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ALEPEUVNON NAEKTPOOTATIKWYV KoL OLETILPAVELXKWVY POULVOUEVWV OE
mAakidia SiO; pe Tt TeXVIKN TOU SUVAULKOU PONG

Extevng IlepiAnym

Y& autn TN SUTAWHATIKA gpyacia yivetal dtepelivnon Tou untoAoyLopoU tou -
Suvaukol (z-potential) mAakibiwv SiO2 pe okomd va katavonBel kaAutepa n
XPNOLLOTNTA TNG TIUAG AUTHG aAAG Kat va StepeuvnBouv oL mAnpodopieg mou pmopetl
va SwOoEL yla TIG eMPAVELEC TWV UAIKWV. H apxikn HeAETN Tou (-Guvaplkol €yLve OTO
mMAQIOL0 TOU €peuVNTIKOU TPOYypAUUATOG Tou epyactnpiouv CIRIMAT (Centre
interuniversitaire de Recher et d’Ingenierie des Materieux) oto MaveMIOTAULO TNG
Touloulng (INP-Toulouse/CIRIMAT) pe teAlkd otdxo TNV Sleukpivnon Twv aAAaywv
otnv enidavela melonAektplkwv UAIKwY (PZT) Uotepa amo atuoodalpLkr) EKKEVWON
TAQOLOTOC.

TNV apxn MopouclaleTal pla BEwpnTIK AVOOKOTINON TwV GOLVOUEVWVY KOl
NG OXETIKNC Bewplag. To T-Suvapikd avadelKVUETOL WG VO ONUOVTLIKO EPYAAELO yLa
TNV KATAVONON KAl TN HETPNON TNG EVEPYELNG KOL TNG OUMMEPLHOPAG TWV
SlETULPAVELAKWY CUCTNUATWY UYPWV-0TEPEWVY. H «kapSLd» Twv datvopévwy gival n
Slemipavela twv Suo pacewv, 6mou oL pAaoceLg dlaoTeipovTal N pia otnv GAAN.

To mpwto PBApa yla TNV Kotavonon tng €vvolag tou {-duvapikou eival n
epunveia tou datvopévou tng SUTANG otifadag mou SnULoUpYELTaL OTIC ETILHAVELEG
TWV OTEPEWV OTAV £pyovtal o€ emadn Ue Eva vypo. Eival onuavtikd va e€nynBel kat
va katavonBouv oL pnxaviopol yupw amnd authi tn otfada n omnoia kabopile oe
ONUAVTLKO BaBuo tn cuumnepldopd TWV OTEPEWV HECA O€ LYPA epLBAAlovTa.

H Slepelvnon twv GOLVOUEVWY OTN CUYKEKPLUEVN TEPLOXN, N omoia Oev
unepPaivel peplkd nn o SLAOTACELG, £lval oTo emikevtpo BewpnTikn¢ avaluong. Ot
600 KUPLEG MOPAUETPOL TTIOU EMNPEATOUV KoL EAEYXOUV TN cuunePLPopd Tou OAoU
ocuotnuatog eival n dtemubavelakn xnUeia kat to (6Lo to meptBAaiAov.

MNa to -6uvaulko avadepovtal ol Bewpieg oxnuatiopou kat StapBpwong Tng
SutAng otiBadag. Apxika n Bswpla tou Helmholtz, n onola anoteAel Tnv o Baoikn
TPOOEyylon, UToBETEL 2 TTapAAANAeG oTIBASEG LOVTWY. ITN CUVEXELX avadEpovTal
Tilo oUVOeTeg Bewpleg oL omoieg Aappavouv umtoPn Kat enpuépouc patvopeva Omwe
™ XNUIKA podnon ktA. Tvetal ouykplon Twv Bewplwv Kal Emetta Slatumwvovtal
Baolkég e€lowoelg mou cupmeplAapBavouv Kal odnyouv otov umoAoylwouod tou -
Suvaptkou.



Ou eflowoelc autég Baoilovtal otnv Bewpnon OTL UTAPXEL €va NAEKTPLKO
doptio otnv enipAvELD TOU OTEPEOU Kol OTAV QUTO Bploketal o uypod mepBailov
HE GAAa LOVTA TOTE MpOKaAeital n avamtuén plag otifadag wvtwv n omoia otn
OUVEXELQ ATIOKTA €Val ETMAYOUEVO NAEKTPLKO dopTio.

