee netligaddnt ertordiec
senishdhg/ ApCH1, 1B gre etl e tarceda@mwadthe s alnuti on
el ectricalr epnocceegeib®it weewwhe¢ibde nmebasudeder mi n

t heO"tion c e nt raast isBhnogvind( & )n

Two possi bl @amec ba e nosrpmspoop cespetsi eohnseotsrercend caxs
reactionselencd ivemMpeomdahgon.o redoxt hreeact. i
mat eri a$ e omi ntgh eenldeectgeodecse r ea c:0f omenmar ah H

potentialbyditftfer tcbdamngaemyyer si bl e chemica
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appretwldédi r equi |l i[bbrdiju rd edroerncd ii tvieo npse r ptehad i o n
sensing mat erdallectcitvweg ameenabartgiooege nt i e di f f o
tohe congemrtddafhti ons acr 0.9 sbott hhe tchessaisr,raantee d
potential can be quantitatively peeeromusiey
in séaciin oalms&le nfarrano e QiBadtt,theonc hangrei of will Ip Hr e
i ®9.16 mV change i n atthe2bmdiv@ertni alh etdhsfefnesri en
ref er enceTlheel eacdivraondteasg.es of potentt e mueemtd i ¢ C
of owbyelectrodes ;amaldhenepeswenssbobpbpepmgtric ¢
compatibility wiotnmmeirme>ap d iydbil e vond met er s f
the potential disfefnesrn emgc & nlle tr wdheincaintnaeir enlaé ¢ tyr
the rhogédretis dfthumewiky edbdpesd miteenal lseveg
extensively devep otperdt iwo meho n fhieeg .vheead Ppio oorf s

Free chlorine sensing

Amp er o nierterei ccshelnosrisnngease@ |l ectt bdeepotenti ome
Il n t hi sa nved npsotdaenntt i a | i's appl i edhrbéeefteweeennc et
el ectrwtteses current is monitored bet,weaesn th
showhki gh6(d[)5.4heal ue cohst hat dpecteemtiinablé ifsr o
posi ttihoed oxf paetakirst ictgyicel | ¢ v o | toafmniehter yc ocrurrevsep
anal yte (i ..dhe rfecdex ¢hmdamc idimePdr aafneet he sel ec
conspaoatnewit ti lhdhet i nt er fehemicea.loflahogp hptt thdece of
measured current firs ep rcahg rmardinnematl i anmh e et he
wor ki ng ecloentmiormaldye bDfehabbesuchwiash An aompd iR
coamenhbrfaosre!| ec thiywp acyh [todtr ieteeicnhed miss el ectr oct
r eduactelde wor ki rogt heelpeaior nosdtea nt wiptoht ernet shped c t t

referencglbBbBPEOter ®dectr ochewwvirckailn gr eea cetcit @ nosd

written as the foll ows
HOCI+2e + Cl +OH Q1 7)
OCl +H,0+2e - Cl +20H (11 8)
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The above ealtd miolmes! tcraaunssef emh igcEhnelr at etsloats c ur |
i's proportoomoahndft me & dielhtl os h el tdh ahe ancoctuerdat e

me as urcfmefnrtee chl orine al so needs tchar epfHyl (
temperature, flow rate and pressure of the
1.33.Noi s e

The noise of an electrochemical sensor de

generated by tbeattaspbrit hwhl t hieaxl peefr idneetnetcat!

studyoiode is rarely addressed in I|literaturt
el ectrodes. The parameters that may contril
but not typne ted ¢e¢bectrode material s, type
conditions, and external circuitry. The n
el ectrodesi rcsaing hpor otvh@leopti mi zat i Whmi loef tsheen s
t heoryedand nmgoao fd efoil sedsitiant wedelliedct ri cal and
noi se -iingwiod idnterfacestdeaviedes Camenonott!| wese !
include ther mal noi s e, sthoit mango | @les oa ndale pfel ni
freeqncy and temperature. The most common f
flicker fmoi se, owhildh is virtually present
reseamehl d be done in optimizing noise pe

t oaw ds devel oping highly sensitive water qu

1. Re.s eammocthi vati on

Manryesearch has been carphardmacueu ttioc ad esv, e | hoe
pH dmeée chl oHowevernswersy f ew popfl itohaebmfewe Ir @
applications. This research is devoted to
moni toring systodarrd e mand i me aspwpraebnmeancte ud fi c a |l

heavy metal s, and ctohnet i ppHi,0o uB c emma rhtbroa thigo no,
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temperature of wat er nd ampelgdrsaitnakdacnugrrat cgeu a/l. i |

moni tori ng rseasttheare fsold & jiolendi tnigv e s
A High actheacyst emcosnhpatwlisdiesensors that |
sensitiviltiytyrevtealbilbity, and selectivit

A Reatli mespdmee sensors i n t dfeatsdybsttaeg mm s hecswll
ofsitteewarhdes det etarget oanahegt e.

A Eaower afheonsystem shoul dwibteh drecs i cgmmemr & hoe
tecktmd ai niAh gsoe,nstolreout shoul d be easily
user s

A LowossAt |l-owsht egsryastteaim abé@eldypeopl ei niving
devel opumdyeradnedv el apdd caedia® tsadoi bbuet 6 a wi
geographical area
Table 1-1: Proposedpecifications of the integrated water quality monitoring sensors

APAP/ E|lHeavy 1IpH Free QT

Par amet ¢

sensor|sensor |sens¢sensor|isens
SensitiV2r dasoN-o0.1 06a/>3:° 1186 nas| 1%
' mV/ pH qgrRUC

Resol uti- - 0.1 pl0.16 pp|0.UC

Sensing|0.0n%M |3.i308pb |[pH E1G0.1B ppn0i50

Accurfaoy<10 nM (<10 ppb [NO.1 gNO.035 |NO.OS5

Respdnsn-~600 s ~ 600 s <1 min<l min |[<1 mi

Stabili{toneime (Multigpd e~1 mol(~1 mont|~1 mo

Si ze <1@ <1@m <1 &¢m|<1 3cm <1% h

Cost <$1 <$1 <$1 <$1 <$1

Operati 014 AC 0 TA@o 0 TA@(0 TA@0 |0 4AC
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| i st Badlelil.nFor
commonl yp hfaod umadcceaunt ti acraiilm anmtr seérsi nokfi ng
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t he pharmaceuti cal sensor , we

water,
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drinking water. Howevewi hmel asse targbei pge
effect concentrati onlfshe( PNEC) odf APRPP aaardd ER
to béyl't(3meOM) and?!(20.mgay, r e d@Bergt3iBweal heavy m

sensor, we are targeting the most commonly
wat.erFor Pb sensor, we are aiming at t he
guiidneel for safe | imit oflegBgbrlm drpbhHlki ng wat

For the pH @siemismhheatweocokoeevibya commerci al
mV/ pH) ,cawmhipcahov e ssel ut iThhe @f nGfoun gsthi.coommad n
water sampdlRismkengeati on, and foalbi lpirtogx et s
di stinguisaleuhestavieeteearn be ac hicewed clyy otfheNo. 1
the free chlseansnbeo usledn shoer ,a btlhee t o accur at el
with accur aNoOy 1bRupthtee mp daat, ame cuermxsyr of N2,
necesgaalytathe accur ate readout sfeosl ol lsaed doiH iamn
alfli vyensors should have shomt ghadvpfdndegndi me
onmont h-coff olwr iccaapta poipleirtaye mper at ur e beatdveen O
simple stosage condition

The design goal for the APAP/ E2 and- Pb se

el ectrode voltammetric confi gurpatiingdare.d Tchae bl

el ectrode (SPE), whererodthes ward&i mgdandf coeEt
reference electrode is made of AgdtAged . T
modi f iceadr bloyn na.noTeedi enr iacadaefant hAgbon nanomat e
modi fied SPE electrode is that the same ¢
phar maceuticals and heavy metal, thereby,
overall fabrication coHowawedr hatw hm go nall ys obae |
used once for pharmaceuti cal sensing, and

regeneration process.-cYst, alnlle hsgmé gr spmaev
monitoring pharmaceuti cal s anyd Dbhee acvlye ammeetda |
common al ceahlroalbsci anedsbiyngrampd mir yi odgfi toenrl sy

carbon nanomaterials solution onto the sur
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The design goals for tntei |paHz s apd tee cttawo@ d er
potemeétiri c configuration. The skecaugesedfec:
wi deensing range, high sAeAgi ApE€i éegbrabdode c
provides stabl e r dfnesreenmsde iwoeel ttag ap,élMsheidc ho tih
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The major contributions of this work are s
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surface and dried. The electrochemical ¢
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characteri zdeiirnetdrms i aafat eurafnalc @ Haroda ,t h
A linear APAP sensi ®g B5@&Mp avi & v ian lotinmeé tr a
of 11 nM was obtained.
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based ampgemrmemesternnsenoad I|-coows usidemitgemmmer at ur e
sensdmwypl asud sstLrianteeamsi ng responses Wvth |
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the adsorption propert i dcabafhandtubds towchieMea hi g h

low limit of detectionof 11 nM andwithl i near response from 50 nN

| n Ch3 g tystematic investigation of four typesmbdifications ofmulti-walled
carbon nanotubes-cyYyMWENEst) riannd( bbCD) : physi
reaction”, thionyl chloride esterificationand Steglich esterification to fabricate
electrochemical sensors are reportedifgurovedsensitivty and accurateletermination

of two emerging pharmaceutical contaminants in water suchcataminophen and

estrogen The electrochemical behavior and sensingquarances of the four types of
MWCNT-b C Dmodified electrodes were compared and a novel-steye synthesis

approach was develop&dich provided the highest sensitivity to APAP and E2 detection

with limits of detection 0f3.3 and2.5 nM, respectivelyAccurate sensing performances

were also obtained with APARNd E2spiked urine and drinking water samples.

| n C hdaslawgemperature, solutieprocessed modification of mulvalled carbon
nanotubes ( MWCAOIT®dex t rscraeprifteda Cabon eleactrodgSPE)

for the detection of heavy metal (lead, Rbyrinking wateris presentedT hfea br i cat i o
approaches, mat eri al melhasua cteemandt | soenn s me t
performaalkeBed hi s r es &fafrarht sareaer egi dzeevnat ed t
sensing mec hcahmirsantsh,e rasneda stoor pertoemMWEANTI n

b C Dnodification approached o-avo s t nature of tahresl emnesn ign g

performanceiwitehfeommgni ons

I n Chhanpi ees i n el ectarsetcthhckeimadcc.al Thsee nrs@msrse i n
and heavy mneated U dvis @athsppatsent i ostatic configu
el ectrochemi caTlThes emosiisneg paopwerro astplsstcu dviaée dl e n s |
respelte hioast voltages, t ypenodf f entaattetroipnal lyst.e
Similarly, noifgses icml toh esetpurdd eemdd arns pot ent i
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amperometric configurations, respectivel y.

stuawhede the ther mimtWheatagteo e ninreicd gad coni

I n Chapuéhy@grated water qual i tSucnho nai tsoyrsitne
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Chapter 2
El ectrochemical sensing
usiMWCNTanbicycl odextrin

Acetaminophen(APAP) is one of the most commonly and widely used painkillers
worldwide.Because of itincreased use in the past several decades, APAP is now present

at higher concentrations in source watleus necessitating its maaring. In this work, we

report a lowtemperature, solutieprocessed modification of mulvalled carbon
nanotubes (MWwgdTddewxthi b (bCD) on glassy ¢
low levels of acetaminophen in water. This process combinesitioepion properties of

bCD with high surface area of carbon nanot
observed due to the hy dmiedprocdss imvolMing eqoaf b CD
number of protons and electrons controlled the electrocheremetion of acetaminophen

with the sensor. The sensoro6s |limit of det
from 50 nM to 300 e€M. The sensors exhibitert
weeks and negligible interference from commonly @néschemicals in urine, such as
dopamine and ascorbic acid. These promising results could facilitate the development of

simple and lowcost electrochemical sensors for monitoring of APAP in water.

" Adapted with permission fromA. U. Alam, Y. Qin, M. M. R. Howlader,N.-X. Hu, and M. J. Deen,
Electrochemical sensing of acetaminophen using ruatied carbon nanotute n dcyclbdextrin Sensors
and Actuators B: Chemica?54, 2018: 896-909. Copyright (208) Elsevier(AppendixC).
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2. Background

Over the last fifty years, the quality of human health has improved mostly due to better
medicines, education, and lifestylib4]. In parallel, we have withessed increasing use of
pharmaceuticals to prolong life as well as to prevent arslitnesses and disea4és5].

One of themost commonly used pharmaceutisak painkillers. Amongpainkillers,
acetaminophen (APAP) @scetytP-aminophenol or paracetamol) is widely used for fever
and pain relief[156]. Because of its increasing usxcretedAPAP plus its disposal in
effluents from manufacturing industri@screaseits presence in swce water systems
[157]. The presence of APARvith concentration ranges in few hundreds to several
thousands of n¢j' has been reported23,158 162], thus making it afastgrowing
emerging wateproblem worldwidg163i 165]. Further, increasing amounts of APAP
drinking water may cause increased mortality, and heart, gastsiine, and kidney
diseasefl66]. Also,overdose and toxidose of APAP cause not only hepaaad nephro

toxic effects on healtfil67], but also contaminate water. To address these challenges,
monitoring of APAP in water is importaridowever, monitorings limited by the sensing

resources and data, and it requires standard samptimthecurrent analyticalechniques.

Existinganalytical techniqueto determine APAR pharmaceuticahblets and biological
fluids include titrametry [168], spectrophotometry{169], high performance liquid
chromatography170], gas chromatagphy[171], and chemiluminescencgl72] which
require extraction processes before detectidhile these methods offer high sensitivity,
selectivity and precision, their difficulty in use, complicated operation and high cost limit
theirwidespreadpplicationn contrastglectrochemicbsensing techniques are promising
because ofhe fabrication simplicity and small foot print of the sensdrigh selectivity

andsensitivity,fastresponse, wide linear range, and simple sample prepafatiaiil75].

In electrochemical sensing, redox compounds ats#resingelectrode such as carbon
nanostructures metallic nan@articles [176], conductive polymers[177] or their
combinations[178], facilitate the conversion oifrreversible oxidation processes into

reversible one due to thrapid electron transfer ra¢121]. Among these compounds,
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carbon nanostructures, especialpglewalled carbon nanotubes (SWCNJT graphene
and multi-walled carbon nanotube@MWCNTSs) have been extensively utilized for
electrochemical sensing79i 182). For example, CNTs can be functionalized/modified
with different chemical groups such aSOOH [183], or organic molecules such as
chitosan orethylenediaming184], to enhance sensing performance for the detection of
APAP through adsorptienontrolled and quasikeversible redoxreactions[185 187].
However, the functionalization of CNTs is complex and requires many chemical reaction
steps. Also, CNTsfunctionalization with polymers mostly requires the use of
electropolymerization nocesses, anthe handling of monmers and reagents that are
sensitive taxygen and moisturd 84]. Furthermore, MWCNTannot be highly dispersed

in a solution without surfactant, which is important to achieve a uniform thin [[A§8}.
These disadvantages lintite development of simple and le@st sensors for APAP.

To overcome thesdisadvantagedarge effective surface area and strong electrochemical
interaction (e.g., redoxapability) of MWCNTs can be combined with the hagtest
interaction capabilities ob-c y ¢ | o d e x t[116,189,100p TP method does not
require any chemical modi fication because
b CD T-memlzereatyclic oligosaccharidesaterial that adsorbs AFAcontaminations
[191],[192], which is commony used in food, pharmaceuticdiug delivery, and chemical
industrieg193],[194]. However, the sensing potential of physicallixed MWCNT with

bCD f or dAPARhesnatyetineemnvestigated. In fact, physicaliring of the
unmodifiedMWC NT s wi t h rmoteculesiesableéd@ito realize a simiole, cost

and dropcasted electrode for sensing APAP.

In this paper, we developsample, rapid, antbw-cost electrochemic#{PAP sensor based

on MWCNT and bCD modified gl assy @asrbon ¢
prepared through physieeli xi ng of MWCNT and bCD in deion
bCD composi t e -castadson théd &GE etbctrode surface to create the

electrochemical sensor.
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This chaptelis organized as follows. The experimental details arengin Section 2.

Then, in sectior2.3.1, we describe the characterization of the thermal weight loss profile

and surface morphologies of the composite. In se@i®12, we provide a comparison of

the sensing performance of MWCNT/GCE with MWCHTC D/ GusiEg cyclic
voltammetrymethod as well as the optimized sensing conditions to achieve better sensor
performance. In sectio3 . 3, the sensorsodé | imit of det
differential pulse voltammetrys discussed. Finally, in sectidh3.4, we describe the
sensor6s aging performance and stability v
APAP in urine.

2. Bxperi meuwmp al

221.Reagsamtd Mat eri al s

Acetaminophenp-cyclodextrin dopamine ascorbic acidand phosphate buffesolution
(PBS) tablets (P441%ere purchased froi@igma Aldrich CanadaAll chemicals were of
analytical grade andsedwithout further purification. All the aqueous solutiongre
preparedwith deionized(DI) water ©1 8 Mq MWENT. (diameters 85 nmand
length 105 0 ¢ @5, wt%purity) was purchased from Cheap Tub@&be 0.01 M
phosphate buffer solutioff®BS) with0.0027 M potassium chloride and 0.137 M sodium
chlorideat pH 7.4 were prepared lmjssolving one PBS tablet into 200 ml ®ater. The
0.01L M phosphate buffer solutiomgth 0.0027 M potassium chlorid&Cl) and 0.137 M
sodium chloridéNacCl) atdifferentpH were prepared kgissolving appropriate amount of
NaHPQs, NaH,PQu, KCI and NaCl intoultrapure waterTylenof regular strength and
Tylenol® Extra Strength tablets were purchafesn a drugstore.

222Appar atus

All electrochemical measurementigre carried outvith anelectrachemical workstatiom
a conventional threelectrode cell atoom temperatured?almSen€EmStat 3potentiostat

(purchased from PalmSens.comds connected to a threslectrodecell connected to a
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computer(Intel Core i5 2400MHz) and withPSTrace 4.&oftware.The threeelectrode

cell assemblyconsistedof a platinum wire as an ailiary electrode andan Ag/AgCl
electrode as a reference electrotiee working electrode wasither an unmodiied GCE

or a GCE modied withMWCNT andMWCNT-b CD c¢ o nmaterglsvitheanexposed
areaof 0.070 cm. All the electrodes were purchased from CHI instrumehdslitionally,

the GCEs modiedwith MWCNT and MWCNTb C vas measured BimM Kz[Fe(CN)]

with 0.1 MKCI solution to obtain theyclic voltammetry CV) curves and calculate for the
electrochemically etive surface areall measurements wengerformed at 252 °C. The
surface morphologies of theomposites were investigated using scanning electron
microscopy(SEM, JEOL 7100F). Thermogravimetric analysis (TGA) of the MWCNT and
MWCNT-b CD ¢ o mp o doret iy usmg 8 TGA equipmen®5000 from TA
Instruments The chemical composition at the electrode surfaces were characterized by
using X%ray Photoelectron Spectroscopy (XPEPS, JP9200, JEOL, MgUsource, 10
keV, 15 mA.

223.Preparation ebCDt mefdiMMICNeTl ect r ode

Two milligrams of MWCNTs was disperselly using arultrasonicpreprocessoin 20 ml

of b C Bolution (2 wt.%) to give a 2 mgil black suspensiorThe surface of th6&CE
electrodeswere polished on fine emery paper and chamois leather contaaimgina
(Al203) with 1.0, 0.3, and 0.08m alumina powdefpurchased from CHI Instruments)
respectively,rinsed thoroughly withDI water between each polishirgiep, and then
sonicated irDIl water and driedvith purified compressed aiAn aliquot of8 Lof 2 mg

ml MWCNT suspension ib C Bolutionwasdrop-castedon theGCE, whichwasdried in

air for 20 minutesat 80 °Cin an ovenA schematic overview of the electrode modification

stepsisshownikRi g 2k e
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Ultrasonic agitation Dispersion quality

after 24 hours

MWCNT -bCD/GCE

8¢l of C,{/
MWCNT—EJCD_

Fi gwilePr oxesl ow for the modification of gb@x sy <car
composites.