Auta ta nAektpika doptia Sivouv pe Tn Olpd TOug €va SUVALKO o€ KABe
otfada, to omoio efaptdtal OO TNV TUKVOTNTA TOU NAeKTplkoU doptiou. H
OUYKEVTPWON TOOO TWV LOVIWV 000 KOl TO NAEKTplko $opTio peTaBaAAovial evw
npooeyyiletal to uvypo meplBarlov, Onuoupywvtag Babuidba Suvauwkou. To
EPWTNUA TIOU TPOKUTITEL €lval og old B€on To Suvaplko €xel duoLki onuacia Kat
XopaKTNPileL TNV eMIPAVELX KOL OUCLOOTIKA Uropel va anmodoBetl oto UAkO. H Tiun
tou SuvaulkoUu otn Béon otnv omolo umopel va HeTPNOel KAl OUCLAOTIKA va
anodobel 0To UAKO ovopaletal -6uVapLKO.

JTi¢ Sladopeg Bewpleg umdpyel TUNUatonoinon twv otipadwv pe diadopa
ovOHOTO KOl HE OladOPETIKA XOPAKTNPLOTIKA. XTNV TIPAYHOTIKOTNTA, OUTEG Ol
otifadeg ev amoteAoUV oploBETNUEVEG KOVOVIKEG OTLRBASEC aAAQ elval amoTéAeoua
QLG TpoomAbeLlag Katnyoplomoinong tng cupnepldopds tng Stemupavelag Kal
SleukOAuvoNng TNG LOBNUATIKAG TOUG PovTeAomoinong.

Me adetnpla aUTEC TIC SLUMIOTWOELG avamtuxdnkav oL €€LlOWOELG TIoU
neplypadouv tnv Suthootifada mpokelpévou va kataotel Suvath n pétpnon tou -
Suvapikol alAd kol va mpoodloplotouv to HeyEOn amod ta omoia efaptdtal. Ita
nelpapata peAetnOnkav mAakidia SiOz pe t Ponbela tou pnyavrupatog Zeta-Cad
naipvovtag Hetpnoelg o meplBailovia pe Stadopetika pH. H pétpnon tou &-
Suvaukol ota melpapata otnpixdnke otn péBodo tng Snuioupyiag Suvaplkou
HEow pon¢ (streaming potential).

To pelpa pEéow poNng (streaming current) kot to SUVAULKO HECW PONC
eudavilovtal yevika Adyw tnG LeTATOMIONG dopTiou oTnV NAEKTPLKNA SUTAN otifdda
mou TpokoAeital amd pla e€wtepkn) duvapn Hetatomong g uvypng éaong
€PAMTOUEVIKA TIPOG TO OTEPED.

H petadopd twv uSpoSuvapika KIVNTIKWVY LOVIwV otnv StevBuvon tng pong
TOU UypoU Hmopel va avixveuBel dpeoca. AuTO Yilvetal €ite pe TN UETPNON TOU
NAEKTPLKOU PeVHATOG METAEL SU0 BEcEwWV AVAVTN KOL KATAVTN TNG PONG, HECW HN
TIOAWUEVWY NAeKTPOSiwV Ta Omola €XouV EMAPKWE XAUNAR €0WTEPLKN avtiotaon
wote va ayvonBel n uTapén tou avtiBetou pevpatog (back current) péoa o kKaval
pong.

EvaAAQKTIKA, TO NAEKTPLKO SuVOULKO pmopel va petpnBel petall twv dvo
NAEKTPOSIWV avavin Kol KOTAVIN TNC PONG, €AV n €0WTEPLKN oavtiotaon Tou
XPNOLLOTIOLOUEVOU NAEKTPOUETPOU Elval apketd uPnAn (LETpnon duvauikol Adyw
pon¢). Na tov mpoodloplopd Tou Suvaulkou otnv meploxn tng duthootiBadag Adyw
NG KLWNTIKOTNTAC TWV NAEKTPKWY GOopTiwV Slatumtwbnkov OXECEL] OL OTOLEC
TLOOOTIKOTIOLOUV TNV £VTOON TOU MAPATNPOUUEVOU NAEKTPOKLVNTIKOU GALVOUEVOU.



Ma tn Ste€aywyn Twv TEWPAUATWY OUTAC TNG SUTAWUATIKAG gpyaciag €ylve
xpnon Ttou mpoavadepBEviog pnxavApotog Zeta-Cad. Elvalr éva  pnxdavnua
oxeSLaoUEVO yLla va PEAETAOEL TIG LOLOTNTEG KOANOELSWV Kol T AVELAKWY GOPTIWV
TwV ocwpatdiwv kabwe Kal eninedwyv emidavelwwv. H Baowkn apxn Asltoupyiag Tou
e€nyeltatl oto kedpdAalo mou adopd to SUVAULKO PECW PONG TIOU TIPOKUTITEL OTAV
Eva UYpO péel péoca Ot €va TPLXOeldEG KavaAlL mou dnuloupyeitat amd dvo
TapAAANAEG emLPAVELEC.

H pnxav avaykalel To uypo va pésel Aoyw Oladopdc¢ mieong Ap kot
TOUTOXPOVA HETPA TO OSUVAULKO OUVEXOUC PONG KOTA HMAKOG TOU KavoAlou. To
SUVAULKO CUVEXOUG PONG UETPATAL HE TNV UTapén SUo NAeKTPOoSiwV HOALS TIpLV TNV
eloobo kal éva opéowg MeETA TNV €060 TOu KavaAloUu. To pnNXAvnuo outo
T(POKELPEVOU va peTatpEPel Ta Sedopéva Tiieong Kal NAEKTPIKOU SuvaplkoU Tou
AapBavel og TpEG T-Suvapkou epapuolel TNV amAomolnpévn oxéon tou Helmholtz-
Smulowksi [13] .

H oxéon autr Baoiletal otic mapadoxEg OtL:

e Hpon gival oTpwTH KoL QVETUYUEVN

e To péyeBog tou TpLYoeldoUG KavoaAloU eival peyalo oe oxéon HE TNV
SLApEeTPO TNG SUTANG oTIBAdag

e  Mndevikn emibavelakn aywywlotnta (n omola ocuvnBwG pmopel va yivel
ONUOVTLKA 0Tav To -6UVOULKO gival peydlo (1., | T|> 50 mV).

Eywav pla oslpd amo MEPAPATO To omoia elYav OKOTO TNV ovamapaywyn
TIPONYOUUEVWY HETPAOEWV TIPOKELUEVOU va SLamloTwBOel n A&LTOUPYLIKOTNTO TOU
HUNXOVAHATOC KOBwWE Kal Tov MPocSloplopo KATolwY TIHwV avadopdc. Ta mpwta
Melpapata €ywvav pe mAAakeg Si0; pe nAektpoAutn KCl kot oe mepiBailovia pe
Sladopetikeg TIPEG pH. AkoAouBnBnke To MPWTOKOANO TOU £pyaoTtnpiou Kal Eywvav
3 UETPAOELS yLa KABe onpeio.

Me Ta MPWTO AMOTEAECUATA TOU TMELPAUATOC ATaV oadEG OTL N LETPNON TOU
-8uvapikol Twv MAKLSLwV Si0; gival o mepimAokn amo OtL avapevotav. Mia oslpa
oo anpoodOKNTEC LETPROELC 0O YNOE OTOV OXESLOOUO TIEPLOCOTEPWVY TIELPOLLATWV.

JUYKEKPLUEVA amodaoioTnKE va Yivouv MEPALTEPW ETPNOELG 0 TTAAKES Si02
oe Sladopetikég ouykevipwoel KCI kol pla akopa 1o AEMTOPEPAS ypadkn
napaotaon (-duvapikou-pH), Wiwg ota onueia kaunng. To KCl emAéxBnke emeldn
elval évac 1:1 06£voug NAeKTPOAUTNG Kat yia tnVv e€lowaon twv Helmholtz-Smulowksi
elval o akpPnc. Emiong unapyouv mhovota BLBAoypadikd otolxeia mou adopolv
TIELPALLOTO UE AUTO TOV NAEKTPOAUTN KOlL YL 'auTO €lval o eUKOAO va cuyKpLlBoUv Ta
amoteAéopata Kal va e€axBouv 1o acpaAr) CUUTEPACHATA.