224Pr epar adtriionnk ionfg wasamphed urine

The tablet solution was prepared by completely grindingremdogenizingonetablet of

Tylenol® Regular Strength or TylerfolExtra Strengthlabeled 25 mg and 500 mgper

tablet respectively Then, each grindedablet was dissolvednto ultrapure waterby

magnetic stirringor 60 min The solutionwa$ i | t er ed b ydiametdr sydnge € m p c
filter membrane, anthen the filtrate was diluted iRBSsolutionwith pH valueof 7.4 to

make 0.1 mM stock solution of APAP from the tablédtine samples were dilutefdur

times with PBS (pH 7.4) without any further treatment. The diluted uris&mple was

spiked with different amounts of AHP. The recoverytests were carried out using
differential pulse voltammetryDPV) for the determination oAPAP in APAP tablet

containing water andumanurine
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2. Besults ansd di scussi on

231Characteri MMCINGDE DO GCEhel ectrode
TGA analysisof MWCNT and MWCNT -b C D
The amountf MWCNTandb CD compositions suspended in

guantified using thermogravimetric analyzer (TGAj}.i g @-2 showsthe normalized

TGAweightl oss profile for the MWCNTs with and
MWCNT was ~99.8% at 400 °C. This result indicates the MWCNT was very pure and had

almog no impurities. In the case of MWCNOCD, t he weight | oss st.
AC, and became ~15.8% at ~400 AC mioshl y due
Thislosscorrgsonds to 84.2 wt. % of bHBCD in the M\
in the water suspension, whi ch -biGD ctlhoaste w aos

originally prepared. The slight mismatch in the TGA weight loss profile may be due to the
strongadsorppin of b CD w196]prevéhtG it Tomplete decomposition.
100 A

MWCNT
MWCNT-bCD

B (o2} 0o
o (@) o
1 1 1 1 1 1 1

Weight Percentage (wt%)
N
o

0 1 1 | |
250 300 350 400 450 500
Temperature (°C)

Figeed GA plot of MWCMNTDaadgMWCANd under nitrog
i nvol ved a preanimptfeod®bm3Dod@d temperature to 500 AC
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Surface Morphology of MWCNT-b CD/ GCE

Surface morphology controls electrochemical sengiegormancethrouch electrolytic
participation and ionic transpdft97]. Hence theMWCNT/GCEandMWCNT-b C [GCE

surfaces werexamined with miasscopic imaging analysik.i g 2+:3sleows the scanning
electron microscope (SEM) images at different magnificatibine MWCNT/GCE surface
showednhomogeneous coveragdichwere possibly due to the effect of heat distribution

as well as the surface tensions associated with the d{@pit These inhomogeneous
distributiors could also be due to the coagulation of the carbon nanotubes during heating
[199]. Adhesion of MWCNT with GCE could be another parameter which daoflicence

on their coagulatiofi200]. I n contrast, when the MWCNT w
morphology became smooth. In fact, the hydrophilic outer shell obtGe®nolecules

resulted in better dispersion of MWCMITCD i n DI W, which may be
better electrochemical sensing performaftH ] for the detetion of APAP as discussed

in the section 3.3.

E o
15.0kV S| 1 WD 9.9mm 12:0.

sb@DG:@B r,f abc)e sa n(dc , N
l eft and rmagdni fhiamat isordse,s raegep e at il wenl

11:57:54 X 33,000

Fi g@8BSEM i mages of MWCNT/ GCE
i mages on the
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——MWCNT/GCE with 100 um APAP in PBS
15 ] —Bare GCE with 100um APAP in PBS
- - -MWCNT-bCD/GCE in PBS
- - -Bare GCE in PBS
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Figed€Vs of bare GCE (blue curves), MBZON TG CEC H r (egdr e
curves) recorded in 0.01 M PBS (pHs&nd® cdhARARB abse
(solid lines) in 0.01 M PBS at a scan rate of 20 mV

232Perf ormance optimi zb€DIi GE@Eo&!| ebher MU
Electrochemical performance of MWCNT-b CD/ GCE
Ther ol e of MWEgdbddexttnnd b

The electrochemical sensing performance of a modified composite electrode depends on

the redox activity of the sensing electrode witle target analyte (APAP). When high

surface area of MWCNTR02]i s combi ned with t h[2O3méehet ur i n
composite the sensing performance using cyclic voltammetry (CV) method can be
enhancedk i g 2+4skows the C\fesuls of the MWCNTb C D/ Gdbare GCE with

and without APAP in PBS. A low scan rate of 10 mV/s was chosen to identiytensity

redox peaksNo oxidationor reduction peakwere observetbr both the bare GCblue-

dashed curveand theMWCNT-b C [&CE (reddashed curven the PBS at the applied

potential range. Howeverthe area of the CV curves of MWCNICD/ GCE was
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significantly increaseds compared to that ttie GCEdue to thencrease in the double
layer capacitance. In the presence of APAP, adbpeak appeared in the bare GCE (blue
solid curve) at around +0.4 V, which may be attributed to the electrochemical oxidation of
APAP. However, the reduction peak was not significant, indicating a slow rate of electron

transfer occurring at the bare GCedo an irreversiblexidation process.

In contrast, for thMWCNT-b C D/ G C Bolid aureel, a pair of strong and wekfined

redox peaks were observed at anodic peak poteltigl gt 340 mV and cathodic peak

potential Epc) at 320 mV It was, theredre, observed that the APAP oxidation peak current

of MWCNT/GCE was improved by 4 times compared to that of bare GCE, while for
MWCNT-b CD/ GCE, it was i mproved by approxi mat
peak potential of MWCN® CD/ GCE wa s-8 ;W relativeeathaboy the bare

GCE. Hence, the modified MWCNB CD/ GCE ef fectively booste
APAP. This improvement can be attributed to three major factors. First, carbon nanotubes
themselves provide an enhanced electrocatalytic gctmvards the oxidation of APAP

due to their inherent materials properties such as, high conductivity and electron transfer
capability[204]. Second, the high surfate-volume ratio of the MWCNT provides a more

favorable pathway towards oxidation of APAZO5]. Third, the presenc
MWCNT facilitates a synergistic effect by introducing even higher surface area of the
sensor as well as a closer contacAdP AP mol ecul e due to the po
which will be discussed more in the subsequent parad2@l. The intensities and

positions of these peaks signify that the fabricated MW@®NT D/ GCEs theav or

reversible electrochemical reaction, as illustrated in the scheme below:
)OI\
N

X
HN
i -2H*-2e ;'
OH 0
where the oxidation and reduction processes involve two electrons and two protons. The

substantial increase in the peak currents and the presence afefuafld redox peaks
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demonstrate that the MWCNG CD/ GCE not only possesses a
active surface area, but also has excellent redox activity, which are desirable attributes for

the development of electrochemical sensors for pharmaceuticals.

The improved curnet r esponse in the oxidation of AP
main aspects. Firstly, on pure MWCNT, APAP results in a silagler adsorption. In the

case of MWCNTb CD, bCD provides a hydrophilic ou
inner core coverinthe MWCNT. This multilayer surface structure adsorbed more APAP

on the electrode surface compared to the single layer adsorption in MWCNT, resulting in

hi gher detection sensitivity of APAP. Seco
MWCNT may enhace detection sensitivity of APAP through the formation of
supramolecular hogf u e s t compl exes be{20/¢ herefdeCe and .
combined effect of DbCD and MWCNT provided
detection of APAP.

Thehostguest i nt er aAPAP cambe experimedtBlly investigated using X

ray Photoelectron Spectroscopy (XPS) of MWCNT/GCE and MWENT D/ GCE
surfaces before and after APAP detection, as shoWwn ing 2+5. Acetaminophen (APAP)

contains GN, CO and C=0 bonds-Canl CObonds, artd MWENT C
contains GC bond. The € and GO bonds may be present in all these materials due to

their chemical nature. Therefore, it isasenable to focus on C=0 andNCpeaks to

guantify APAP on the sensor surfad@88i 210]. The comparative narrow scan spectra

identify the elemental species and the influence of APAP adsorptiong 2+5(aad)). It is

shown inF i g 253(cgandF i g &5(d@that MWCNT-b CD has strofNger C=
peaks than that of the MWCNT. The stronger C=0 and feaks indicate enhanced
adsorption of APR onto the surface of MWCNBH CD/ GCE t han t hat
MWCNT/GCE during the electrochemical sensing of APAP.
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(a) MWCNT/GCE c-C (C) MWCNT/GCE after 100 ¢
UM APAP Sensing
) )
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< £
295 290 285 280 295 290 285 280
Binding Energy (eV) Binding Energy (eV)
(d) MWCNT-bCD/GCE
after 100 uM APAP Sensing
S5 ~
g 3
> 8
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Q c
IS 2
- k=
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Binding Energy (eV) Binding Energy (eV)

Fi ga5%XPS narrow scan spectra of the sur f-BCDé SCEf ( a)
el ectrode, (c) MWCNT/ GCE el ectrode afbCR/rGGCE nesliengt 0dd
after sensing of 100 OM APAP. Each figure shows the

Therole of surface area

To understand the role of surface area on betchemical behaviors of the electrodes
we investigated its redox behavior in standard solution HF&CN)], which isusually
being usedis a redox probé& i g 2-6(ag@shows the CVs of a bare GCE, MWCNT/GCE
and MWCNTb CD/ GCE e | e caqueoud sdution 06.0 mM Ks[Fe(CNs)]
containing0.1M KCI at a scan rate & mV/s. Thebare GCE electrode showed two well
definedredox peaks with peato-peak separatiofgEp) of 339 mV. An increase in peak
current (p) and adecrease imE, were observedor the MWCNT/GCEand MWCNT-

b CD/ G @dcating relatively fastr electron transfer at the mofied electrodes

compared to thabf the bare GCEThis effect isattributed tothe excellent electrical
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conductivity and théarge surface area ®dWCNT and MWCNT-b C @n the electrode
surface.The effective surface area of the nfoelil electrodewvas calculated using the
Randles Sevcik egation, for a reversiblprocess monitored b@V using K[Fe(CNs)], as
shown inF i g 2-G6(bg[211].

|, =2.69 310AD* 7', (2-1)
whereA is the effective surface ared,is the bulk concentratioof K3[Fe(CNs)], nis the
number of electrons transferred £ 2), D is the diffusion coefficient of i{Fe(CNs)]
(6.67X10° cn? s1), and3 is the scan rateThe square root of scaate vs peak avent
relationship is shown in the inset®fi g 2-6(b& The slope of théi3'2 curve was used
in equation(2-1) to calculate the effective surface area. In this work, the effective surface
area of MWCNTh CD/ GCE was c al c ul The ared of the bate glasfy. 1 8 9
carbon electrode and MWCNT/GCE were 0.07¢,camd 0.102 ¢y which were largely
amplified bythe MWCNT-b CD modi fi cation. Al though, the
el ectrode increases with the inclusion of

of the electrode surface may be affected

researchi s needed to optimize bCD and its rol
electrodes.
200 4 1000 -
(a) 1 —MWCNT-bCD/GCE (b) ] g 50
150 { —MWCNT/GCE 800 1 3§3%
] —GCE ] § =100
100 ] 600 ] 0 Squ%rze Rooci?of S()égn Rgig
] 380 mV/s
50 1 400 1
] < ]
< o] = 200 ]
z e
o ] o ]
£ -50 1 5 0 1
> J
3 ] @)
-100 ] -200
-150 1 -400
-200 A -600 e ———————————

Potential/V Potential/VV
Fi g @-6. @) CV curves of different electrodes: bare GCE, MWCNT/GCE, and MWENOD/ GCE i n an
aqueous solution d3.0 mM Ki[Fe(CNs)] containing 0.1 M KCI at a scan rate of 60 mV/s. (b) CV curves
MWCNT-b CD/ GCE at di fferent scan rate (20, 60, 100, 14
same solution.
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Fi g @-7. Peak current from the CV of MWCNB CD/ GCE
accumulation time and CV scan cycle, and (b) scatter plot at different accumulation time. Scan Rate: 60 mV/s.
Supporting electrolyte: 0.01 M PBSccumulation potential: 0 V.
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Fi g @8 &eak current from the CV of MWCNB CD/ GCE
deviation plot at different accumulation potential. Scan Rate: 60 mV/s. Suppo#atmsite: 0.01 M PBS.
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Effect of accumulation potential and accumulation time

The optimization of accumulation potential and accumulation time is important to identify

S C

mM APAP with

the best condition for the hegtiest interaction to achievetter redox sensitivitj212].

Fi gramdF i g B8 shows the effect of accumulation potential on oxidation peak
current ofAPAP on the MWCNTb CD/ GCE el
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in oxidation peak current due to increase of accumulation potential. However, when the
accumulation potential was varied frar.6 to 0.1 V, the oxidation peak current of APAP
reachedo a more stable maximum value at O V. After that, the oxidation peak current was
saturated with the increase of the accumulation potential. Thus, 0 V was chosen as the
optimal accumulation potential for all the electrochemical measurements. On the other
hand,F i g B9aadF i g BT ®hows therelationship between accumulation time and
oxidation peak current of APAP. Similar to accumulation potential, the oxidation peak
current reached to a more stable maximum valuethincrease of the accumulation time

up to 120 s, and then levels off for more than 120 s. It indicates that an accumulation time
of 120 s was essential to achieve saturated adsorption of APAP on the M/CNO/ GCE
surface. Therefore, 120 s was chosenhasdptimal accumulation timé&ccumulation
potential of 0 V was also reported in a previous sfadg] of square wave anodic stripping
voltammetry detection of APAP and ciprofloxacin using graphene oxide and nickel oxide
nanoparticles modified electrodes. In our study, Isin@inodic peak currents were observed
regardless of the accumulation potential. Since APAP is clreegieal and it does not have

any bias towards anodic/cathodic stripping at any positive/negative potential, the
accumulation of APAP could be governed fiilyysical adsorption at 0 V accumulation
potential[214].

40 40 1
(a) 1 (b) 1
30 ] ° ° ° . . 30 1 (] °
] d ] B ¥
20 : 20s 20 N 20s
—~ ] pa 40s =~ ] pa
] < ] 40s
$ 10 60s | ©10] 60's
= ] gos | — 1 80s
£ 0] <100s | £ 07 *100s
(&) ] = ]
5101 120s | 5,51 120s
o1 v S e140s | O™ 1 TR lpe 140 s
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2 ¥ s L] L § 3 ] ° e
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Fi g @-8. Peak current fromthe CVof MWCNB CD/ GCE i n 0.1 mM Adffferent (a) s c e
accumulation potential and CV scan cycle, and (b) scatter plot at different accumulation potential. Scan Rate:
60 mV/s. Supporting electrolyte: 0.01 M PBS. Accumulation time: 120 s.
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Fi g @-d ePeak current fromthe CV of MWCNB CD/ GCE in 0.1 mM APAP with
deviation plot at different accumulation time. Scan Rate: 60 mV/s. Supporting electrolyte: 0.01 M PBS.
Accumulation potential: 0 V.

Effect of scan rate

Another performance indicator of the sensahgctrode is the charge transfer ability. This

can be understood by analyzing scan rajedépendent redox peak currents and peak
potentials.F i g 21 @) shows the CVs of the MWCNB CD/ GCE i n the pre
APARP for different scan rates from 20 to 400 mV/s. The increase of the scan rate increased

the redox peak currents, as indicated by the Rat@#esikequation équatior2-1).Fi gur e

2-1 (b) shows that both the oxidation and reduction peak currents were proportional to the

scan rates. Thiigted regression equations can be expressellows:

loa( € A )13.286+0.6175 (3: mV/s, R2 = 0.9989), (2-2)
loc ( € A 119941 0.4242 (3: mV/s, R = 0.9976). (2-3)

Thelinear relationship of the peak currenits &ndlyc) with the scan rates) indicates that
the electrochemical reaction &PAP at MWCNT-b CMGCE is a surfacecontrolled
procesg35]. The effect 6 scan rate on the peak potentias also studied= i g 2+I (e)
shows the relationship between the peak potentials and the logarithmic vatluesaain
rates (logs). The oxidation peak potential shifted positively and the reduction peak

potential sifted negatively with the increase of the scan rate. This behavior may be due to
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the quasreversible nature of the redox of APAP where the rate of electron transfer

becomes comparable to the mass transporf2afd. At higher scamates from 20@0o 400

mV/s, theEpaandEpc were proportional with the logwith the linear regression equations

asfollows:

Fi g @1 #&@a) CVs of MWCNFh CD/ GCE

Current/pA

Epa(V) = 0.117+ 0.1252log 3 ( anV/s, R2 = 0.995),

Epc (V) = 048387 0.0715log 3
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According to Laviron's theor216], theslopesof the lines were equalto R ( 1 nA  U)
andT 2.3RT /nBE for the anodi@ndcathodic pea respectivelyHere,R is the ideal gas
constant (joules per kelvin per magl&)is the temperature in kelviesdF isthe Faraday's
constantThe charge transfer o e f f i wdsthentalculatdd to be 86 based on the

slopes of théwo straight lins using the following equation:

K,

Iogﬁ- Iogi or 2 = a
1-a (2-6)

K, l-a k
whereks and k. are the slopes of the straight lines &% vs. log 3 aBacds. log 3,

respectively. In addition, thepparent heterogeneoelectron transfer rate constakyg,can
be calculatedbased on the following equatip16|:

logk.=al 1- H | |
ogk,=alog(1-4 (4 slog aogﬁ/

wheren is the number of electrons involved in the reactigh is the peakto-peak
potential separati on, W isthesscan tate, and btlaersygnols r a n s
have their usual meaning. Thamber of electrons involved in the reactiolAfAP is 2,

thus, the value dfs was determined to b.659s?. The high value oks indicatesthat the

MWCNT-b C fCEcomposite film can effctively promote the electrdransfer between

the solution and the electroffl7].

Effect of pH of solution on the electrochemical behavior of APAP

The pH of a solution usually influences the electrochemical reaction by shifting the redox
potential towards more positive or negative directions with vamgagx peak currents,

which could be due to the variation of acid dissociation of APZB5]. Therefore, an
optimum pHis required to maximize the intensity of the redox peak currents at low peak
potentialsF i g 2¥ @&)shows the effect of pH on the redox reaction of APAP with the
MWCNT-b CD/ GCE el ectr ode 18mb. Theh@/s qf the MVEONG e o f
bCD/ GCE showed a strong depenThepeakeurrents t he
increasedignificantly when pH valueincreased from 4.2 to 7.4, and then decreased when

the pH exceeded 7.4. These responses might be due to the structural changie®lh the
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and i NHCOCH: groups of APAP with respect to p[218],[219]. At pH 7.4, charge
neutrality of APAP may be sponsible for the best respon$aus, the PBS of pH 7.4 was

selected as the electrolyte pH in the fallog experimentsin addition,F i g 8-1 @)

shows the relationship between the peak potentials and the pH of electrBlyteg.u r e
2-1 &) shows that both the oxidatiofpg) and reduction Hy) peak potentials shifted

negatively with the increase of pH, indicating that protons participate in the electrochemical

redox process of APAP. Also, tlig. andEpc were proportional with the pH valuestime

pH range, and the linear regression equativeeexpressed as

Epa( V)

=98 pH+ 007D (R? = 0.9972),

Epc( V) 0.85491pH + 0.7435 (R= 0.9955)

Peak Current/ I, €A

Potential, V
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Now we can use the slope of thguationsZ-8) and 2-9) to determine the ratiof proton

and electron involved in the redox reactionsading to thdollowing equatior{220]:

dE, mRT
—— =2303—— ]
dpH nF (210

wherem is thenumber ofprotons andn is thenumber of electron. Thavn ratios were
calculated to be 1.011 and 0.92 for the oxidation and the reduction process, respectively. It
indicates that the numbers of protons and electrons involved in the redox processes of
APAP were almost equal. Tredore,the redox reaction cAPAP is likely to undergoa

two-electron and a twproton procesf221],[222].
45
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F i g @-t 8Determination of Acetaminophen (APA) from the peak currents of CV of MWBNI D/ GCE
in1-100 &M APAP. Scan tRaédleetrolyted @0DHNV PBS. AccBrautaton Potential: OV.
Accumulation time: 120s.

233Vol tammetric determination of APAF
It is worth noting thabne ofthe main focussin this studyis the development of the sensing
electrode to detect low concentration of APAP. However, the choice of sensing method

itself often limits the outcome in the sensing performance. For the detection of low
concentration of analytes, differential pulse voltagtmyp (DPV) method is preferable

because of its higher sensitivity compared to that of CV. The better performance in DPV is
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due to the reduced background currents, which are unrelated to the redox r¢228pns

For comparison, CV results for APAP detectisnshown inF i g 8-1 2In fact, the
optimization parameters obtained by CV in the subsection 3.2 are applicable {83V

Fi g2 f)andFi g &Y &) depict the DPV curves for the concentration ranges of
0.0571 &M and 171300 d&Mgxir@xapdeEc g2@khpw Si mi
the calibration curves for the concentratio@) (ranges of00 5ieMand 00T 2 M

respectively. Rielinearregression equatisrcan be expressed as follows:

lb( € A) 6043C+20.0236( ¢ M)2= ( ®. 998) , F[ Q2D®)] 1 )
b( € A) =C# .B.67468%= (EMJOTR) Fi[gR@P0 40

96 3
(a)
) 1 (b) T
2.5 1 1
94 4 0.5eM l,=2.6043 C + 0.0236
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(b) Calibration curve (i.e., peak current vs APAP concentration) from graph (a). (c) DPVs of MWCNT
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Table 2-1: Comparison of the CN‘Based electrochemical sensors for acetaminophen.

Type of Sensor Detection Limit of detection, Linear
o Configuration Reference

Modification method LoD (eM) Range

Unmodified SWCNT/CCE DPV 0.05 0.08200 [225]

CNT based MWCNT-PDDA-PSS/GE CA 0.5 25400 [226]

sensors N-DHPB/MWCNT/CPE DPV 10 15270 [227]
PINRMWCNT/CPE DPV 0.17 0.4-60 [228]
EFNIO/MWCNT/CPE SWV 0.5 0.8-600 [229]
SWCNT-GNS/GCE SWV 0.038 0.0564.5 [205]
MWCNTs-GNS/GCE DPV 0.1 0.8110 [230]
MWCNT/BPPGE AdsSV 0.01 0.01-2/2-20 [231]

Chemically fMWCNT/GCE DPV 0.6 3-300 [183]

modified CNT ED-CMWCNT/GCE DPV 0.092 1-200 [184]

based sensors  Chitosan/MWCNT/GCE DPV 0.17 1-145/4200 [232]
fCNT-PMG-CE CA 9.3 0-200 [233]
AuNP-PGA-SWCNT/PET DPV 1.18 8.3145.6 [234]
MWCNT -bCD/GCE DPV 0.0115 0.051/ 1- This Work

300
Acronyms:

SWCNT/CCE = Singlavall carbon nanotubes modified carbon ceramic electrode.

MWCNT/GCE = multiwall carbon nanotube modified GCE.

MWCNT-PDDA-PSS/GE = MWCNT on poly(diallyldimetheylammonium chloride)/poly styrene sulfonate modified graphite electrode.
N-DHPB/MWCNT/CPE = N(3,4-dihydroxyphenethytB,5-dinitrobenzamideMWCNT modified carbon paste electrode.
PtNRMWCNT/CPE = Pt nanopadies- MWCNT modified CPE.

EF-NIO/MWCNT/CPE = ethynylferrocene and NKOMWCNT modified CPE.

SWCNT-GNS/GCE = SWCNT graphene nanosheets modified GCE.

MWCNTs-GNS/GCE = MWCNTgraphene nanosheets nanocomposite modified GCE.

MWCNT/BPPGE = MWCNT/basal plane pyytic graphite electrode.

fMWCNT/GCE = functionalized MWCNT modified GCE.

ED-CMWCNT/GCE = ethylenediamine carboxylic acid functionalized MWCNT modified GCE.
Chitosan/MWCNT/GCE = Chitosan and MWCNT modified GCE.

fCNT-PMG-CE = functionalized CNpolymer poly(methylene green) composite electrode.
AuNP-PGA-SWCNT/PET = Au nanoparticlgsolyglutamicacidSWCNT-polyethyleneterephthalatesubstrate.

AdsSV = Adsoptive stripping voltammetry, DPV = differentipllse voltammetry.

SWV = square wave voltammgfrCA = chronoamperometry;dD = limit of detection.

The decrease in sensitivity (slope) of the latter linear segment might be due to the saturation
of the kinetic behavior of the electrode sys{eé8b],[236]. We observed that thgC curve

started to deviate from its lineaglavior and became saturated after 300 uM concentration

of APAP. The limit of detection (LoD), defined as LoD =/@ (where,s is the standard
deviation of theblank solution (0.01 A), andmis the slope of the calibration curye)as
estimated to b&1 NV using the first linear segmej&37]. These values are compared with

the values reported by other research groupthimdetectiorof APAP at the surfaces of

physically and chemically modified electrodes based on GN3hown inTable2-1. It is
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observed that the MWCNBD CD/ GCE sensor has achieved wi
limit of detection (LoD) for the detectioof APAP. The letter performance of the
MWCNT-b CD/ GCE sensor is attributed to the hi
hostguest interaction of the sensor, as discussed in the subsection 3.2.

234Performance and st b6DI GCE efetheod

Selectivity andinterference

The selectivity of the fabricated sensor for the detection of APAP was evaluated using
interfering species under the optimized conditions. In biological samples, APAP usually
coexists with ascorbic acid (AA) and dopamine (DA)jus, DPV was p#ormed to test

the selectivity of this sensing platform with interferences from AA and DA.g 2T ®
shows that APAP (0.1 mM) exhibited a wdkfined anodic peak with good separations
from AA (0.1 mM) and DA (0.1 mM)The peak potential of APAP shifted to a more
positive value. This shift as because of the reduction of the pH value (from 7.4 to 6) due
to the presence of ascorbic acid, which is showR ing &% &). Therefore, it carbe
considered that this modified electrode showed satisfactory selectivity for the detection of
APAP in the presence of AA and DA.

Reproducibility and stability

The reproducibility and stability of thf\WCNT-b CD/ GCE sensor wer e |
utilizing the DRV technique. Five different MWCND CD/ GCE wer e prepar e
same conditions, and tested for the electrochemical detection of 0.1 mM APAP in 0.01 M

PBS (pH 7.4). A relative standard deviation (RSD) of 4.6% was observed with the five
different electrods, confirming that the preparation of the MWCRTC D/ GCE had
considerable reproducibility. In additipane of the five MWCNIb CD/ GCE aoteds s el ¢
for the longterm stability tests over aveek period. The DPV was carried out once a

week. The MWCNTb C D / BE3M@s stored in a dry place at room temperature (25 °C). A
relative standard deviation (RSD) of 5.5% was observed, showing the considerable stability

of the MWCNTb CD/ GCE f or the detection of APAP. .
five MWCNT-b CD/ G CE d thdt thencerrent response of the modified electrode lost
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only 5% of the initial response after storage at room temperature for 4 weeks. These results
indicate thathe MWCNT-b CD/ GCE

determination.

has good

Current/pA
=
o

(o]
o
I T I T 1

70 4

AA

DA

APAP

50 -
-0.2

0.0

0.2

Potential/V

Fi g @i BDPVon MWCNT-b CD/ GCE with 0.1
and 0.1 mM ascorbic acid (AA) in 0.01 M PBS (pH = 7.4).

0.4 0.6

0.8

mM acetami nophen

Table 2-2: Detamination results of ARP in TylenoP tablets byDPV.
Prepared

Sample Labeled Content
12 325 mg
20 500 mg

Concentr a

0.5
10
50
100
0.5
10
50
100

Found( & M) Recovery
0.49 98%
9.85 98.5%
48.60 97.2%
96.10 96.1%
0.48 96%

9.81 98.1%
51.70 103.4%
102.60 102.6%

aTylenol Regular Strength tablets (Acetaminophen: 325 mg).

bTylenolP Cold Extra Strength tablets (Acetaminophen: 500 mg, dextromethorphan hydrobromide: 10 mg, phenylephrine

hydrochloride: 5 mg).

AAverage values calculated from three determinations.
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Table 2-3: Determination esults of APAP in urine by DPV.

Sample Added (& M) Found( ¢ M) Recovery

1 0.5 0.52 104%
10 9.75 97.5%
50 514 102.8%
100 98.20 98.2%

2 0.5 0.50 100%
10 9.82 98.2%
50 49.21 98.4%
100 103.60 103.6%

AAverage values calculated from theterminations.

Determination of APAP in Water and Urine Samples

The practical application of the MWCNG CD/ GCE sensor was valida
the concentration of APAP within a resdmple such as APAP tablets and human urine.
The recovery tests of PAP were carried out using DPV under optimized parameters
through the standard addition method. In this method, the 0.1 mM stock solution made from
the APAP tablets were added to 0.01 M PBS solution (pH 7.4) to make certain
concentrations of APAP (e.g.50.M, 101 M, 501 M, and 100 M). Table2-2 shows that

the sensor exhibited an excellent recovery from 96% to 103.4%. Similarly, standard
addition method was also applied to the determination of APAP in urine samples. In this
method, cerin concentrations GPAP (e.g., 0.3 M, 101 M, 501 M, and 100 M) were

added to the urine sample diluted by 0.01 M PBS solufiable2-3 shows that aecovery

of the experimental results was obtained from 97.5% to 104%. These results clearly indicate

that the developed sensor can detect APAP containing water and urine samples.

2.@oncl usi ons

We fabricated a simple, rapid, and laastelectrochemical sensor for precise sensing of
acetaminophen based on MWCHNTC Dnodification of glassy carbon electrode. The
sensor demonstrated excellent redox activity towards acetaminophen sensing with limit of

detection of 11 nM. Also, in contrast toost of the MWCNT based electrochemical
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sensors, a wide twstep linear detection ranges fra51 & M IBrOd \&ad
observed. The sensor exhibited high stability, good reproducibility and exclusive selectivity
for the detection of acetaminophen in gresence of interfering species. We investigated
the sensing performance of the sensor using commercially avatadilaminophen tabket

and human urine. A recovery of more than 95% was observed. Therefore, the developed

sensor may find applications inetlsensing odcetaminophem watet
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Chapter 3
Tai l ori nganMgNT odextrin
| mpr oDveetdect i on of Acet an

Estrogen

Monitoring oftraceamount of acetaminophen and estrogen in drinking water is of great
importance because of their potential links to gastrointestinal diseases, and breast and
prostatecances. The sensitive and accurate detection of acetaminophen and estrogen
requires the development of advanced sensing materials that possess appropriate number
of analyte capturing sites and suitable signal conduction path. This can be adlyeved
implementing appropriate chemical attachment of nwtiled carbon nanotubes
(MWCNTSs) andb-cyclodextrin f C DHere, we report a systematic investigation of four

types of modified MWCNIBC D : (1) physical mi Xi ng, (2)
chloride esterification, and (4teglichesterification The Steglichesterificationis a one

step approach with shorter reactiome, lower reactionemperature, and eliminates
handling of air/moistursensitive reagents. The MWCNICD prepared bySteglich
esterificationp o s sessed moder-adw%),ba@y® effecovauwlifaceaga, ( 5

and fast electron transfer. The hgsti e s t i nteraction of bCD a
MWCNT enabl ed sensitive de-esgadiblEDisrapondry acet a
female sex hormoné) the range of 0.0620 uM and 0.0415 pM, respectively, with low

detection limits of 3.3 nM and 2.5 nM, respectively. We demonstrated accurate detection

results of pharmaceutical compositions in water and urine sarijplese redis indicate

" Adapted with permission from. U. Alam, Y. Qin, M. Catalano, L. Wang, M. J. Kinv). M. R. Howlader,
N.-X.Hu,andM.J.DeenT ai | or i ng MQyCldddxyin far Sehsitive Detection of Acetaminophen
and EstrogenACS Applied Materials & Interface40(25) 2018: 2141121427 Copyright (208) American
Chemical SocietyAppendixC).

64



Ph.D. Thesis A. U. Alam McMaster University Electrical and Computer Engineering

that Steglich esterificationmethod may be appliedn fabricating pharmaceutical

contaminants sensors for health and environmental applications.

3.Background

The increasedpresenceof pharmaceuticacontaminantsn sourceand drinkingwater
sydemsis due to théncreased humagxcreton and improper disposal. These contaminants
are threatening human health conditions due to thinown toxicity, teratogenicity and
carcinogenicity profils, hence it is important to have monitoring g@per control
measures can be implemen{d®&4,155] The lack of monitoring data also gives rise to
ambiguous conclusions on thehronic effects o humanphysiology The concentration

of pharmaeuticalcontaminants such asetaminophen (APARa painkille) (N-acetytP-
aminophenol or paracetamal)n d e s t r o gestnadiol oe E2gprimary Iethéle sex
hormone) was reported to be up to sever8L}§157]. Longterm exposure of individuals

to APAP was associated witlicreased mortalitf1 66]; heart, gastrantestiral, and kidney
disease§l66]; and hepatamephretoxicity [167]. Endogenous and exogenous estrogens of
up to 17 giL* have also been detected in the source water of drinking water treatment
plant[238].

Toxic levels of endogenous estrogdras/e beeriound to bdinked with breast cancer in
women and prostate cancer in njgB89]. Exogenous estrogens have atesturked fish
physiology anaffected theeproductivesystems oboth domestic and wild animg[39].
Although the available studies on exogenous estrogens reach dissimilar conclusions on
potential effects on human healthere is no scientific agreement on the concentration
limit whichlikely has no toxic effect particularly for aquatic ecosystei288]. Therefore,
monitoring of APAPand estrogemn watercyclesis importantto estimate their adverse
effects on human and environment. However, current technologies for monitdring
pharmaceuticalcontaminantsare limited by the requirenent of standard sampling
procedue inconventional analyticaechnique$170]; andthe lack ofsimple, lowcost and

easyto-usesensrs
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Conventionalanalyticaltechniquego determingpharmaceutical in water and biological
fluids include titrametry [168], spectrophotometry169], and high-performance liquid
chromatographyHPLC) [170]. Thesetechniquegprovidehigh sensitiity, selectivty and
precision However, hey aretime-consumingrequireseveral samplpretreatmentsteps
including derivatization, hydrolysisandis carried out byspecialy trainedpersonnelTo
address these technical challengasctrochemicakensingtechniqueswere developed
based on theslectroactive naturef the pharmaceuticals in which the pharmaceutical
contaminants provide electrical signal output through their oxidatwnreduction

conversion ability

The advantages alectrochemicasensingtechniqus includelow cost, high sensitivity,
fastresponsewide linear rangeeasy operatigrsimple fabricationsmall foot print of the
sensorsandeaseof-use[116]. Biosensordased on electrochemical detection mechanisms
have achieved higbelectiuty and sensitiity by usingantibodyantigen interactiofi240],
enzymesubstrate interactiofR41], DNA aptamerhybridization[242], and molecularly
imprinted polymer (MIP]243]. Although these biosensing techniques have achieved very
high sensitivity, they require biochemical reagents such as antibody, enzyme, DN
aptamer, and the target analyte itself to fabricate the imprint forfdd#ed sensors. These
reagents are expensive, unstable, temperature sensitivengeidble in diverse sensing

environment.

CarbonnanotubegCNTs) and modified CNTare excellent candidates to realize simple

and easyto-use electrochemical sensors because of their exceptbeetirochemical

properties, ease of chemical modification and low cost fabricg#h245] In particular,
functionali zed/mgdi bdedt €N fenh@rcdd Bendtigiti forw e d
thedetection of pharmaceuticals and organic mpotutants such as rutin and bisphenol

A [246,247]. CNTswith high aspect ratio (>3000) provide a large effective surface area

and strong redoxc apabi l ity, wher eas b-Quest ihteractioh i t at e
capabilities[116,189191,248] To prepare theCNT-b CD b sesseng mierial in
electrochemical sensors, two methods are generally used: physieadiadant and

chemical/covalent methods.
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Thephysicalnoncovalent modificationof CN'b CD i s a s i mp kesulingmet hod,
materialwasunstabledue to the solubilityob CD i n[248].8Alsce the norcovalently

modi fied CNT with bt@asfedpatht, Whsch lomitsrite sertsitivigyline c t r o
electrochemical sensing applicatiof50]. On the other hand, the chemical/covalent
functionalized CNTs with bCD pguestinteraciesn ¢ o mp
capabilities withpharmaceutical and/or organic molecules. These functionalized CNTs can

then be used to realize sensors witfhrsensitivity{250].

Differentroutest or c hemi c al functionalization of CI
applicationssuch as electrochemical sens[2§0], filtration of organic micrepollutants

[196], and wastavater treatmenf251,252] For exampl e, Aclick chen
modifications of CNTb CD s howed f wzleldy CiNUrsc twiotnhal b CD
sidewalls for wastavater treatment and filtration of organic miguollutants [251].

However, the CC approach requikesmplex andnulti-stepchemical reactioprocesses.

On the other hand, thionyl chloride mediated esterification (TE) of 6NOD has s ho wr
moderateamouno f H CD attachment (~10 wt %) through
at the edges of the CNTs. DespidtCaT-btChe | i mi
showed~30%enhancment in electrochemical sensing signal for the detection of 10 uM
bisphenol A compared to that of physically modified GBI [250].

The TEapproachrequireshandling ofair and moisturesensitive reagents. Also, it is still
unknown how the amount and the mol ecul ar o
walls or the edges of the CNaffects the electrochemical sensing performambes, a

chemical functionalization of CNT with C 3 necessary to achieve both simple sensor
fabrication and enhanced sensing performance. Therefore, a systematic and comparative
analysis of physical anchemical functionalization dENT-b C i3 a crucial step teealize

simple and reliablsynthesis of sensingateriasfor electrochemical sensing of APAP and

E2.

In this researcha systematic study of the modifications of NDNT-bCD through four
physical and chemical approaches is accomplistigqihysical mixing (Phys)}2)fic | i c k

react i on 0 -stdpasgnehesis (CE)B) thionyl chloride mediated twetep
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esterification (TE), an@4) Steglich esterification (SE) based estepsynthesisAmong

the four modification methods, SE is reported for the first tifee fourMWCNT-bCD

modification approaches were compartd gain insights into their effects on the
electrochemical sensing of APAP and ERthe developed SE synthesipapoach, bCD
covalently attached onto MWCNT through direct esterification of the carboxyl groups
Physical and chemical characterizations of each reaction steps were done to confirm the
successful functionalizati on these fddVWPdsdf wi t h
MWCNT-bCD composites to fabri ccadirgthe watesi ng e
dispersed MWCNI C D ont o gl assy car bon el ectr oc

electrochemical sensing performances of APAP and E2 were characterized.

The CC method showed the highest amountbofD functionalization with MWCNT,
resulting in lowest electrochemical sensitivity, probably due to excessive sidewall
functionalization of MWCNT. The TE and SE based MWCHTD/GCE electrodes
showed high effective surfacarea, electron transfer rate and sensing peak currents
compared to that of pure MWCNT/GCE and physically modified MWEND/GCE.

Also, the SE based MWCNB O/GCE showedhigher sensitivity, lower limit-of-
detection,fasker responseand betterstability comparedto that of pure MWCNT and
physically modified MWCNTb ©/GCE, in measuring real watesamplescontaining
APAP and E2Thesesimple and easto-fabricateMWCNT-b © (SE)/GCEbasedsensors
have the potentiab be implemented in future portable electremicalsensingsystems

for water quality monitoring.