ErumAéov, pe Baon ta nén AndBévta dedopéva €yve katavonto OtL n doun
™¢ empavelag tou mAakiSiou mailel onUAVIIKO POAO ylo TN HETPNON KOL TNV
alomoinon tou - Suvaukou. AsSopévou OTL TO TupLTlo lval €va UALKO Tou €XElL
HeAeTNOel eKTEVWG QmO TPOonyoUHEVOUC EPEUVNTEG, amodacioTnKeE OTL €val VEO



TIPWTOKOAAO €l8IKA YL 'auTo Ba mpEmel va yivel, OMwe Kot OTL n HETpnon tou -
SuVOULKOU Mmopel va XpnOLUEVOEL WG onuelo avadopdg yla TIG UEAAOVIIKEG
HUETPNOELG KOl LEAETEC.

MNa va emrtevxBel autd, amodaociotnke po €6k dadikaoia yla tnv
erudavelakn enefepyacia mou Oa TPEMEL va Tponyeltal Twv HETprioswv. H
Sladikacio otoxevel otnv e€alewn tou otpwpatog oteldiov mou oxnuartiletal oe
enaodn Ue Tov aépa Aoyw tn¢ ouvEeonG Tou ofuyodvou He To uplitio. Yotepa amod tnv
Katepyaoio n emudpdvela €xel amodeopeutel amd to deopeupévo ofuyovo. ITn
ouvéxela adnvovtag¢ Tta Selypata o atpoodalplkd TEPLBAAlOV  yla  éva
OUYKEKPLUEVO XPOVLKO SLAOTNHO QVOTTTUCETAL EK VEOU €va eTiLdAVELAKO oTpwia SiO;
TO TIAXOG TOU OToloU £€OPTATAL ATIO TO XPOVIKO SLACTNUA IOV To Tupitio BplokeTal
o€ enadn He TNV atpudéodalpa. IKOMOG TNG KATEPYACLOG QUTAG ATV va emiteuxOel
OMOLOYEVELA KaL PElwan TNE TPAXUTNTAC TNG EMLPAVELOG.

Ma tnv KaAUTEPN Katavonon aAAad kat yla tv e€aodpaAion ¢ aflomiotiog
TWV TAPATIAVW HETPNOEWV mapakoAouBnbnke n ocuunepipopd TNG PONE yla va
emuPBefalwbel n Poaoik umobeon OTL n por] OTO TPLXOELSEC ToOU oxnuatileTal
avapeoa ot SU0 MAAKEG €lval OTPWTN KoL QVEMTUYUEVN. EToL o puBuog pong
HETPNONKe oTig miEoelg 0-0.35 bar mou epapupdotnkay.

OL peTpnoselg €yvav pe TV adaipeon evog amod ta Soxela TOU UNXOVUATOG
Kall UTIO otaBepr) Ttieon otnv £€€060 TOU NAEKTPOAUTN TIOU PEEL AVAUECO OTLG TIAAKEG
HETPNONKe 0 OYKOG TOU yla pia mepiodo 1 min. ITn cuvéxela xpnolpomnoltnkav ot
e€lowoelg Navier-Stokes yLa Tov UTTOAOYLOUO TNG PONG OTO KAVAAL TTOU oxnuaTileTal
amno ta duo mAakisia.