3.22ampl e preparations and measur

321Chemi cals and reagents

MWCNT (>95%, OD: 515 nm, Length: ~50 um, electrical conductivityl00 S/cny

(Fi g 8XA9) and COOH functionalized MWCNT (MWCNTOOH, >95%, OD: 8.5

nm, Length: ~50 pum, electrical conductivityl00 S/cmy were purchased from US

Research Nanomaterials Inc. Sodium hydroxide (Nag#tets (>97%), hydrochloric acid
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was purchased from Calyedonekabofait(gitide s OO 7
(B) and F i g B-1(®)), toluenesulfonyl bloride (TsCl, 98%), sodium azide (Nad\

(09.5%), 4ethynylaniline (97%), isopentyl nitrite (96%), thonyl chloride (S®GF%),
N,N-Dimethylformamide (DMF) (>99.9%), N-Methylpyrrolidone ( NMP ) ( 099 %) ,
anhydrousN,N-Dimethylformamide (DMF) (99.8%), anhydroudN-Methylpyrrolidone

(NMP) (99. 5%) , anhydr ous py ropperi)riogide(C8,9 . 8 %) ,
98%),1,8-Diazabicycl¢5.4.0Junde€e7-ene(DBU) (98%), mtassiumodide (KI, >995%),
dicyclohexylcarbodiimide (DCC) (60 wt% in xylenes),4-(dimethylamino)pyridine

( DMA P9%),plibsphatd uf f er sol ution (PBS) tablets,
acetami nophen -egstadd %ere puecimased ftoigmaAldrich. Celite
Powder(Celite™ 545 Filter Aid was purchased from Fisher Chemidadetone(>99.5%)

was purchased from EMD MilliporéAll chemicals were of analytical grade and used

without furtherpurification All the aqueous solutions were prepared with deionized (DI)

water (esistivity 0 18 Mq tm). The 0.01 M phosphate buffer solutions (PB&h pH

7.4 were prepared by dissolving one PBS tablet into 200 ml DI wagkmol® regular

strength and’ylenol® Extra Strength tablets were purchased from a drugstore

322Four modi ficat MINCNIEDOhni ques for

Click chemistry (CC)

Preparation of 6-O-p-Toluenesulfonyb-Cyclodextrin (TsGl b C x)The preparation

started with dissolving 12.5 g of NaOH in 750 ml of deionized water (DIW) with a big
magnetic stirring bar. Next, we dissolved
flask was then put into an id®ath with continuous stirring fohé solution temperature to

be between 0 and 5 °C. After that, we added 10mtofuenesulfonyl chloride (TsCl) and
magnetically stirred vigorously for 2 hours followed by the addition of another 15 g of TsClI

and stirring for 3 hours to geé*-O-p-toluenesulfonykb-cyclodextrin (TsCkb CD) as
showninFi g8®I{Q&. TheTsCb CD sol ution was then filter:
paper filter. We then aléd 175 ml of 10% HCI onto the filtrate and kept it in the refrigerator
overnight to precipitate white aggregates of TeGT D . The next day, w
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vacuum filtration of the Tséb CD aggr egates with a gl ass fi
white aggegates. We weighed the filter paper before and after filtration to measure the
weight of the TsCb CD vyi el d. After fi-b€EDabdggnegated
glassware, grinded it to make it into more powder form, put aluminum foil cover with holes,

and kept in a vacuum oven at 65 °C for two hours to remove the moisture. Thie TsOl

dry powder was then kept in a refrigerator

(A) L (B)

%/» Ry (QH), (OH), OTs ©H)s Ny =
(@)
—_—

DCC: Dicyclohexylcarbodiimide

DMAP: 4-Dimethylaminopyridine
() ® o ;
OH),

(OH),4 (OH)4

c-al
—_—

reflux

HO.

(OH),, (OH),,

Fi gwile A) Pure MWCNT, ( B) Physically modified MWCN
covalently modified MWNT through click chemistry. Reagentspf&yluenesulfonyl chloride, NaOH,8;

(b) NaNs, H>O; (c) isopentyl nitrite, NMP, acetonitril, (d) Cul, DBU,DMB{) Synt hesi s of bCD
modified MWNT-COOH t hrough thionyl chloride mediated este
modified MWNT-COOH through Steglich esterification.

Preparation of Mone2-azido-2deoxyb-Cyclodextrin (Azideb C D A mixture of 5 g of
TsCtbCD and 3.9 g of sodium azide was dissol
for 1 day. After that, 25 ml of acetone was added to precipitate a white solid obagido

and put into a refrigerator overnighi (| g 8X(@). In the next morning, the azidn C D
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precipitate was vacuum filtrated using a glass fiber filter paper, and then put into a vacuum
oven at room temperature for 2 hours to remove the mejstesulting in 3.25 g of azido
b C With a product yield of 72% (mp: 220 °C).

Preparation of AlkyneModified MWCNT (Alkyn®MWCNT) We weighed 100 mg of
MWCNT, put it in a 100 ml flask and flowed Argd@Ar) with 99.99% purity for 5 min to
removeany residal air. Then we added 25 ml of DMF followed by sonication for 15 to 30
minutes to get a uniform suspension. After that, we added 1.93-Btbf/dylaniline to this
suspension. We also added 1.93 g of isopentyl nitrite at room temperature, and the
suspensio was then stirred overnight at 60 °C under an Ar atmosphere. The resulting
alkyne modified MWCNT (alkyndlWCNT) suspension was diluted with 20 ml of DMF

and filtered through a nylon membrare i( g 8-1(@)). The collected solid was then
washed thoroughly with DMF and methanol until the filtrate became colorless with a

resulting yield of approximately 100 mg black powder.

Preparation ofClick-ChemistryMediatedMWCNTb C IMWCNTb C @C)): First, we
dispersed 100 mg of alky®dWCNT in 25 ml of DMF by sonication for 15 min followed

by bubbling with Ar for 10 minutes to remove any residual air and moisture. Then we added
1.93 g of azidebCD, 316.67 mg o€ul and 2.5 g of DBU. The reaction mixture was then
stirred under Ar bubbling flow at 70 °C for 48 hours to get MWENT @C)(Fi gur e
3-1(C)). Atter that, the mixture was cooled to room temperature, and then diluted with
additional 10 ml of DMF. ThMWCNT-b C D ( GuSpension was then sonicated for 5
min, and filtered through a nylon membrane. The product was sonicated-disgersed

in DMF and 1 mM aquaus Kl solution, respectively. The product was again washed
thoroughly with water and acetone, resulti
(i.e., pureMWCNT-b C D ( Cdbtpined as a black powder after drying overnight in
vacuum.A uniform, black suspeimn of MWCNT-b C [TC) was prepared by dispersing

40 mg of the black powder into 20 ml of DIW using an ultrasonic preprocessor.
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Thionyl c hl oersitdeer inferdeilaattieodn

We weighed 300 mg of MWCNTOOH and put it into a reactor with continuous Ar flow
so that no air and moisture daatrappedinside the reactor sidewall. Thehe reactor was
pumped down with a vacuum pump to £1a. Also, hot air was blown around tleactor
using a heat gun so that moisture from the inner wall and MWCRDH are removed.
After that 5 ml of SOC} was added into the MWCNTOOH containing reactpas shown
inF i g3WD9. The MWCNTCOOH/SOC} suspension was stirred at 65 °C for 24 hours.
Il n a separate reactor, 450 mg of DbCD was t :
to the previous stepp ut wi t h no heat repctanwith Vaouwn pugp The
was left running overnight. We then connected water cooling lines in the M\ADOH

reactor for condensation. The hot plate temperature under M\AA@DIDIH reactor was

raised to 110 °C to start boiling the S@@&hd to keep the MWCNTOCI productin the

reactor.

We removed the excess SQ@@hdera reduced pressuref ~2x102 Pa using a small
vacuum pump and collected the distilled S©i@to the condenser collector. 10 ml of
toluene was then added into the MWGKRDCI product reactor and heated at 110 °C to
perform azeotropic distillation, so that excess SO&As driven out by toluene. The
MWCNT-COCI reactor was then cooled in a caldter bath. 10 ml of anhydrous NMP
was also transferred into the MWCNJOCI. In parallel, we added 5 ml of anhydrous NMP
into the bCD reactor. Also, a few -NMPops of
solution. F-NMPRadolutipn, wag imsertegtioGie MWCNTFCOCI reactor
mixture. After 15 minutes of stirring at the celgter bath, the stirring continued at 65 °C
for 5 hours at 200 rpm of magnetic stirring. After the heating was turned off, stirring
continued over 2 days with all the reactoleinsealed to get chacally functionalized
MWCNT-b C @E). A uniform, black suspension dIWCNT-b C @QE) was made by

dispersing 40 mg of the black powder into 20 ml of DIW using an ultrasonic preprocessor.
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Steglich esterification (SE)

We weighed 300 mgf MWCNT-COOH and put it into a reactor with continuous Ar flow

We then added 25 ml of anhydrous DMF into the reactor and sonicated for 15 minutes to
get a uniform suspension. We then added 100 mg of DRARA g obCD. After that, we

added 200 mg of DCC into the reaction mixture at 0° C and stirred it for 5 minutes at 0 °C
and 5 hours at 20 °C. The precipitaM@CNT-b C (3E) is then filtered through a nylon
membrane and washed thoroughly with DMF and acetone to retmoCC, DMAP and
unreactedoCD, as shown irF i g @-X(B. A uniform, black suspension ¢fIWCNT-

b C 3E was prepared by dispersing 40 mg of the bjamkder into 20 ml of DIW using

an ultrasonic preprocessor.

Physical modification (Phys)

The weight percent of the carboxylic acid group in MWCGEOOH is ~2.58 wt%,

according to the manufacturer data sheet. If all the carboxylic groug®mrwerted into

ester groups through BCD modification in T
wei ght percent ®ICDb@DI I n bMWGNETS5 wt %. Ther
compare the &effect of bCD modi ficali on i
modified MWCNT-b CB ol uti on was prepared by dissolywv
water followed by dispersion of 40 noaf MWCNTSs using grobeultrasonic preprocessor

(Fi sher ScientificE Mo }ferll0 ninkitesto §ve aM\VECNDi s me mk
concentration of Ingiml'* (F i g 3+ 1(B).

3.2.3.Characterization of the modified MWCNT-b C D

A field-emission scanning electron microscope (SEM, J®M1F, JEOL) ws used to
observe the surfaamorphologies othe dropcastedMWCNT-b C @Bn GCE The SEM
was operatedtan acceleration voltage of 10 kV and emission current oE~80heb C D
content n themodified/functionalizedMWCNT-b C vere measured using a Q5000 IR
(TA Instruments) thermogravimetric analyzer (TGA). Abowt2lGmg black powder was

obtained byevaporating water from 40 ml of each of the physically/chemically modified

73



Ph.D. Thesis A. U. Alam McMaster University Electrical and Computer Engineering

MWCNT-b C Bsuspasions on a hotplateThe thermogravimetric (TG) analysis was
carried out with a nitrogegas(N2, 99.99%)purge (20 mimin'!) and at a temperature
ramp rate of 20 °@nin'!. Fourier transform infrared (FTIR) spectra of there and
modi fi ed bCD eaxenedorddtiWsing @ spactrometer (Vertex 70, Brukgr)
making KBFrIR pellets. The chemical compositionMWCNT-COOH, MWCNT

b C OE/SE/CC)were characterized by usingrdy Photoelectron Spectroscopy (XPS)
(XPS, JP9200,JEOL,MgJ source, 10 keV, 15 mA).

(OH),,

Pure MWCNT  MWCNT-bCD (Phys) “"“MWCNT-bCD (TE/SE) MWCNT-bCD (CC)

Y Ultrasonic

? Agitation Dispersion quality Drop Casting(/-/’

after 24 hours

§§§ % @mm 000 MWCNT -bCD/GCE

; s e\ a Heating a?ti;OAC -
B KSIC T

= ﬁ’ — ‘

F i g B+2.d-abrication process flow for the modification of glassy carbon electr@@E) with Pure
MWCNT/ MWCNT-b C (®hys/TE/SE/CC).

3.2.4.Fabrication of the MWCNT -b C Bnodified electrodes

For a comparative anaig of the electrochemical sensing performance for the detection of
acetami nophen -dsthaBid\ FER), fiaentypes bf7nfiodified glassy carbon
electrodes (GCE) were fabricated, as listed inTihlele3-1. A schematic overview of the

electrode modification steps is showrkFin g 3t2. lewas found that the dispersion quality

of pristine MWCNT was not maintained beyond 24 hours after sonication. In fact,
MWCNT cannot be highly dispersed in an aqueous solution without assuigfactant.
However, the BCD funct i orbalDNerechihlyMigpersedd (i . e
even after several weeks of storage, which was important to achieve reproducible drop

casted layers of the sensing materials. The amount ofadsipmg volume of each
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MWCNT/MWCNT-b C Wasoptimized based on their respective electemsital sensing

performanceof 5 pM APAP to ensure a uniform basis of the comparison of

MWCNT/MWCNT-b CD modi f

i ed

-Ga€l Eodume of daeh sahsing material
was varied betweenand14 pl to find the optimum volumes that resulted in a maximum

APAP idation peak current, as shownHigure A 1. The optimized drojgast volumes

for all electrods arealsolisted inTable3-1, which were then used throughout the rest of

the experiments.

Table 3-1: Listof MWCNT-b CD modi fi cati on approaches and
corresponding materials loading for the materials and the maddifiesing electrodes.
Modificatio Acronyms of Description Reagents Used Number Maximum MWCNT/MWCN Volumedrop- Effective Charge Heterogeneo
n the Modified of the of Temperatur T-bCD Load castedonGCE Surface Transfer us Electron
Approaches MWCNT Modificatio Chemica e Used Suspension for Optimum Area (cnd) Coefficie Transfer Rate
based GCE n | Electrochemic nt (1 Constant
Approaches Reaction al (ks sY)
Steps Performance
Unmodified MWCNT/GC Pure N/A N/A RT 2 mgiml™* of 6 ul 0.117+0.004
E MWCNT MWCNT in DIW 0
Physical MWCNT- bCD N/A N/A RT 2 mdinl™* of 6 ul 0.122+0.003  0.36 1.659
Modificatio b CD modified MWCNT and 0.73 5
n (Phys)/GCE MWCNT wt % of bC
through DIW
Physical
Mixing in
water
Chemical MWCNT- bCD p-toluene sulfonyl 4 80°C 2 mgiml™* of 12 0.039+0.001
Modificatio bCD modified chloride, sodium azide, MWCNT-bCD 2
ns (CC)IGCE MWCNT 4-ethynylaniline, (CC)in DIW
through isopentyl nitrite, DMF
Click
Chemistry
MWCNT- bCD Thionyl chloride, 2 110°C 2 mginl™ of 10 pl 0.142+0.002
bCD modified pyridine, DMF MWCNT-bCD 8
(TE)/GCE MWCNT (TE) in DIW
through
Thionyl
Chloride
based
Esterificatio
n
MWCNT- bCD dicyclohexylcarbodiimi 1 20°C 2 mgiml™* of wou 0.149+0.003  0.50 29
bCD modified de, 4 MWCNT-bCD 0
(SE)/GCE MWCNT (dimethylamino)pyridin (SE) in DIW
through e, DMF
Steglich
Esterificatio
n
Acronyms:

RT: Room Temperature
DMF : Dimethylformamide
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The fabrication of theMWCNT-b CD Mo di f i e dtartdsllwéhc golistond hee s
surface okachGCE electrode on fine emery paper and chamois leather containing alumina
powder (AbOs) with particle sizes ofl . O, 0. 3, punchdsedOfro® £HI € m
Instruments The polishing was done first using the lapgeticle-size alumina powder
followed by the smaller one$he GCE electrode surfaces weresed thoroughly with DI
water between each polishing step, and then sonicated in DI water and dried with
compressed air. An aliquot 6fto 14e | phydically/chengally modifiedMWCNT-b C D
solution was drojzasted on the GC8ectrodes. The electrodes were theied in air for

20 min at 80 °C in an overlhe electrodes were cooled to room temperature before

measurements. The electrodes were stored in a dryyerllated are in the laboratory.

3.2.5.Measurement system

All electrochemical measurements wegrerformedwith a threeelectrodeconventional
electrochemical workstation at room temperatkePalmSens EmStat 3 potentiostat
(PalmSens BV, Netherlandsjps conne@d to a threelectrode cellThe potentiostat was
operated byPSTrace5.2 software. The threelectrode cell assembly consisted of a
platinum wire as an auxiliary electrode and an Ag/AgCl electrotieeasference electrode.
Unmodified/modified GCEsvith pure/modified MWCNTb C Wereusedas theworking
electrode with an exposecircular areaof 3 mm diameter All the electrodes were
purchased from CHI instruments. Additionaiyl, the GCEs modified witpureMWCNT
and modified MWCNTh CD wa s rnmel® saMr se(CN)] with 0.1 M KClI
solution to obtain the cyclic voltammetry (CV) curves andlyzether electrochemically

active surface arsaAll measurements were performed 82 °C.

3.2.6.Preparation of drinking water and urine samples

TheAPAP tablet solutios wereprepared by grinding ardissolvingone tablet of Tylen8l
Regular Strength or TylerfolExtra Strengthlabeled 325 mg and 500 mg per tablet,
respectivelyinto DIW water by magnetic stirring fat hour The APAP tabletsolution

wasthenf i | t er ed by -diametér.sytitge fdtean mgmbran&he filtrate was
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dilutedwith a pH 7.4PBS solution to maké mM stock solution of APAP from the tablet.
The E2 solution was made from the E2 purchased from Sigdrach. Urine samples were
diluted four times with PBS (pH 7.4) without any further treatment. The diluted urine
sample was spiked with different amounts of AR E2 The recovery tests were carried
out usingdinear sweepoltammetry [SV) for the determination of RAPand E2n APAP

tabletand E2containing water and human urine

3.Besults and discussions

331lEl ectrochemical iestl MWCN@IME®I phoper

Physical and Chemical Mo dThé MWCNT was madified f MWC
with b C Ehrough physical mixing as well as chemical functionalization to compare their
sensing perfor manc e s-estradiol (EQ)cTaedphysicalmodifitagon a n d
of MWCNT with BbCD was done by mixing MWCNT
and therdispersing them using an ultrasonic preprocessor. The chemical functionalization

of MWCNT with b C Wvas done with three different approaches: CC, TE and SE. The TE

and SE approaches required the use of carboxylic acid functionalized MWCNT (MWCNT
COOH),whee t he carboxylic acid mediates the i
through ester bonds. IR i g B-1(A) and (B), schematic representations of panrel

physically modified MWCNTO CD (i . e-bCRWENYVs) are shown, r
Fi g8&1®, (D) and (E), schematics of the synthetic stepsherCC, TE and SE are

shown, respectively. A summary of the MWCNT modification approaches and their

corresponding acronyms that will be used throughout the paper is givableB-1.

The CC modification has the ability to functionalize MWCNT from the siddls through
alkynemediated azide bonds. On the other hand, the TE and SE modifications can
functionalize MWCNT mostly at the end of the one nanotube through the carboxyl group

(T COOH)mediated esterification. Therefore, from the nature of the chemical modifications,

it can be inferred the degree of bCD func
modification than that of TE and SE, since the amount af@@OH groups are limited in
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the MWCNT-COOH (max. 2.58 wt%). Compared to X51] and TE[252], SE offers the
advantage of accomplishinganesxd ep sy nt hes naizezMWCRHRTCVth f unct
shorter reaction time and no requirement ofamd moisturesensitive reagents. Therefore,
DCC-DMAP mediated SE can be a promising approach for the development of

functionalized CNTSs.

(A)

(0]
(5]
c
3
E=]
£
2]
c
<
'—
\
(a)bCD 3400 2039 /
(b) Azido-bCD 1003
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(B)

Transmittance

(2) MWCNT -hCD (TE)
(b) MWCNT -bCD (CC)
(c) MWCNT -bCD (SE)
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Fi g88BETIR spectra ofbCBh;) &€ EBEUEDMWENBGC/ SE) wusing K
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The Attachment dCD on MWCNTT he chemi cal attachments of
confirmed from Fourier Transform Infrared (FTIR) spectros¢@pyshown inF i g 83. e

The characteristic infrared (IR) absorptipne aks of b®OKXDarmad ea sihdavn
Fi g33(2. Incurve (a) oF i g 3-3(A8, the broad peak near 3400 ¢mvas due to the

i OH stretching vibration, the peak at 2922 twas due to the €l stretching vibration,

the fingerprint peaks located between 500 and 708 conld be due té C-H bending

vibrations, the peak at 1641 ¢rwasdue to the CC stretching of polysaccharides, and the
fingerprint peaks near 1003 dnwere due to the€€i O bonds in the ether and hydroxyl

groups ofb-CD, which are the char act[23,354 These abs ol
characteristic peaks all appeared in curyeof- i g 83(A9, and one additional peak at

2039 cm! due to the N=N=N symmetric stretching vibrati@55]. The lower intensity

peak at 2104 crhwas due asymmetric azide vibrations. The peaks at 2039 and 2104 c¢cm
confirm the successfuibCDomherchi o afse@dCD oir
click reactionsof MWCNT-bCD (CC), as showir i g 81(3.