Metd amd emefepyoaoio TWV ONMOTEAECUATWV KOl O OUVOUAOUO HE TN
BBAloypadikr) avaoKOTILON CUUMEPOIVETAL OTL SlodopeTikol epeuvnTéC Bplokouv
ouxva SLadopeTIkEG TLUEG (-SuvapLkou yla opola reptBailovia. Mepikég popEg, oL
emupaveleg dev elval otnv MPAYUATIKOTNTO TOVOMOLOTUTIEG: N UWNAR €8Ik
emupavela kat n enipavela SpacTkOTNTAC TWV KOAOEWS WV cUCTNUATWY KaBLoTouv
™V T -6uvaptkol TOAU guaioBnTn akOUn Kol O UIKPEC TTOOOTNTEC akaBapolwv
oto StaAupa. Autod pmopel ev pépel va e€nynoel SLOKUPAVOELC ylo TOUC NAEKTPO-
KLVNTLKOUG TIPOOSLOPLOHOUE amd TO €val €PYOOTAPLO OTo GAAo. EvaAAaKTika,
6ebopévou oOtL to T-duvaplkd Sev elval pla AUECOH WETPAOCLUN TOoOTNTA, E€lval
mBavo ol Slakupdvoelg va odeilovtal otnv emloyn evog akatdAANAou HovTEAOU
yla TN HETATPOTI TOU NAEKTPO-KLVNTIKOU ONuato¢ ot (-6uvapilko. To emimedo
e€e16lkevonc mou amatteital (ylo To LOVTEAD) e€aPTATAL OO TV KOTAOTAON KAl TNV
emBupntn akpifela otnv pétpnon. H emloyn tNg TEXVIKAG TNG HETPNONG KAl TNG
Bewplag mou xpnolpormoleital eéaptatal oe peydho PBabud amd TO OKOMO TNG
€PEUVOG TWV NAEKTPO-KIVNTIKWV POLVOUEVWV.

YIApxouv MEPUTTWOELG OTLG OToileC Hmopel va SikatoloynBel n xprion amAwv
HOVTEAWV, akoun Kat av dev anodibouv to cwaoto (-6uvaplko. Mo mapddelypa, eav
Ol NAEKTPO-KIVNTIKEG UETPNOELC XpNOLoToloUvTal w¢ €va eidog epyaleiov eAéyyxou



moLotntag, To evéladépov Bploketal otnv Taxeia (on-line) aviyveuon twv evallaywv
NG NAEKTPLKNAG KOTAOTAONG TOU TEPLPAANOVTOG KAl OXL OTNV AmoOKTNon akplBwv
TILWV ToU {-6uvapikou. Ao tnv GAAn TAeUpd, OTaV 0 OKOTIOG £lval var cuykpLlBouv
UTTOAOYLOUEVEG TIUEC TOU (-SUuVOUIKOU TOU OUOCTAHOTOC KATW omo OeSOUEVEC
OUVONKEG, XPNOLUOTIOLWVTAG SLAPOPETIKEG NAEKTPO-KIVNTIKEG TEXVIKECG, UTMOPEL va
elval anapaitnto va Bpebel pia mpaypatikn T tou -6uvapkou. To idlo LoxVEeL Kat
yla €KEIVEG TIG TIEPUTTWOELG OTLG omoleg Ba xpnoitonotnfolv ot TIHEG (-GuvapLkoU
yla TNV €KTEAECN UTIOAOYLOUWY OAAWV GUOLKWV TIOCOTATWVY OTWG N evépyela Gibbs
oAnAenidpaong peTafl Twv cwpaTdiwy.

JUUTIEPACUATIKA TIPOKUTITEL OTL N UEAETN TOU (-SuVOHLKOU €lval pia TTOAU
ONUOVTIKA TEXVIK XOPOAKTNPLOMOU TwV UAIKWV KoL MUIMopel va SWOoeL XPHOLUES
mAnpodopieg ywa tnv ocuumneplpopd Twv UAKwV ot peuotd mneplpailovta. H
afloAoynon tou -6uvapikol dnuloupyel mpoPAnpata, dedopévou OTL, av Kal gival
OPKETA €UKOAO va oploBel wg TR (elval yvwoto amd T e€aptatal), v ToUTOLG
UTTAPXOUV PEYAAEG QOKALOELG Yl BEWPNTIKWG TAUTOONUEG ETUPAVELEG UETAEY TWV
HEAETWV TwV SLapopwy £peuvNTIKWV OPASWY. AUTO odelAeTal 0TO OTL KON KAl N
UKPOTEPN HeTOPOAN oTo TePIBAANOV UMOPEL VOl EMNPEACEL TNV LOOPPOTIA OTN
Suthootifada.