Thecharacteristic IR absorption peaks of MWGRTC D ( TE/ CC/ SE)Figare e s ho
3(B). In curves (a) and (c) & i g B-3(B}, the broad peak near 3410¢mas due to the

i OH stretching vibration, the peak at 2924 twas due to the € stretching vibration,

the peak at 1729 and 1725 ¢mere due to the C=Orstching vibration, and peak at 1382

cm! was due to thé COO symmetric vibration[253,254] The comparison of FTIR
spectr a Fifg3B@Ipand MWMCNTb CD( T E/ BSIEQ 83(B carves (a)

and (c)) shows that additional peaks appear at 1729, 1725 and 1387 twenstretching

vibration peak of C=0 (at 1729 and 1725%Yrandthe symmetric vibration peak 5€00

(at 1382 crit) are the characteristic peaks of ester groups present in the MWCNT
bCD(TE/ SE) . Trh e 3&(Bgrshows thatlmpst af the characteristic peaks of
MWCNT-b CD( TE/ SE) are also-bgDée€S€ENt Shased & e p MaV
ethynylaniline was introduced as a linker in the click reaction, the absorptions of phenyl
framework vibration are obsemat 17001382 cm'. Besides, the absorption at 2039 ¢cm

lof Fi g 3+3(A8 curve (b) disappeared, indicating successful reaction of alMyWENT

with azidob CD t hrough o6cl i ck &i g@3m,lthe charactefdticr e o v e
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absorption of €O stretching vibration dbCD betweenl260and1030 cm' can be seen
These resultzonfirm the existence obCD andvalidate the covalent modification of
MWCNT through CC, TE and SE chemistries

100 gy ———————f g ——=====r - 100 =
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90 1 98 -

85 ]

[e]
o

~
al
TR

96 -

T 70 ] S 94 1
= | ---“MWCNT-COOH =
% _MwCNTbCD (TE MWENT
] ) (TE) {--=-MWCNT-COOH \
60 1 - -MWCNT-bCD (SE) \ 92 - - -MwCNT-6CD (TE) '\
55 ] MWCNT-bCD (Phys) N {= * "MWCNT-6CD (SE) -
] MWCNT-ECD (CC) N {— -MWCNT-6CD (Phys) \ \
50 g I MWENTECD(CO) 1y e NN
150 250 350 450 550 650 150 250 350 450
Temperature (AC) Temperature (AC)

Fi g 8-4 €GA test results of MWCNT, MWCNTOOH and MW®IT-b CD ( TE/ SE/ Phys/ CC)

under nitrogen. The temperature profile involved a ramp of 20 °C-frixm room temperature to 500 °C.

In order to evaluate the amountf@D attached on MWCNT, thermogravimetric analysis
(TGA) measurements for aisceived MWCNTs and modified MWCNTSs were performed
under nitrogen gas flovi i g 3r4skeows the TGA weight loss profile from 150 to 7D
for pure MWCNT and MWCNTCOOH, as well as physically and chemically modified
MWCNT-bCD. As shown in thé i g 84, IWCNT has the smallest weigldss over
the full temperature range. The MWCNIOOH has slightly more weight loss than that of
MWCNT, indicating the decomposition of th€ OOH groups from the MWCNT. On the
other hand, the MWCNDBCD(TE) and MWCNTbCD(SE) showed even higher weight
loss profiles than that of MWCNT and MWCNJOOH. At around 480C, MWCNT-
bCD(TE and SE) lost approximately 17% of their initial weight, signifying thermal
decomposition of the attache@D on MWCNT. At emperatures greater than 5%0) the

MWCNT-bCD(TE/SE) showed faster weight loss due to thermal decomposition of the

chemically attacheCD. TheMWCNT-bCD(Phys) had even higher weight loss from the
lower temperature region than that of the MWCGBOD(TE/SE) This may be due to the
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thermal decomposition of the n@ovalently attacheBCD with the MWCNT. However,
the MWCNT-bCD(CC) showed the highest weigbss profile compared to all other
MWCNT-bCD. This significant weighltoss indicates substantially greatdegree of
functionalization of MWCNT wittbCD from the sidevalls compared to that of MWCNT
bCD(TE/SE), as depicted in tikei g 8+I(E.

Scanning electron microscope (SEM) and higbolution transmission electron
microscope (HRTEM)mageswere analyzed for visual confirmation of the high degree of
bCD functionalization of MWCNT E i g 8-5).¢c i g 8-%(A and (B) show the SEM
images of the surface morphology of the pristine MWCNT BAWCNT-bCD(CC),
respectively. These images showed that the click chemistry me&adunctionalized
MWCNT has a wider diameter than that of the pure MWCNT, which was due to the side
wall functionalization of MWCNT.The HRTEM images inF i g 8%(@ and (D) also
confirmed the wider diameter dIWCNT-bCD(CC) from the surface morphology of
MWCNT before and after click chemistry modification. The sidewall of the pure and
unmodified MWCNT is smooth, as shown i g 8-5(@). In contrast, the image of
MWCNT-b C D Fii gy 35Dy showed a ~3.2 nm thick amorphous layer of soft materials
on the surfaces of M@NT, signifyingthe presence diCD [251]. The existence of this

t hi ck anmiDrlgydr orutee slrfaces of MWCNT significantly deteriorated the
electrochemical sensing performances of the MWENC D ( CC) / GCE, and th
discussed in subsecti@i3.3

The attachment of b &&pementdly irMastgded bywuairsg Xa | s
ray Photoelectron Spectroscopy (XPS)@f MWCNT-COOH, (b) MWCNFb CD( TE) ,
(c)MWCNT-b CD( SE) , ane QD()@SgNMnNT g6 e bCD cont ai
C-O-C/C-OH bonds, whereas MWCNTOOH contains C=0 and-OH bonds. The &

i's present i n b-COOH[266 Dherefareddedda@ution of-O-C/C-

OH peak can provide an esti mated qRuiagnutrief i c
3-6(A) shows that the amourdaf C-O-C/C-OH is lowest for the all four materials,
signifying small amount afCOOH group on MWCNJCOOH. The amount of ©-C/C-
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OH increased to 30% and 31% fMMWCNT-b CD( TE) ane CMWERND,
respectivelyfi g#a6( €) and (D)), indicating a moder a
However, the amount @-O-C/C-OH is the highest (49%) f&dfWCNT-b CD( CC) among
these materialsHi g86(eé&) ) confirming vigorous amount
Therefore, the XPS analyses support the TGA and HRTEM results which indicate moderate

and high amount of MWCND C D tachrnent through TE/SE and CC methods,

respectively.

. (A) MWCNT (Pure) . (C) MWCNT (Pure)

B 1430

Fi g 8-b. SEM images of (A) pure MWCNT and (B) MWCNICD( CC) . HRTEM i mages o
MWCNT and (D) MWCNFb CD( CC) .

82



Ph.D. Thesis A. U. Alam

McMaster University Electrical and Computer Engineering

(A) )| MWCNT -COOH
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Fi g 6. ¥PS narrow scan decomposed spectra@fd® (a) MWCNT-COOH, (b) MWCNFb CD( T E) ,
andb@D()CAQYWCNETa ¢ h

() MWCNT-bCD( SE) ,
C-O-C/C-OH bonds signifyingp u r e
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figure
bCD,

ectrodes

e d eldtrechemicab bebleagiod

were investigatedusing a standards[Fe(CN)] redox probeA schematic overview of the

electrode fabricationsteps is shown ik i g 32 Ehe dropcast volume of ezh sensing

material was varied between 4 and 14 pl to find the optimum volumes that resulted in a

maximum APAP oxidation peak current, as showRigure A 1. The optimized drojzast

volumes for all the electrodese listed inTable3-1, which were then used throughout the
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rest of the experiments. Moreovengteffect of surface topography of MWCNT with or
without bCD was investi g2bf.etd wasoabspreedo
improves the stability and homogeneity of the dispersion of NW@n water which

resulted in smoother surface topography and uniform surface coverage of the sensing

electrodes leading to higher stability.

Fi g 8% shows thecyclic voltammetry CV) curves of a bare GCE, MWCNT/GCE
and MWCNTb C (@C/Phys/TE/SHGCE electrodes in an aqueous solution of 5.0
mM sce(CNs)] containing 0.1 M KCl at a scanteaof50 mVfs™. The bare GCE electrode
showed twavidely-separatededox peaks witapeakto-p e a k s e pEg of 800mVo n  (
In the case oOMWCNT/GCE and MWCNTb C (@C/Phys/TE/SH{GCE, an increase in
their redoxpeak currers (Ipa, Ipc) andad e ¢ r e aE @15 imN) wepe observedThe
increased peak currents and the decreased separation Hpgteatalsindicae faster
electron transfer at the modified electrodes compared to thateobdre GCE. This
improved performance can lagtributed ¢ the excellent electrical conductivity and the
large effective surface area of the MWCNT/GCE and MWCNT

b C@C/Phys/TE/SE)/IGCEThe effective surface area of the modified electsosas
calculated using the Randi€evcik equationin areversibleelectro©iemical reaction
processsuch a¥s[Fe(CNs)] based cyclic voltammetyyhe peak current can be expressed

as[211,258]
|, =2.69 316AD¥n*n*C (3-1)

whereA is the effective surface are@,is the bulk concentration ofe(CNs)], nis the
number of electrons transferrat< 1), D is the diffusion coefficient of {Fe(CNs)] (6.67

x 108 cm?fE' Y), ands is the scan rate.

From 3-1), a linear relationship exists in tpeak currentlp) vs square root of scarate
(3*?), as shown irF i g &#B) for MWCNT-b CD( SE) / GCE. The effect
of the electrode was calculated from the slopthef 32 curveandequation(3-1). The

area of the bare glassy carbon electnwds0.070 cn?, which wassignificantlyimproved

to 0.149 criby the MWCNTb C (SE)film. Detailed scamate dependent redox behavior

84



Ph.D. Thesis A. U. Alam McMaster University Electrical and Computer Engineering

of the MWCNT/GCEand MWCNH CD( Phys/ TE/ SE/ CChéFyx& ar e
A- 2to Figure A 6, respectively. Theffective surface areas of these electrodes were 0.117,
0.122, 0.142 and 0.035 éifior pure MWCNT, MWCNFb CD( Phy s ) -b CDWCTET ,
and MWCNTb CD( CC) modi fications, respectivel y.
modifications such as TE and SE can digantly improve the effective surface area
compared to that of physical modifications.

(A) 150 - (B) 900 <700
1 $300] Slope=518.7 .-
100 1 700 S0 /
] 500 ® T T o T o
] quare Root of Scan Rate
50 1 400 mV-st
] 300
< 0] é.
. - PRER AN
o K&t g y
5 -50 sl ’ 5
O ] A\ //—MWCNT-bCD (SE)/GCE O-100 -
N MWCNT-bCD (TE)/GCE 1
100 1 \' ;Y= - ‘MWCNT-6CD (Phys)/GCE| i
] MWCNT/GCE -300
] MWGCNT-bCD (CC)/GCE
0 Bare GCE 500 MWCNT-bCD (SE)/GCE
-0.2 0.3 0.8 -0.2 0.3 0.8
Potential/V Potential/V

Fi gu37% (A) Cyclic voltammetry curves of bare GCE, MWCNT/GCE and MWGCGNT
bCD(CC/ Phys/ TE/ Sokton of o0 navhk[Fa(@N)Jeantaining 0.1 M KCI at a scan rate of
50 mV-s. (B) Cyclic voltammetry curves of MWCND CD( SE) / GCE 3F&CN}].cdntaimmg K
0.1 M KClI at different scan rates (20, 50, 100, 150, 200, 250, 300, 350, 40)mV-s

The ncrease irffective surface area can be attributed to the inclusion of a modest amount

of bCD, which has a porous structure. In g
the edges of the MWCNTOOH not only improved the porosity of the sensing surface

but also retained the MWCNT backbone exposed, permitting ease of the redox reactions of

the target molecule. However, &@odified MWCNTSs did not show an increased effective
surface area. A high amount of bCD incl us
conductivity ofthe MWCNTO CD modi fi ed el ectrode surface
molecule to MWCNT from the side wall (also shownFn g 8-3(B) and (D)). This

unexposed MWCNT surface hindered the redox reactions of the target molecule. Therefore,
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MWCNT-b CD( SE) showed one of the best electr

modified electrodes.

(A) APAP(5 uM) (B) E2 (5uM)
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Fi g &-B.€A) Cyclic voltammetry curves of MWCNT/GCE, and MWCNTCD( CC/ Phys/ TE/ SE) /
recorded in 0.01 M PBS (pH 7. 4) in thel.@®Cxlcence of
voltammetry curves of MWCNT/GCE, and MWCNICD( CC/ P hy s /réchrde8iB .01 ™MEPBS
(pH 7.4) in the presence -&AlthsexpelimeBweee donawitsanapen r at e

circuit potential of 300 seconds under magnetic stirring before measurements.

Sensing performaEbekeoctr MWESNT

Two major contributors to improved redbased electrochemical sensing are the effective
surface areaand the analyte capturing ability of the sensing material. The prepared
MWCNT-bCD composite has a high surface area from MWCNT ah@jjla hostguest
interaction fronb C [202,207,259]F i g 3+3(A¢ shows the CV resultsf MWCNT/GCE

and MWCNTbC (Phys/TE/SE)/GCE in the presence qfNd APAP. Similar CV results
were obtained when 1 and uM APAP were used. Therefore, only the CV results for 5

MM APAP to compare the sensing performances of the modified electrodes are reported.

For MWCNT-b C (@CYGCE, aweak oxidation peak around 450 mV and nducgion
peak were observed. For MWCNT/GCEBWCNT-b C (Phys/TE/SE)GCE, strong and

well-defined redox peaks were observethatanodic peak potentiaEgs) of 340 mV and
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thecathodic peak potentidkfc) of 320 mV.Compared to that iIWCNT/GCE, the APAP
oxidation peak current of MWCNDBCD(Phys)GCE and MWCNT-bCD(TE/SEJGCE
were improvedby 30% and 80%respectively Hence, theTE and SE modifications
effectivdy enhanced the APAP oxidation capabilitMWCNT-b C D/ GFCiEg 3+8(B
shows thdinear sweep voltammetry (LS\esultsof MWCNT/GCE and MWCNTbC
(Phys/TE/SE)/GCE in the presence ofild E2. Similarly, E2oxidation peak current of
MWCNT-bCD(Phys)GCEandMWCNT-bCD(TE/SEJGCEwere also improved b§2%
and ~85%jyespectively, compared to that of MWCNT/GCHe intensities and positions
of the APAP redoxpeaksand E2 oxidation peaksignify that the fabricated MWCNT

b CD/ GCE gdasirevesibk and irreversilelelectrochemical reactions, respectively,

as illustrated irscheme below:

O H oj\yw
<> 2H* 2e Q
—_—
—_

[o]

OH

Acetaminophen

17b-Estradiol

Scheme 1Oxidation reduction reactions of acetaminophen affdeSiradiol.

The oxidation and reduction processes involtveo electrons and two protofsr APAP,

and the oxidation of E2 involved one electron and one proton, which will be discussed and
characterized through their scan rate and pH dependent behavior in the following sub
sections.The improvement of the oxidath peak currents for both APAP and E2 with
MWCNT-bCD(TE/SEJGCE are correlated to their high effective surface area compared
to that of MWCNT/GCE and MWCNT-bCD(Phys)GCE, as discussed previously.

Therefore, he scan rate and pH dependent behavior with ARAB E2were only

investigated with MWCNTIb CD( SE) / GCE due to its superio

performance compared to that of other electrodes.

87



Ph.D. Thesis A. U. Alam McMaster University Electrical and Computer Engineering

Chartgreansf er properties of the modified ele

The charge transfer abilitgf the sensing electroddsr the redox of APAP isreother
important performance indicator. This can lestimatedby analyzing scan rates)(
dependent redox peak curreflis/lpc) and peak potentialdEpa/Epc). Figure STA) shows
the CVsof the MWCNT-b C (S3EYGCE in the presence 6fuM APAP for different scan
rates from 20 to 400 nfg’. The redox peak currentscreasd linearly withtheincrease
of thescan rate, as indicated by the Randescik equation (Eq3f1)), (Figure S7(B)).
As shown in Figure S7B), for the scasrate dependent behavior dWCNT-
b C(BE)YGCEIn the presence of 5 uM APAM fitted regression equationgre

| oa (77)

pa

2.00 +0.16514 mmV® R =099, (3-2)

e (7R)

1.99 i no.d662= ), (3-3)

The linear relationship of the peak amts (pa Or Ipc) with theincrease ofcan rate3)
confirmedthat the electrochemical reaction of APAP at MWCHITC (3E)GCE is a
surface controlled proce$260]. The effect of scan rate on the peak potemntiat also
analyzed by theelationship between the peak potentials and the logarithmic values of the
scan rates (log), as shown irAppendix A The positive shifting of the oxidation peaks
potentials and negative shifting of the reduction peak potentials can be attiibkex
guastreversible nature of the redox of APAP where the rate of electron transfer becomes
comparable to the masansport rat¢215]. The Epa andEpc were proportional with the log

3 at higher scan rates from 200 to 400 fg¥/ with the linear regression equations:

E,.(V) = 0.26 +0.0495log( 7n: mv® ,R =0.98k (3-4)

E,.(V) = 042 - 0.0495log( 7 : mV® , R =0.98k, (3-5)

Accoor di ng t o L 16| theosioges of théwe regregsionines are equal to
2.3RT ( DnFAand RTP n Brthe anodic and cathodic peaks, respectiiédre, R
is the ideal gas constanb(ides peKelvin permole), T is the temperature ikelvin andF
i's the Far aBasedod the stopen af thetwa straight ljiles charge transfer

coefficient U was calculated to be®using the following equation:
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Iogk——log— or & =4 (3-6)

ke - a ke 1-a
whereks and k: are the slopes of the straight lines & vs. log3 and Epc vs. log s,
respectively.Also, the apparent heterogeneous electron transfer rate coristangs

calculated based on the following equatjiah6]:

a(l- qnF Ep
2.3RT

logkg=alog(1-4 (1 log alog% (3-7)

whereni s t he number of el ect Epintbe peakopedk v ed i
potential separatiott)is the charge transfer coefficieais the scan rate, and other symbols

have their usual meaniagrhe number of electrons involved in the reaction of APAR is 2
Thereforethe heterogeneous electron transfer rate conftgnivas calculatedto be2.9

s'1, which is higher than that of thghysically modified MWCNTh C fGCE (1.659 3)

reported in Ref261]. The high value oks indicates that the MWCND C (SEYGCE
electrodeprovidesrapid electron transfeproperties duringhe redox based sensing of

APAP [217].

The electrontransfernumber of the sensing electrodes for the oxidation of ERathar
important performance indicatorThis was investigated from the scan rate dependent
behavior of theWCNT-b C (3EYGCEIin the presence of EZhe relationships between
peakpotential Ey) andscanrate @) were studied usiniinear potential sweep voltammetry
(LSV), as shown irFigure A 7(D) andFigure A 7(E). In the range 00.02to 03V 1,

the linear relationshipetweerlpa ands'?is:

_ Y2 2 _
| ,=5.54717"? -18.06 R? =0.995, (3-8)

This result indicated that the electrode processdifassion controlled. Alsofor atotally
irreversible electrochemical procdi® this, theEpais definedby the following equations
[262]:
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. e ap'? o 2 0
E,.=E, .78 maeD— 6 0:5Inm ; 0.5 2.303 3} log, (3-9)
& ck = U agF -
£ L8SMT 2477 KV (at25 C, (3-10)

pa” Evz (an,F) geéna 91

whereEoN§ thestandard electrode potentikd is the standard heterogenegage constant,
D is the diffusion coefficient oE2, islhetransfer coefficient of the oxidation &R, Ep2
is thepotential where = I, in the LSV, and ther symbols have their usuakaningsin
this experimentas shown inFigure A 7(F), Epa can beexpressedvith the following

equation

E,, =0.0642 logn +0.4134 R =0.99C (3-11)

From Eqations(3-9) and 3-11), we obtain:

o

0.5* 2.3035 " § .064, (3-12)

ganaF

- O: O

From equation (3-12), the value ofU nwascalculatedto be0.46. On the other handhe
average valuef (EpT Epr) is 8B.5mV for 3 from 20 to 400 mVIsL. The value ot) nfrom
equation(3-10) was 0.%. The twovaluesarealmost equal witlthe average valuaf 0.485.

In general, ina totally irreversible electrode proceshe value ofUis assumed as 0.5.
Thereforethe electron transfer numbeng) calculated as 0.97, is close torhis indicates
thatone electronwvas involved in the oxlation processf E2. Althoughalargerlya canbe
achieved aa higherscan ratethebackground curremill also increasat the higher scan
rateand the shape gieak mighbecomalistorted Therefore an optimumscan rate of 05

V96 ! waschoserfor the electrochemical sensing of APAP and E2

The H of a solutions an important parameter since it influendes\tariationn acid-base
dissociation of APAPand E2. This, in turn, alterthar electrochemicaldetectionby

shifting the redoyeak potential towards more positive or negative directims changing
theredox peak curren{215] The effect of pH on the redox reaction of APARS studied
in our previous wor261] with the MWCNT-b C (Phys)GCE electrode. Thaighest
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redoxpeak currentvas observed atH 7.4.0n the other handrigure A 8 showsthe effect

of pH variation on the E2 oxidation peakssmall increase in the oxidation peak current
was observed at pH 5. However, the peak current was almost stable from pH 7 to 8.
Therefore, pH 7.4 was chosen as the standard pH faletieetion of both APAP and E2.

The oxidation Epa) peak potentiabf E2 shifted negatively with the increase of pFhe

linear regression equatidar the pH dependent shift &.a. can beexpressed as:

E,.= -0.0713pH +1.028{ R =0.99, (3-13)

pa

The slope of thequation(3-13) can be usedtdetermine the ratiof proton and electron

involvedin theoxidationreactionfrom the following equatioi220]:

dE
2 = 5 303MRT (3-14)
dpH nF

wherem is the number of prot@andn is the number of electranThem/nratios were
calculated to be 1&r the oxidation processhich is close to unityl herefore, theumber
of protons and electrons involved in tbridation of E2 were equal suggestinga one

electron and aneproton procesg260].

333Determination of 1&&é&stamdnophen ano

Compari son -bDMMWCNT ed el ectrodes

The comparison of the electrochemical per f
in the previous subsectionh@ved that the sensing performance MMWCNT-

b C (3E)/GCE was comparable to thatVCNT-b C @E)/GCE and better than that of
MWCNT/GCE andMMWCNT-b C (Phys)/GCE. The electrochemical sensing performance

of MWCNT-b C (3E)/GCE was also compared in determining APAP and E2 over wide
concentration ranges to identify the sensors linear responseffangg 2+3(A¢andFi gur e

3-1 (A) showthelinear sweep voltammetry (LS\éurves for the concentration igas of

0.005 to 20e MAPAPand0.01to 1% MEZ2, respectivelyusingMWCNT-b C (3E)/GCE

Similarly, Fi g B88(B) and Fi g B84 ) show the calibration curves for the

concentration ranges @005 to 20e MAPAP and0.01 to 15¢ ME2, respectively, for
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MWCNT-b C (3E)/GCE along with that of MWCNT-b C (Phys)/GCE and

MWCNT/GCE Thelinearregression equatiarfor APAP are:

P

C:0.005-0.bM § MWCNTb CO $E B

I,(m)=9.2C 057 m),(R 9.9

I,(e A= 1C80 ( 1),(2°7 e M
C: 0.1-20mMEMWCNTh CD $E /

l,(e A= 1Cc27 (0)(87 =N [ R 0.9 s)/GOd,
I,(e A= 0C %3 ( 0).(58 =M [MRCNTOGCH,
Also, thelinearregression equatisrfor E2 are:

l,eA= 1€ +9 ( 0),(74 =N F
C:0.0- 0.¥M g MWCNTh C D E$/GC

(e A= 2C 40 ( 1).(8%4 = N
C:0.1- 157M §MWCNTH CO $E /

l,(e A= 1C8&4 (0)(3%9 =M [ R 0. Y9 s)/G0d,

l,(eA= 1Cc26 ( Pp( 26=¢)M RTGCH.
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Thelp-C curve started to deviate from its linear behavior and became saturat&d aftér
concentration of APARand 15uM concentration of E2 foMWCNT-b C (3E)/GCE
(Figure A 9). Thedeviation from the linear responseght be due to the saturation of the
kinetic behavior of theensingelectrodg235]. TheMWCNT-b C (3E)/GCEshowed two
linear regions for both APAP and E2 detection, as shown in equatibtif3-16 and3-19,

3-20, respectivelyThe sensitivity slope of APAP and E2 linear ranges was improved for
MWCNT-b C (3E)/GCE compared to that of MWCNT/GCE and MWCNT-

b C (Phys)/GCEAIso, the inset images of tifei g 89%(B andF i g 81 &B) show

that the lower limit of the concentration linear ranges had been reduced significantly with
MWCNT-b C (3E)/GCE compared to that of MWCNT/GCE andMWCNT-

b C (hys)/GCEdue to higher sensitivity slope in lower concentration rangsing
MWCNT-b C (3E)/GCE,the limit-of-detection, defined as LoD =s/&n (wheres is the
standardieviation of theblank solution {OnA), andmis the slope of the calibration curve

at the lower concentration rangwas estimated to b&3 vl and 2.5 nm for APAP and
E2, respectively156]. As shown inTable 3-2 andTable 3-3, the linear ranges and LoDs

of APAP and E2 usiny]lWCNT-b C (3E)/GCEhadimproved performanceompaedto

otherreportedresultsthat utilizedmodified electrodes based on CNT.

The MWCNT-b C (3E)YGCE electrodeachievedhe lowest_oD of 3.3 nM and a modest
linear rangdor APAP compared to results reported in the literature and list@dlie3-3.

For exampleMWCNT/BPPGE[231] based electrode showed the lowest reported LoD,
with similar linear range compared to thaMVCNT-b C (3EYGCE On the other hand,
MWCNT-b C (SEYGCE also showd LoD of 2.5 nM for E2, which is very close to the
lowest LoD, as shown iable 3-3. Although the LoD of CTABNafion/GCE[263] and
MWCNT-IL-BMIMPF6/GCE[264] has the lowest LoD, they showedya&arrow linear
range of 0.025 to 1.5 uM and 0.01 to 1 pM, respectively, compared to tNAVGINT-

b C(BE)YGCE Therefore, theMWCNT-b C (SEYGCE sensors are very promising for

sensitive determination of pharmaceutical contaminants such as APAP and E2.
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Table 3-2: Comparison of nanomaterials based electrochemical sensors for the detection of acetaminophen

(APAP).
Configuration of the Method of Detection Limit-of-Detection, LoD Linear Range (UM) Reference
Sensor (UM)
SWCNT/CCE DPV 0.05 0.08 200 [225]
MWCNT-PDDA-PSS/GE CA 0.5 251 400 [226]
N-DHPB/MWCNT/CPE DPV 10 151 270 [227]
ERNiIO/MWCNT/CPE SWvV 0.5 0.8/ 600 [229]
SWCNT-GNS/GCE SWvV 0.038 0.05 64.5 [205]
MWCNT-GNS/GCE DPV 0.1 0.8 110 [230]
MWCNT/BPPGE AdsSV 0.01 0.0T 2/21 20 [231]
fMWCNT/GCE DPV 0.6 31 300 [183]
ED-CMWCNT/GCE DPV 0.092 11 200 [184]
Chitosan/MWCNT/GCE DPV 0.17 11 145/4 200 [232]
AuNP-PGA- DPV 1.18 8.3 145.6 [234]
SWCNT/PET
MWCNT-b CD( SE) Lsv 0.0033 0.005 0.7/0.11 20 This Work
Table3-3: Compari son of nanomaterials based edéstadidlr oc he mi

(E2).

Configuration of the Method of Detection Limit-of-Detection, LoD Linear Range (uM) References
Sensor (uM)

CTABi Nafion/GCE Lsv 0.001 0.025 1.5 [263]
nanoALOs/GCE Lsv 0.08 0.41 40 [265]
MWNT-nafion/GCE SWvV 0.01 0.25 10 [266]
CNT-Ni(Cyclam)/GCE SWv 0.06 0.5 40 [267]
Poly(L-serine)/GCE LSV 0.02 0.1 30 [268]
MWCNT-IL- LSV 0.002 0.011 [264]
BMIMPF¢/GCE

RGO-DHP/GCE LSAdSV 0.077 0.41 20 [269]
Exfoliated graphene DPV 0.0049 0.011.5 [270]
MWCNT-b CD( SE) Lsv 0.0025 0010 . 1/198 . : This Work
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(A) MWCNT/GCE (B) MWCNT-BCD (Phys)/GCE

)
S 1

(C) MWCNT-bCD (TE/SE)/GCE (D) MWCNT-bCD (CC)/GCE

ﬁ/

by |
MWCNT bCD bCD linked with ester bond bCD linked withazidebond O GCE

F i g B4 & Schematic illustration of the modified GCE electrodes with ANCNT, (B) MWCNT-
bCD(Phys), -$HCP( MRVCSIH) , anfCDO(DQC) MWGONTex pl ain their
sensing mechanisms. The dimensions of the components of the images are not to the scale and are drawn for
gualitative explanation of the sensing penfances of the electrodes only.

Sensing mechani sms

The electrochemical sensing mechanisms of MWCNT/GCE and MWCNT
bCD(Phys/TE/SE/CC)/GCE can be explained with the schematic illustratiofs ig u r e
3-1 1The illustration represents the relative amount of MWCNT@DID on the surface

of the GCE electrodes along with their molecular orientations. The MWCNT

96



Ph.D. Thesis A. U. Alam McMaster University Electrical and Computer Engineering

bCD(Phys)/GCE and MWCNDBCD(TE/SE)/GCE have almost similar amounts of
MWCNT compared to that of MWCNT/GCE. In contrast, MWCGRCTD(CC)/GCE has
lower amounts of MWCNTue to the significant functionalization b€D. The illustration
also shows the relative amounts @ED and its linkage orientations. The MWCNT
bCD(TE/SE)/GCE has lower amount diCD compared to that of MWOCNT
bCD(Phys)/GCE and MWCN-DBCD(CC)/GCE Thesignificantimprovementn the APAP
and E2 sensitivity of the MWCNBCD(SE/TE)/GCE can, thereforbe attibuted to the
following factors.

Theinherent materials propertiesich as high conductivity and electron transfer ability of
MWCNT, providesenhanced ektrocatalytic activityfor the oxidation of APAP and E2
(Fi g&T @), (B) and (C)). he high surfaeto-volume ratio of the MWCNprovides
enhanceghathways towards oxidation of APARd E2E i g 3T (&), (B) and (C)). he
covalently fitho M\WE@NT in BMMAMEZNTABCD(TE/SE)/GCE produces
synergistic effect by introducing even higher surface area of the denslispersing the
MWCNT and providinga direct electron transfer path from the redox reactmfrSPAP
and E2 Fi g B-1 @)). In the case opure MWCNT, APARPE2 form a singlelayer
adsorption on the MWCNT surfacdowever, n the case of MWCND C OQE/SE) the
covalently bonded C D las a kydrophilic outer surface with its hydrophobic inner
core on top/edges of the MWCNTorming a multilayer surface structureith higher
electrochemically active surface ardai( g 81 @)). This multilayer surface structure
attractsmore APAPand E2on the electrode surface comparedhat ofthe single layer
adsorption in MWCNT The presence ob CD o0 n topdedgesho® WCNT improved
detection sensitivity of APAP through the formation of supramolecular-duest
compl exes bet we/E2i207 ThBrefaea) the canthiadd effectthieb C D
and MWCNT in covalently bonded MWCNG C O E/SE) provided enhancededox

sensitivity

The poor electrochemitaensing performance of MWCNG C (@C)/GCE with APAP
and E2 can be attributed to the poor electron transfer ability due to excessive surface
coverage of the MWCNT wi tFh gitri @@y Thes tesuhig b CD,
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consistent with our previous finding of poor redox activity ofM\WCNT-b C (TCYGCE

with standard K[Fe(CN)X]. The electrochemical sensing performance of MWENT

b C(@C)/GCE was also analyzed by mixing pure MWCNThWWIWCNT-b C (@C), as
shown inFigure A 10. It was observed that the intensity of the oxidation peak currents
was increased by the increase of pure ®NV ratio with MWCNT-b C (@C) (i.e., X and

3x MWCNT than that of MWCNb C (@C)). This result confirms that the role @fC D

on electrochemical sensing can be optimized with their controlled modification ratio with
MWCNT.

3341l nterference, stability, and sampl

I nterference

The interference study was to observe the effects of the presence of interfering ions and
biologicd molecules on the selective measurement of APAP and E2 concentrations. The
interference experiments were performed in PBS solutions (pH 7.4) with 5 uM APAP, and
E2, respectively. The response peak currents before and after adding different interfering
speies were compared. Common interfering species in drinking water are ionic in nature,
whereas urines contain biochemical species. Therefore, tests with common interfering
species in 10 mM of NaK*, Mg?*, C&*, CI, SO and glucose, and 100 uM dopamine,
ascorbic acid, uric acid,-kerine, and tproline on APAP and E2 sensing were conducted.
These interferers had msignificant effect on the sensed signal, causing less than 3%
changes in the APAP and E2 peak currgfitavever the interferences of bisphelmA and
tyrosineresulted in significant decrease in the peak currentni®rdeterminatiorof E2.

This interference is caused by their similar molecular structure with E2. To reduce such
interferences, a molecularly imprinted polymer (MIP) layer on faheelectrode surface

may be used for selective determination of the target analyte. The MIP layer can also be
used to eliminate the interferences from other species present in real sf2ifiles
Therefore, it canbe considered that thiMWCNT-b CD ( S E ) ele@Gr@de showed
satisfactory selectivity for the detection of APAP and E2 in the presence of common

interfering species.
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Reproduci i abitlyi aynd

The reproducibility and stability of tHdWCNT-b CD( SE) / GCE sensor s wer
by performing sensing measurements over time and with multiple electrodes. The
MWCNT-b CD( SE)/ GCE sensor s prepared i n t he
determindion of 5 uM APAP and E2 in 0.01 M PBS (pH 7.4). A relative standard deviation

(RSD) of 1.8% was observed with twelve different electrodes of the same batch, confirming
excellent reproducibility of the MWCND CD ( SE) / GCE e&JIWENT-r ode .

b CD( SE) Ectddds were stored in room tempera(@® °C)in a dry environment

and the APAP/E2 sensing tests were performed every ovegla 4week period to analyze

their longterm stability. A relative standard deviation (RSD) of 1.5% was observed,
confirming the stable performance of the MWCMTCD( SE) / GCE el ectr odes
APAP and E2. Thereforethe MWCNT-b CD( SE) / GCE el ectrode st
reproducibility and stability for determining APAP and E2.

Table 3-4: Determination results of APAP in Tylenol® tablets by using MWEINCD( SE) /| GCE.

Samplé Prepared Concentration (uM) Found (UM} Recovery
1 0.10 0.098+0.0019 98.0%+1.96%
2 1.0 1.02+0.02 102.0%+2.0%
3 5.0 5.06+0.10 101.2%+%2.02%

2Tylenol® Regular Strength tablets (Acetaminophen: 325 mg).

A Average values were calculated from three determinations.

Table 3-5: Determination results of E2 in urine by using MWGRTCD ( SE) / GCE.

Sample Added (pM) Found (uM} Recovery
1 0.10 0.099+0.00198 99.0%=1.98%
2 1.0 0.98+0.0196 98.0%=1.96%
3 5.0 4.05+0.081 101.0%+2.02%

AAverage values were calculated from three determinations.

Drinking watampard w@mianeg si s
The MWCNTb CD( SE)/ GCE el ectrode was al so used t

APAP and E2 in readamples made from APAP tablets and human urine.rébovery
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tests of APAP were carried out using LSV under optimized parameters through the standard
addition method. In this method, the 0.1 mM stock solution made from the APAP tablets
were added to 0.01 M PBS solution (pH 7.4) to make certain concengrafi APAP (e.g.,

0.1, 1 aTable 3-&shawvdithat the sensor exhibited an excellent recovery from
98% to 102%. Similarly, the standaraddition method was also applied to the
determination of E2 in urine samples. In this methedtain concentrations of H2.g.,

0.1, 1 and 5 €M) were added to t herlableri ne
3-5 shows that a recovery tie experimental results was obtained from 98% to 101%.
These results indicate that the developed sensor can detect APAP and E2 in water and urine

samples.

3.@oncl usi ons

We developed a orgtep covalent modification of MWCNT with C Ehrough Steglich
esterfication to fabricate highly sensitivedectrochemical sensofor the determination of
acetaminopheft AP AP) -astratliol {EZ)bhe sensor demonstrated excelkansing
performance fordetecting APAPand E2with limits-of-detection 0f3.3 and 2.5nM,
respectivelyWe compared the sensing performances of the Steglich modified MWCNT
b C with that of physically modified MWCN®H C Bnd two other chemical modification
approaches to demonstrate the advantages of the proposed approach thatrrésgited
effective surface area and electron transfer capablilg. Steglich modified MWCNT

b C Dbased sening electrodesexhibited high stability, good reproducibility and
considerableselectivity for the detection of acetaminopham d -e%tradiolin the
presence ofommon interfering species, witacovery of more tha@i8% in real samples
Therefore, the developed sensoray be usedin low-cost sensing systems for

pharmaceutical and organic migpollutants monitoringn water.
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Chapter 4

El ectrochemical Sensing

Wat er O0J&yicnlgod-Kladirf ned
MWCNT

Heavy metal pollution is a severe environmental problem affeotengywater resources.
The nonbiodegradable nature of the heavy metals such as lead (Pb) cause$iseare
health issuessotheir costeffective, sensitive and rapid detectismeededIn this work,

we describe a simple, facile and laost modification of multiwalled carbon nanotubes
(MWCNT) with b-cyclodextrin pCD) througha physical(Phys) ora cowalentapproach
via Steglich esterification (SE)'he Phys modification approaatesuls in Pb detection
with a limit-of-detection (LoD) of 0.9 pphyhile the SE approaclshows an LoD of 2.3
ppb, both of which are well below the WHO Pb concentration guitlof 10 ppb. The
modified electrodes shogd negligible interference with other common heavy metal ions
such as Ctf and Zr#*, and improved reusabilityThe proposed MWCNDBCD based
electrodesffer a promising technology in developing a highly affordable and sensitive

electrochemical sensing systéon monitoring thePblevelin drinking water.

" Part of this work will be submitted for csideration for publication a#&. U. Alam, M. M. R. Howlader,
N.-X. Hu, andM. J. Deen,E|l ect r ochemi c al Sensing of Lead-in
Cyclodextrin April 2019. (in preparatioh
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4. Background

Accessibility to potable water is increasingly challenging in developing and in some
develomd countries due to contamination of their source wdtgtseeavy metal ion and
other pollutant§60]. Heavy metals such as lead (Pb) ape-hiodegradable and widely
distributed and its presence in drinking water casigreater risks to human heal@v2].

The effects of Pb include bavioral disorder and neurodevelopmental problems in
children; increased blood presswed renal dysfunction in adults; and even cancer in
kidneys, lung, or brain due to itsng-term presencen source and drinking wat¢b6i
59,273] According to World Health Organization (WHO) guidelines, the maximum
acceptable carentration of Pb in drinking water should be ag/L or 10 ppH57]
However, drinking water authorities such as in Canada are png@oseven stricter limit
(e.g., 5 ppb) for Pb in drinking watfs7]. Major challenges in implementing the stricter
limit include the lack of orsite monitoring techniques, and detecting contaminant levels
across digibuted water sources. Therefore, a simple,-tmst and easy to use sensor for
the detectiorof a heavy metal such as Pbhgyhly desirabléo maintain water safety in

resourcdimited areas.

Conventional analytical techniquesich as inductively cougdl plasma mass spectrometry
and atomic absorption spectroscppgquire qualified testing laboratories and trained
personnel[274,275] Recently, electrochemical methods have made considerable progress
towards simple, osite and lowcost detection capabilities to allow adequate time for
taking safety measures in case of a contamingfi@B8]. The electrochemical sensors,
commonl vy r ef er raedleabcandidiogak they tan e fakrisated with low
cost to detecPb with higher precision and accuracy. The material system of a sensing
electrode is the key ingredient in maximizing overall performance of an electrochemical
analysis. Specificallyelectrode materials based on carbon nanomatd@&i], metal
nanoparticled277 279], and a number of selectivignhancing polymeric or organic
materials [280i 282] hawe attractedtremendous research interest for their collective

attributes such as high effective surface assdanced electron transfer, ability to be
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miniaturized, and improved selectivity. More notably, nanomaterials based electrodes
made up of easilyvailable electrode materials by a facile and scalable synthesis method
can be exploited to fabricate low cost electrodes for the analysis of multiple environmental
targets, including heavy metals such as lead, and pharmaceutical contaminants such as
acetanmophen and estrogen in drinking waf@b7,283] The ability to detect multiple
environmental targets at low cost and in an g¢agsyse manner requires careful selection

of sensing materials to provide high sensitivity and selectivity, development of simple
modification ajproaches and uséiendly analysis steps.

In electrochemical sensing of heavy metals, the sensing materials should possess two
important characteristics. First, the sensing electrode should have a good electron transfer
capability. Second, the electrodat@rials should consist of some sort of moieties for easy
capture of the heavy metal analyte. These two characteristics can be realized with the use
of multiwalled carbomanotube§MWCNTs). MWCNTsare excellent electrode material

to fabricate simple, low cost and edsyuse electrochemical sensors because of their wide
electrical potential window, fast electron transfer rate and large surface[Z84ja
MWCNTSs can be used in different forms, such as unmodified and modified MWERNITs.
example, unmodified MWCNTSs, directly grown in the form of tower, array, and thread
structures, were used as an electrode material. The unmodified MWCNTs provided
considerable simplicity in electrode fabricatif#85]. However, unmodified MWCNTs

suffer from limited sensing performances since they do not disperse well in water and most
common organic solvents due to the high Van der Waals force between themdhat lea

aggregation and bundliri@23].

Modified MWNCTs can be tailored to accomplish better sensitivity and selectivity by
enhancing their dispersion quality and attaching analyte capturing sites. The dispersion
guality can be enhanced through ramvalent and covalent modifications of MWCNTSs.

For example, nowovalent modification of MWCNTs with organic modifiers such
dodecybenzene sulfonate and Nafion showed improved sensing performances due to their
improved dispersiorj276]. However, norcovalent modifications cannot significantly

improve the sensing performance of the electrode since individual nanotube becomes less
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interconnected, thus facilitating fewer electron trani&féé]. A better electron transfer can

be achieved through covalent modification of MWCNTSs by chemical functionalization.
Covalentmodification of MWCNTs was accomplished with chemical functionalization
with amino {NH2) [286] and thiol groups 7(SH) [287], and electrochemical
functionalization with amino acid288]. However, the covalent modifiion approaches

often require tedious chemical reaction procedures and thus may increase fabrication

complexity.

The usecycdfodextrin (bCD), a porous sugar r
electrochemical sensing performancgb7]. The improve sensing performances
stemmed from the facts that bCD i mproves t
enhanced sensitivity, and the porous structure of the molecule offers better analyte
capturing. In our recent studies we demonstrated thatcoement and covalent

modi fications afycMWANKE rwint { bECD) mol ecul e
performance due to i mproved dispersion of

i nclusion compl ex formati on pr oper hgy of |
pharmaceutical contaminants such aetaminophen and estrogen in drinking water
[257,283] The sensing performance of the electrodes was not only influenced by the
presence of b CD, but al so t heovaeat/govalel@ D wa s
modifications) with te MWCNTs. In another studyp CD have al so shown
formation of inclusion complexes with Pb ions fHbwhich can be exploited for the
detection PH [282]. Also,b CD functionalized gold nanopar
detection of PP [281].

Therefore, inthis work, we show that the enhanced electrochemical properties of
MWCNTs <can be combined with the 1inclusion
covalent and covalenmodifications towards the sensitive etection of PB. We
demonstrate that the naovalent modiftation of MWCNTs with b C ffers better

sensing performances towards the detectioRtBT with an impact orachieving better
sensitivity.On the other hand, tregmple and onstepcovalent modiftation of MWCNTs

with b C Dffers moderatesensitivity toPI?* sensingwith an impact on improving the
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sensor reusability and reliabilitffhus,the type of modificationsbetween MWCNTSs and
b C Dhatis,non-covalently anadovalently modified MWCNTb C Zignificantly controls
the sensing performance of the electrodes.

(GH),

DCC: Dicyclohexylcarbodiimide
(OH),, DMAP: 4-Dimethylaminopyridine

DCC
—_—
DMAP

SE Steglich Esterification |}

(OH)y4

Drop Casting /)/

.

MWCNT -bCD (Phys/SE)/SPE

Fi g 4-t. 8chematic diagram ofthe MWCNGCD ( Phys/ SE)/ SPE el ectrode fab

4. Qa mpplreepar ati on

421 Noxcoval ent modi fi cafCiDon of MWCNT ¢

Thenoncoval ent modi fication of MWCNTs and bCD
in De-lonized Water (DIW). Twenty milligram of MWCNTs (purchased from U.S.
Research Nanomaterials Inc., oudeameter (OD)5 1.5 nm length ~50 um, andpurity:

O09%5wt?9 was dispersed by using an ultrasonic
wt%) in DIW to give a 2 mg ml! stable black suspensiqf i g 4-1).e€The resulting
suspension will be termedas MWCMTCD ( Phys) since the modi fi
on physical mixing of MWCNTs andMWAQND. An a
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b CD ( Poluyos was drogcasted on a commerci&treenPrinted Electrode (SPE)

(Zensor, purchased from CH Instruments, with Carbon working and counter electrode, and
Ag/AgCI reference electrode). The dropsted MWCNTO CD ( Phys) sol uti or
in air for 20 mh at 80 °C in an oven resulting in MWCNITCD ( Phys)/ SPE el

(Fi g4l.e

422Coval ent modi ficathCOn of MWCNT and

The covalent modificationof MW@NTs and bCD was accosgpl i shec
chemical reaction based &eglichesterification (SE) principl¢283]. Briefly, MWCNT-

COOH (purchased from U.S. Research Nanomaterials Inc.5QB: nm length ~50 um,

andp u r i 95ywi% v@as first dispersed in anhydrobsN-dimethylformamide (DMF)

under Ar environment. The mixture in the reactor was then sonicated to get a uniform
suspension. After that -4di met hyl ami no) pyridine ( DMAT
dicyclohexylcarbodiimide (DCC) were added into the reaction mixture at 0 °C, and the
resulting suspension was stirred for five hours at 20 °C. The precipitated material,
MWCNT-b CD ( \8ak then filtered through a nylon membrane and washed repeatedly
with DMF and acetone to remove the DCC, DM
couples MWCNFCOOH and bCD through ester bonds
covalently modi fGDeAdunifttiv®IECKk suspensiontof the covalently

modified MWCNT-b CD ( SE) wa sispersing glamg efdhe black MWCNT

bCD (SE) powder into 20 mL of DIW using an
of 10puL 2 mg mI* MWCNT-b CD ( S E) was drdpoastetd enrSPE and then dried in

air for 20 min at 80 °C in an oven resulting in MWCGRTCD ( SE) / S geulreect r
4-1). Forcomparison, an SPE electrode was also modified by drop casting only MWCNT

(i.e., 2mg/mL MWCNT dispersed in DIW using ultrasonic preprocessor) and dried to get
MWCNT/SPE.
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423 Apparatus

The PB* ion sensing was done Wyifferential Pulse Anodic Stripping Voltammetry
(DPASV) method. The test solutions with differenéPbn concentrations were made by
dissolving appropriate amount of Pb(BJ&salt in 0.1 M acetate buffer (pH 5). A miniature

USB powered potentiostat (EmStat3 from PalmSens) with PSTrace 5.arddiaer
software was used in the electrochemical measurements. At the beginning of the
el ectrochemical measurement, a deposition
electrode for 600 s under magnetic stirring (250 rpm) in 50 mL solution tog @i ions

to PI. The electrodeposited Pb atoms were then stripped from the working electrodes by
anodically sweeping the electrode potenti a
parameters were 4 mV, 50 mV, 50 ms and 40 mV/s for step potentisé @uorplitude,

pulse time and scan rate, respectively. The peak currents were measured with respect to

linear base line of the current vs. potential curve.

30

25

N
o

[EEN
(6]

Current (HA)

5
0 -==MWCNT
— MWCNT-bCD(SE)
5 ——MWCNT-bCD(Phys)
-0.7 -0.6 -0.5 -0.4

Potential (V)

Fi g 4-2. BPASV of MWCNT/SPE (bluesmaller dashed curve), MWCNITD (SE)/SPE (green larger
dashed curve),and MWCNGI CD ( Phys)/ SPE (bl ack solid curve) reco
the presence ofiod eM (207 ppb) Pb
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4 . Besults and Discussions

431Surface area effects

There arewo major approaches to improve the performance of an electrochemical sensor.

First, the effective surface area of the working electrode plays a key role in achieving high
sensitivity. The effective surface areaofthe MWCBICD ( Phy s )/ SRECRnd MW
(SB/SPE is higher compared to that of MWCNT/SRE3]. Second, the targetapturing

ability of the sensing material system can improve its selectivity and dynamic range. A
comparison of the sensing performance of the prepared MWMCRTD ( Phys) / SPE
MWCNT-bCD ( SE)/ SPE with that off MWGNW/(S2POE/ ipr
Pt is shown inF i g 4-2. e The peak current for MWCNT/SPE was 15.1 pA. The
MWCNT-bCD (SE)/ SPE showed i nc3Aawherdas thair r ent
MWCNT-b CD (Phys)/ SPE showed the highest peak
of MWCNT-b CD (Phys)/ SPE was slightly andthif§ted t

could be due to modification in the oxidation potential inthe prese of b CD.

The enhanced electrochemical sensing f Rm with MWCNT-b CD ( Phys)/ SPE ¢
attributed to higher amount of Ptheposition during application of the deposition potential
or 10.8 V. To confir m t $aneingpldcteonhMicrosaopy n , w e
(SEM) observatios of the three different electrodes (MWCNT/SPE, MWGCHNTC D
(SE))[SPEand MWCND CD (Phys)/ SPE) taken out of the
the deposition stefrhese electrodes were us&dce performing the stripping stepliw
cause anodization inducsttipping of the Pb F i g 43 shows the corresponding SEM
images of the modified electrodes with low (on top, x20@) high (on bottom, x1000)
magnifications. The SEM images were taken using a JEOL 7100F SEM microscope with
an acceleration voltage of 15 kV and working distance of 6 lim.g 43(a¢ shows that
the MWCNT/SPE has dendritic structures of the electrodepositedRtthe other hand,
asshownik i g43(bg the MWCNFO CD ( SE)/ SPE surface has i
electrodeposited Ppwhich covers more surface area to that of MWCNT/SPE. However,
as shown ik i g 43(cg the MWCNTFb CD ( P h gusfacd isScBvEered with ledike
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structure of the accumulated PRIl the low and high magnification SEM images are

scaled equally. TherefefF i g 43 shows thatthe MWCND CD ( Phys)/ SPE h
highest amount of surface coverage by the electrodeposittdTR& highest surface
coverageof PP resulted in the largest peak current due to anodic oxidation stripping from

the MWCNT-b CD ( Phys)/ $SPE#u4dleect rode (

(@) MWCNT | (b) MWCNT -bCD(SE)

Fi g 4-B. ®PASV of MWCNT/SPE (blue smaller dashed curve), MWGBOD (SE)/SPE (green larger
dashed curve),and MWCNGCD ( Phys)/ SPE (bl ack solid curve) reco
t he pr esM@0epb)hiol ¢

432bcycl odextrin effects

The difference in the surface coverage by Pb in the three types of electrodes could be related
to the amount of DCD present with the MWCNT
of BCD i s hi gbhGPhys) campareMiwat of MWCNGCD ([28F )

I n fact, there are 1:2 weight r#®&#tCiDo (®hyBCD
suspension through physical/noavalent mixing. On the contrary, MWCNOIC ( SE) has
much smaller amount of DCD since the c¢hemi
the Stglich esterification) depends on the amounti &fOOH groups present in the
precursor MWCNTCOOH material. It was found that MWCNGC ( SE) has onl y
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wei ght rati o [@g3] Thus,htisbovfiomedttat MWCND C ( Phys) / SP
electrode hasthedfih e st amount of b CD-covdlentlydttached withp hy s i
MWCNT s . Hence, the increadp€®d admMbyns) / SPEDCH
improved electrochemical sensing ofPb

The improved electrochemical sensing performance of MWONID y6)SRE

compared to that of MWCNT/SPE and MWCNMTCD ( SE)/ SPE coul d al s
to the formation of the iné&l uBlenbCDnmpdlexcu
a porous structure with an average diameter ©2Q8m which is capable to form $to

guest interaction based inclusion complexes with other molecules. A number of researches

had investigated its heguest interaction properties with phenolic organic molecules and

steroid hormonef257,283] These organic molecules and hormones are attracted to the
hydrgohobi ¢ i nner core of the -basedelearochesncall e arr

sensing of the guest molecules.

The bCD also showed affinity towards- met al
iron nanoparticles was used for selective s@asitive colorimetric sensing of Cion. In

another study289], carboxymethyb-cyclodextrin polymer modified E®4 nanoparticles
(CDpoly-MNPs) were utilized for selective removal of2bCcf*, and Nf* ions from

water. The CDpoBMNPs showed preferential sarption towards PH ions with an
affinity order of PB*l CcP*1 Ni?". Moreover, DbDCD functional.
were used for the selective detection of?'Pbons from aqueous solution. The
electrochemical evidence of the interaction between tiéiPons and t he bCD
described where the formation constants of surface inclusion complexes bet#/e@mdPb

bCD were electrochemi dval) using aceebarspasteeckdctrqdd 2 7 . 5
[282][290]. Ther ef or e, in this study, the inclusi
combined with the superior electrochemical gexies of MWCNTs towards sensing of

P ion.
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Fi g 4-4. BPASV of MWCNT/SPE (blue smaller dashed curve), MWGBOD (SE)/SPE (green larger
dashed curve),and MWCNG CD ( Phy s ) / SPE redorded i R.1 M acétatecbuffer fpH &)en)
the presence ofiol eM (207 ppb) Pb

433.Sensing mechani s ms

The linear detection range of MWCNICD ( Phys)/ SPE el ectrode
Pb2+ ion was measured to determine its feasibility for use in drinkéttgr monitoring.

Fi g 44 sbows the DPASV curves and the corresponding linear calibration curve in the
presence of DL03BHpH)PE @N. EhtloplinBzedIDPASYV conditions used

in these measurements amagar to that ofF i g 42 Fei g 4+4(agslows that the current

peak for lowestPdi on concentration is | ocated at 10
towards more anodic value with the increased concentratior?bidPb This peak shifting

could be due tdliffusional control reaction influeced by concentration differenf291].

Fi g 44( shows the calibration curves for the concentration ranges ofi@@5 & M
(3.1-:1033 ppb). The error bars for each data pows calculated by taking six
measurementsasing newly preparesensose ach ti me and by tmul ti p
distributionk value of 2.57 to get 95% confidence interval. The linear regression equations

can be expressed khs= 0.098C + 0.0266, wheré, is the peak currerfin pA) andC is the

PI?* concentration (in ppb).
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Fi g ub.da) DPASV of MWCNFOCD ( SE)/ SPE in 0.1 M acetate buff
0. 02571 207i108.8ppk) 6. Ab) Calibration curve (i.e., peak current vs>Pborcentration) for
MWCNT-bCD (Phys)/ SPE. Al l of the experiments were dor
s under magnetic stirring before measurements.

The sensitivity of theMWCNT-b CD ( P h elecjrddeSi® 8 nA/ppb. The limit of

detection LoD), defined as LoD =$m (where,s is the standard deviation of the blank

sol uti on (nisthe Slope cAthe, calibratiah curve), was estimated to be 0.9 ppb.
Therefore, the linear range and the LoD value of the MWONTD ( Phys )/ SPE se
detect lead concentration in drinking watge much better than those specified by the

WHO guideline The LoD value is compared with other recent reports for the detection of

P** using electrodes based on MWCNTS, as showRainle4-1. It is observedhat the
MWCNT-b CD (Phys)/ SPE sensor has comparabl e |
of detection (LoD) for the detection of b For comparison, the linear range and
calibration curvesof MWCNHB CD ( SE) / SPE el ect andaleslowwmas al s
inFi g4#45 Bhe MWCNFOCD ( SE)/ SPE el ectrode showed
6.21 103.5 ppb with an LoD of 2.3 ppb. Thus, the sensitivity of WCNT-b C D

(SE)/SPE electrode is 38.8\ppb, which is ~2.5 times lower than thatMWWCNT-b C D
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(Phys)/SPE. However, ¢htMWCNT-b C D
in terms of stability.
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F i g 4-6. Electrochemical process of electrode surface cleaning/regeneration by applying a +0.31 V under
magnetic stirringor 300 s. The resulting current response of the electrodes are shown with logarithmic (a)

and (b) general numbers with respect to elapsed time. (c) The DPASV curves for new sejisdeéned

sensor () and reused sensor for the detection of 207 ppb, blank and 5.2 ppb &fPb
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Table 4-1: Comparison of the MWCNTbased electrochemical sensors fof*Pb

Electrode Modifications Linear | Detection | Comments [Ref]
Range | Limit
MWCNT-GC | Poly(PCV)/Bi 1-200 | 0.4 ppb MWCNT  modified  with | [292]
ppb poly(PCV) and Bi film
MWCNT-GC | BiOCI/Nafion 5-50 0.57 ppb | Bismuth-oxychloride particle | [293]
ppb MWCNT composite
MWCNTSs/Bi- | -SH,-NH2,-COC-, | 2-50 0.3 ppb N-doping and thial | [287]
GC -OH ppb modification of MWCNT
AUNPsCNFs | Isopropanol/Nafion | 20.7 20.7 ppb | AuNPs/CNFs fabricated vi{ [294]
GCE 207.2 electrospinning and in sit
ppb thermal reduction
CNT Thread | None 207 0.12 ppb | Electrochemical cell [295]
1035 fabricated by CNT thread
ppb
MWCNT- lon Imprinted 1-5 0.02 ppb | Binding sites for lead ion{ [296]
IIP/Pt polymer ppm sculpted with lead ion a
template and NNMBA
crosslinked polyacrylamide g
the solid matrix on MWCNTS|
MWCNT- Physical, Steglich | 3.1- 0.9 ppb Physically and  Steglich This
b CD esterification 103.3 eserification modified| work
ppb MWCNT and bCD

434Sensing performances

Stability and reusability

The stability of the MWCNIb CD ( Phys)/ SPBCBnd SEWCHEFPE el
were investigated to examine their repeatability and reusability. The two typlesivbde

were repeatedly reused in similar and different concentrations?fsBlutions. Before
reusing the electrodes, they were electrochemically cleaned/regenerated by applying 0.31
V under magnetic stirring in a blank solution for 300 s to des@Ptmolecules from the
electrode surface, as shownmn g 46. Ehe cleaning procedure was found to be more
effective and faster when magnetic stigrwas used, as shownkni g 4+6(agandFi gur e
4-6(b). Fi g 4-6(@ shows the DPASV response of a newly prepared MWGNT D
(Phys)/SPE electrode with 207 ppb ofPurve ), which was therlectrochemically
cleaned to give a DPASV curve in blank solution with no peak current (curye
signifying successful regeneration of the electrode. After that, the same electrode was used
to DPASV measurement ofSppb of PB* with peak current of 0.4 A (curve ), which

is within the error bar range of the calibration lineof MWCBICD ( Phys) / SPE.
115

e

H



Ph.D. Thesis A. U. Alam McMaster University Electrical and Computer Engineering

the MWCNTbCD (Phys)/ SPE el ectrode showed st a

reused/regenerated for four consecutive measamesof 207 ppb of Pbsolutions.

On the other hand, the MWCNGCD ( Phys)/ SPE el ectrode pe
consecutive reuse/regeneration cycles with negligible degradation in sensing performance
when low concentrations of Ptsolution (intherange f 57120 ppb) were us:
the MWCNT-b CD ( Phys)/ SPE el ectrode tends to de
concentrationof P5. This could be due to dissolution
surface when increased amasinf PP molecules adsab which ultimately leads to
delamination and disintegration of the MWCNTSs network during the electrode regeneration

step. In contrast, the MWCNG CD ( SE)/ SPE el ectrode showed
reuse/regeneration cyclasboth low and highoncentratiosof P?*. The better reusability

of the MWCNTbCD ( SE)/ SPE =el ectrode can be attr
attachment of bCD with MWCNTs who @D (iBhywyd) c
that provides better electrode surface adhesiaring cleaning/regeneration steps.
Consequently, the MWCNB CD ( SE)/ SPE can provide better
higher levels of P, andthe MWCNTb CD ( Phys )/ SPE can offer Dbe

as reusability when lower levels of Plis measted.

Cost-effectiveness of the fabrication

The MWCNT-b CD ( Phys)/ SPECBn@SEMWCSFE el eand r odes
canbeusedutilized in resource limited areas. The low cost of fabrication of these electrodes

is due to the simple MWCNTs modificatiggrocesses (covalent/n@movalent), use of

simple equipment and loaost commercial carbon SPE electr@deéurthermore, apart

from the electrochemical cleaning/regeneration procedure described above, the SPE
electrode can also be reused by simply wipidgretd MWCNT-b CD from its surf
Kim Wipes and cleaning with solvents like isopropyl alcohol followed by -dagting

another aliquot of 10 yLOfMWCND CD s ol uti on. The SPE el ect
degradation in sensing performance over at B@slycles of cleaning and remaking of the

electrodes.
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Table 4-2: Breakdown of materials cost to fabricate a single MWEGNT D

(Phys/ SE)/ SPE el e

Name of Unit Price Price Price (for one sensor) Price for one
Materials (each) experiment
MWCNTs $125/25gm | $.005 0.02 mg x $0.005 = $0.0001
(each mg) | [10 pL solution with 2 mg/mL

concentration of MWCNT]

b CD $220/100gm| $0.0022 0.02mg x $0.0022 =
(each mg) | $0.00044

[10 pL solution with 2 mg/mL

concentration of
SPE $50/40 $1.25 $1.25 (each)

pieces (each)

MWCNT- $2.64x10° $2.64x10¢
bCD [for reusing 10

Cost of one drop dIWCNT -b C D | times]

with respect to on8PE

= $2.64x16/ $1.25

=0.21%
MWCNT- $1.25+$0.0001+$0.00044 = $0.0250108
bCD /S $1.25054 [for 50

measurements]

The reusability of the SPE electrode provides further economic benefits to reduce the

overall cost to run a single experimenable4-2 shows the breakdown of materials cost

(in US$) to fabricate a new MWCNB C D

(Phys)/ SRECD r ( SVBWONSIP E

electrode and to run a single experimertighlightthe costeffectiveness of #proposed
P?* sensor.Table 4-2 shows that the materials cost a 10 puL drop of MWEINT D
(Phys/SE) required to fabricate a single sensor is only 36.®hich is only 0.21%

compared to the price of a single SPE ($1.25). Additionally, the prices includiabtm

4-2 can be reduced more since it disthe retail pricesAlso, if a MWCNT-b C D

(Phys/SE)/SPE sensds cleaned/regenerated for 10 timeken the cost of each

measurement will be much smaller. Therefore, the MW@NT D

(Phys/ SE) I .

electrode can be fabricated with extremely low cost. Thectioon costs can be further

reduced by fabricating the SPE electrode also instead of using the commercial one.

Interference studies

An important performance parameter of an electrochemical heavy metal sensor is its

selectivity in the presence of otherarfering ions in the solution. The selectivity of the
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MWCNT-b CD( Phys)/ SPE el ect fwaseeasuret inthdpde8ence pp b
of 207 ppb of Cadmium (G8) and Zinc (ZA") ions F i g 4+7). €he Cd* peak was clearly

separated from the Pbpeak. Also, the PY peak showed negligible change in the peak

current. However, the Zhpeak was not observed since the oxidation pateofizr?* is

| ower than 1T1.2 V and the deposition poten
Zn° molecule on the electrode surface. The peak current for 207 ppB‘af&dvery small

compared to that of Pb Therefore, the MWCND C D ( P h y seltrode BhBEwed rhore

selectivity towards P ion.

Pk?** (103.5 ppb)
s S HA

Cd* (207 ppb)
'

]

PB** (5.2 ppb)
g

Current (HA)

12 -1 -08 -06 -04 -02
Potential (V)

Fi g47.BPASVOfMWCNT-b CD( Phys)/ SPE wi t h 5 2 thepesencof®0710 3. 5
ppb of Zr#* and Cd*in 0.1 M acetate buffer (pH = 5).
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435 Per s peocft igenees o r

A careful comparison between the sensitivity/LoD and reliability/reusability of MW.CNT

bCD (Phys)/ SPECBOSEMWERHE el ectrodes shows
has a role in determining élr sensing performances. First, the sensitivity/LoD of the

el ectrode is controlled by the amount of b
MWCNT-b CD( Phys)/ SPE had hi gher number¥ of
bCD(SE)/ SPE, whi ch adnd lowerliohit ofi detgdtian.rit issverths i t i v
noting that MWCNTo CD( SE) / SPE can only have a maxim
limited by the number of COOH (~2.5 wt%) present in the precursor MWGRDOH.

Second, reliability/reusability of the electrode iscontrl ed by t he robustn
attached to the MWCNTs. For example, MWCGRTCD( SE) / SPE had coval e
bCD with MWCNTs which offered i mproved rob
better reliability/reusability to that of MWCNB C D ( /BREy An)optimum sensing
performance in terms of both the sensitivity/LoD and reliability/reusability can be achieved
through accommodating higher number of <cov

4. @oncl usi ons

In summary, in this research workedeveloped lowcost and easto-use electrochemical

sensors for the determination of?Phsing norcovalent/physical and a ostep covalent

modi fications (Steglich esterificati-on) of
bCD el ectrodes dsemsngpeformaricefa thedetectidn bt '@tht
limits-of-detection of 0.9 and 2.3 ppb for the poovalent/physical and covalent
modifications, respectively. The physically modified MWCNGCD based el ect
exhibited the higher sensitivity, where&® tcovalently modified MWCND CD s howed
better reliability and reusability, which
bCD modi fications, r efabpcatiorts iandenhaterials Weneeof el e c
extremely low cost which was calculated te bnly $2.64 per 1000 MWCNB C D
modifications. The final cost of each measurement could be further reduced because of the
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reusability of the MWCNIb CD based el ectrodes for at | ea
showed good selectivity in the presence oeoihterfering heavy metal ions such agZn
and Cd" with very high concentrations. The developed sensor may be useddosvand

point-of-care sensing systems for drinking water quality monitoring.
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Chapter 5
Noi sMMIWCN%$and nanomateri a

water moqnendar Nng

The sensitivity of electrdeeminc phuvamesaenr s
el ectrode area and matfeird eaflist ypa ospiegnadless .p rHo
el ectrochaeamigcal bsensari t ed, by f tramddonedfokslausc t u

which usuall gi gtemd gsadrSidliRdd t hye sensor .

The noise bedlavatorroedifecdilcsadl @odt undeihetld r ar el vy
addressed in2@POe9Thern edrrextpeierrer ment al study
el ectrocheims caar Tshewmodilceese | s wer e examined f
and conditions of the electrochemical sens
part iPhwlsgprh,at e Bufd ot aslsiionen NKEEER)(JCNh e

el ectrode mater walkScraerd fPabmitcat BBEt r o d e
functionali 2Mad | wdt CaMbbhi Namantbeclyed o ¢ MMCINIT
(bC D.)

The noiskreddecteeder s was measured at varia
seutpi mi pbatenovicws twantl tfaogre me aasdudrireroge siéo vea mp | i f i
andu-ahput spect®8BmM8anByYy yamirc TShiRgpnwelr Ameelcyt zre
Densityf(RBR) noise in curcenrel andomobhhdgqge
are obtainedumramalt hz2espewhhi ch acquires the
us éasst Flo mmisgrB Fthg convert and analyze the
domaTihnee noi s e ieaxdp erdithiee & thsavaonl dt acduesisr e nhegl i gi

" Part of this work will be submitted for consideration for publication as: A. U. A@mMarinoy, S.
Majumder, C. H. Chen and M. J. Deen,Study of noise in electrochemical sensofgril 2019 (in
preparation)
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i nfl aenltdwefl stfthei 4dihsi sa fparvopodrbtétyeheect r oc h e mi «

senamppl i catisomn,bakaevilreygel while varying th
and working electrodes i Fuacwidaarangefi nh
electrode increases the noise | evels, but t

t feuncti onempr paesohhe SNR.

5.Background

Thest udnyoiosfe mechanebmct r oicsh ecnriiataiccuashaibfsoori &
detection 3o0Mhlandée¢tye @tsi o ne ledrdoichieenn c@mp e fsckars o
onts dlwielciotgymad d C Imatt gheesw s dsu cggnidoant o i ngs
uncerft2a9mMiegrefiomer avweedr st dmso npdeodhomse s

el ectrochhamsirauala ateomipil gls hs eemsdolwvi mii t yof det e
Under stoaimdaiissoegsrcccaen iheké pel mopw nigacel désrgndhe
el ectrochemowatidmspeprdawstsem | ev.dlori rmtxagnpa tei, o
noi se behavior ofomanepeocvrdehemscghtsennt
senpenmr f or mMhaece.ensor perf omamaaidive t hs digkeher ¢
nanomat efruinacltsi cawWddli il Zza tnioo s e p huenndoemesnt ap-oadr @ nNw e
state electrical and electronic dewbkied, n

l'iquid i mtaeiredwyeetsi qatee d.

Noi seé ullthieodnese n-uwelelrist oodmmon el ectTrhoensiec c o
fluct uagteinecdhbdryed i n t hhbhaes etlh®inersepéct ypks:
sualb hermmagssheot noi se aBOTIHkdickes p ewdermali t vy

(PSD) Jofhnéwewi st thermal cusrenprrecised afk

S= kT R (511)

whekees Bohlet zgmamrms Tias tttehmep e aa®ius et he resi st an
resiShtootr insneédse@ct r otnheod nmeasidastee di screte natur

char(gvdh en over comEnag ataiblojsahrormise hgghanal t noi s e
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proportionalantdo dtoeemp enroat Wregpendhoin does@enc
not depenedmpeanbouthedhfereeqyeameyendent behayv
t her mal a ngda vseh ati sreo itlsoe tteh eniorn sreanmd oWy wi t h

of the Mmi tcotnhfelgxtk £ISDnadiepends reciprocally
therefore, finnibtet edecvateésdshhodwing haeske th

nNoi sedomi ondaeltoewf r equenci es.

Many experitmeotreaeki @@ln ositsued i ®sgtgheesnnt @@idsse h at
i nvepsepgr taicdnale taoc ea i 1 36Ldmntde difrezded eavrnn €&
el ectrochemCAajAndelherc sonueadnyc Iseaddccoh t he typ
graphitic el ectrode maatsesroicaila {t8haflhjeod msaej oni n |
contritlouttihoen under standing of a@roii giérrantme sel e
faradaic intewhiwddabVi gdedcesmd ®@sd wtaulclh as: (1
t he met hodeaft uacrbeati immg wrmh faomhdeagmerdiitby t he i
urrenhe amssoanated functpihemomedBh8abvit ¢ -

hneo itshemda t uoa@atlitybient emfhaoonogeneou f 3 BTLAldre s s e s

o

oth cases, a few fundament al | Sipse agihftisc ailnlt

undamenstoaulsr csesic § ® éNryggan stndihsea mand dheetn noi

o —+— T

i scugiegmndrealdae twert hmedgwi ¢ amhear éndo itsoe 1/

n receammthoymdrey ¢ adtst nat eadli gntermadic hemi cal s
bi oseaappglnigcati ons &Ue cttwhoynsddeddr| cthreing wea | pr a
l eading to highly skehetbtgyplanIdoDjambustl dreT
carbon basedsuncanmoamateali @émva Man gyt umevse,st i gat
ef fi el ewtnroodd eft iheertn h a ntcheedf f | ci ermhey edfectroche
senkbr es d ns3dk]osr exampl e, modi ficati on of
mul ti wakrbed nanot whe$/ (OMWYEHN )XdEDtr reiend | nt

i mprowadge etffamsnfll@ct yer s ensi[n2g5 7p, E2o8h3e]y ena n c e
t hbeehavi or of noise itrmhae¢el egpthvealk teea nmoedat t | s en

with or without nanomat esuinales smaodidf.i cati on
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Il n thisrwallexeopwansmreetntuwapg t hat mi mi cs the vc
condiamadnshearhes thuwdhyge umfmodi fi ed/ modnéfeed S
di fferenatowndreifbesei escwaglotf add eeoond ytplees o
el ectrolyte solutions ( BmdPop rasstsaiaryBaufif ceer 5
(K[Fe()})on the noise | evel i's i nvedteicg atoadd.s
functionali zadawo h ha IMBKCINIToc hemi aalil sepiostlent i ¢
i nvestWegaatlesdo. study the noise of palladi um
sensor (in potentiommodifcedcomdi pam ateil e} r
chl orine sensor (in vol tammetric confi gu
t her miThtexrpseernit al i setdespri b8 df alnl bsyect ada iosne

char act er iaznadt idoinsicneesssd l.othss

5.Bxperi mental setup

5.21.Mat erainadl sr eagent s

Car bonSdraserd Pr i nt e dZ eEn)seccrigrl @ dAses / bAadS@ilEe) r g n c e
el ectrode and pl aneimeurmc kaoued efrr e e@ K slsrdstnT L
FecyankKsdEe (CiND t he f oram dofPhpewdsat é nBu f( P8BS
tabweespur chasedK§eenf@dwdear was deiscoil zed
(DlI') water to get 5 mM concentration. Each
water Ot OoPBEBt bufpgkr.7 wdth

5.22Preparation of electrodes

Modi fications of Muh-waSE&dbhNamod &S NTY hand
bcycl odextrin to get three types of -modi fi
bCD( Phys) MBEN-DGM(JSE) TIBSe EMWCNT/ SPE el ectrode
with only pure MWOD(.PhVhkel/e88WBNTde was mod
MWCNT whi c h-c omaas! eenand yph(yis.i cal Iwi)tb@Ddmet i ona

MWCN-BCD( SE)e/lSPcBE r ode was modi fied by MWCNT
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Steglich esterifwicthBD.on)Jhe udet anodndaidfii M¥ed@ N To

procweslescprleedonusdhyapt er 3.

The preparations of the pH, free chlorine a
6 . I n summary, the Pd/ PdO basedcpHHdismnsi n
modi fi-edatsipng technique, i n which Pd/ PdO t

pol yimide tape usrggnbmet mbl ysi pretuPdor i

to another glass substrate. bYakear boeeethbbtor

el ectrochemically modifiedmpbpgsamemsii umtos cafr
t wo pairs of PEDOT: PSS and silicéomi dber mi
configuration. The PEDOT: PSS t heeastiisngronmna
gl assusb s.t rBlhe si |l i cohalirhidayantsepdiedpto esnatrsdadn alt

subsequent dicing and gluing on a glass su

523 Appar atus

The noise measurements of the electrochemi
conftigamasi mil arcdrf iag uproatteinotni otshtaatt per f or ms
di fferential pul seFivgdiliteaAnndeytnraymi ca ss ischroaMn an
St anfesrearRh Systems) was used to acquire a
the working electrode (Channel B of -SR785)
bCD( Phys) MSVER-D@GMMASE) / SPE Tehlee crterfoedreesnic.e and
el ectweordee st ednléecawoa se voltage Sammlifiofride rRe(s®R
Systéems)t he negative and positiAnmet heputl owe
current (SRpFiIOd§gneord Research Systems) was

current oflthké¢erwarmkadieg bwdttemy cel |l with po
the bias voltage source. Three multimeters
biasing battery source, the reference el ect

coresponds to current from the working ele
rangingtamamvo. 5

125



Ph.D. Thesis A. U. Alam McMaster University Electrical and Computer Engineering

Crocscsrrel ati on and coherence bet ween vol t e
coherence was | ow, al ways rbeil oev &8Bt0 %l i fwfhea rcenn

of the electrodes are independent

(a) Parameters for Al:
SR560 Voltage Amplifier
Coupling: DC o
Low pass filter: 6 dBoct @ 100 Hz  «
Gain Mode: High
Gain: 1x 103

To o o o Do

0-0.6V

Counter
Electrode

Signal Analyzer) \

I
| |
| O Channel A (Dynamic l
I
I
I

o]
Reference
Electrode
K[Fe(CN)/PBS{
Parameters for A2:
A SR570Low Noise Current Amplifier
A Bias Voltage: Positive m-u_
A Filter type: None i-".- namic Signal
A Input offset: Positive 1x1 pA .=’—'“'“T =3 1 I(AD:alyzer) g
A Gain Mode: Low Noise LR - .
| IR .
A Sensifvity: x100pAN © m ® & 8 | PESPrasahete Buffer Saime
A Gain: 0.58 10 pA/V AR, |  Dynamic Signal Analyzer: SR785s{anford Research System)
(C) T
Pd/PdO pH
| Electrode 0—|— +
| I A1 Channel A
O] — (Dynamic Signal

| AglAgCl | Analyzer)
| pH Buffer ]

Fi g ®-0. &he experimental sep for the noise measurement(ej SPE electrodemodified with multi
walled carbon nanotubes abetyclodextrin and amine modified carbon electrodes; (b) Pd/PdO based pH
sensing electrode.
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Table 5-1: The noise measurement setup with different electrolgtassingelectrodes and biasing voltages

Type of Type of Electrode Bias
Electrolyte Voltages

SPE
K
MWCNT-SPE &
e
Ky[Fe(CN)] -
(5mM) MWCNT-ACD(Phys)/SPE ,
o 0.0V
MWCNT-ACD(SE)/SPE 3 8-; x
0.3V
SPE & oav
0.5V
MWCNT/SPE & 06V
PBS ) ~
(pH 7.4, MWCNT-ACD(Phys)/SPE /4
0.01 M) =+
MWCNT-ACD(SE)/SPE + &
pH Buffer Pd/PdO based pH sensing electrode -
PBS Ly
(pH 7.4, Amine modified carbon electrode 0'1 Vv
0.01 M) '

Tap Water  Silicon and PEDOT:PSS thermistors -

524Noi sepdataasrsd ngmapryasecedur e

The nopsecedansdinaggnal ysi s proscsadowheghbXlers c he me
step 1, the raw data of noise signal from
i s extractedommputae rpeaswnhil e for mat usi ng
devel oped by Keysight Techmedtorgd as ned h €0 e
har monics signal which was dwnettworikmtetr épr
the 60 Hz har monm ctshpewes eagemoMATLABoOcode wh
f draster data processing. In step 3, the cl

scawietdh tohteh eg adampleinfti er ( SKRBEE0Oyurtevistepl #
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characwer eqneit sail mndhewi thtoi s e r(enloat esch opvanr a e
Fi gbd).e

Noise Data ‘ Removal of 60
from DSA | Hz harmonics
(SR785) =
€ 1e4 | '\‘\: Il
Keysight Wl{‘%,“ it
Technologies vl MATLAB
VEE Pro 9.33
- e 1 16 160 1600 10000 J_
r " —
Data Analysis, Normalized
-V with gain and
working
electrode
_« current
Excel Excel

F i g 5-2. Noise data extraction and analysis procedureextraction of data from SR785 using VEE Pro
9.33 software, removal of 60 Hz harmonics using MATLAB, normalization of the signal with gain of
the current amplifier and outip current of the working electrode, and additionalanalysisof noise data
(for examplethe currentvoltage characteristigsising Microsoft Excel

5.Besults and discussions

The noise mepstuoemehé skéctrochemical sens
potenti edteatt rtodreeeonfi guration, since the
al sstehe csamfei gurlant itdin s pot e(ft goly, & ante caonnafliygzue
the <current noi se fluctuations at the wo
measur ement s, the applied bias vohlitcahg eiss a
usually in the range of few hundred mill.
voltages from O V to 0.6 V to analyze the

Fi g b3 shows hepowerspectral density (PSD) spectra of the noise current when the
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