Ooov adopd 1o Zeta-Cad, eival KOTAAANAO ylo TOV TIPOOSLOPLOUO TOU
LOONAEKTPLKOU ONUELOU TwV UALKWY TO omoio daivetal va €ival n mo xproun TLun
yla Tov Xopaktnplopd tng emudavelag, dedopévou OtTL €lval povadikn yla kabe
UALKO. IXETIKA ME TN Xpnon tou -6uvaulkol ot Tio efeAlypéva UALKA yivetal
eudavic n oLVSECN NG TUNAG AUTAG HE TNV emdAVELX TOU UALKOU. Me otaBepég
ouvOnkec pmopel va xpnolwpomolnBet wg pEBodog xoapaktnpelopol oAAA  Kal
e€akpiBwong aA\aywv otnv emipavela.

Opoloyia:
e Double layer (Authootifada): Amotelel tn otfada n omoia Snuloupyeital otnv
emupavela evog otepeol Otav Bpioketol og vypo MepBAMOV Kal amapTiletal ano
TO LOvVTa Tou elval Sleomapuéva OTo UYpO Kal €xouv TpocdeBel otnv enudpdvela
AOyw nAektpootatikwyv Suvdauewv oxnuatilovtag katd Bacn 2 Sladopetikd
oTpwyata to éva SimAa oto dAAo e avtiBetd doptia.

e Streaming potential, Usr (V), givat n Swadopd Suvauikol oOtav Sev UTIAPXEL
NAEKTPIKO pPeUA OTO OUOTNUO, TIOU TIPOKAAE(TAlL OO Tn por TOUu Uypou UMo
Babuida mieong péow evdg tpyoeldoug Sadpdyuatoc i pepPBpavng. H Stodopd
UETPATOL KATA HAKOC TOU CUCTAKATOC Tou gpdaviletol n duthootifada i avapsoa
ota Adkpa Tou TpLKoeldoug. To streaming potential dnuloupyeital amoé T
cuocowpevon doptiou ToU mpokaleital anod tn pon twv avtiBstwv doptiwv amo
OUTA TWV €MD AVELWY OTO ECWTEPLKO TWV TPLXOELOWV ayyeiwv A opwv.



Dielectric dispersion (AinAektpikry Slacmopd) ivatl n PeTaBoAn NG SINAEKTPLKNG
otaBepd¢ oc €va awwpnua KoAAoeldwv owpatidiwv pe T ouxvotnta evog
epapuoopévou evarllacoopuevou pevpatog (AC) mediou. Na YapnAég Kal HeCOiES
OUXVOTNTEG N aAAayr OUTH CUVSEETAL e TNV TTOAWGN TOU LOVTLIKOU dopTiou. Tuxva,
MOvo n SinAektpikn Staomopd xaunAng cuxvotntag (LFDD) Siepeuvaral.



Summary

In this diploma thesis, z-potential measurements on silicon planar substrates
using a Zeta-CAD machine are investigated. In the first part, there is a brief
presentation of the theoretical basis behind the z-potential and the related
phenomena. This includes the theory of the double layer in colloidal systems the
models and approaches of the silica-aqueous interface as well as the estimation of
the equations of the total charge in the diffusive layer.

In the second part, the experiments of z-potential measurements on silicon
substrates (with a passive silica native layer) are detailed with a special care on
reproducibility of the measurements. These experiments were conducted in order to
have a basis and a reference point for future experiments concerning more
advanced materials.

In the conclusions the results are discussed, the potential uses of the Zeta-Cad
machine are outlined in the framework of the laboratory’s research interests and a
new protocol was proposed. Special interest was given in the reproducibility of the
results and the investigation of the factors that influence the trust upon the
measurment of z-potential. The further experiemnts concerning the flow behavior,
an essential part of the z-potential measurement with the streaming potential
method, gave useful information on how to approach the measurement of z-
potential and helped to establish the new protocol.
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Introduction

The measurement of the z-potential of materials has been a significant technique
since the early years of the 20" century although the exact mechanisms around the surface
energy were still not fully understood. Nowadays the measurement of the z-potential is
widely used in many industrial procedures and applications especially where colloidal
systems are concerned.

In particular the measurement of the surface z-potential has a great range of
applications regarding the control, stability or flocculation/coagulation, of colloidal systems.
By measuring the z-potential the electric charge of the double layer is revealed, thus
allowing for an excessive control on the systems behavior since the double layer is the
primer electrochemical phenomenon existing in a solid-liquid system.This practically means
that by knowing the electric charge of the materal we can control the stability of the system,
either by changing the enviroental conditions or the factors that built the electri charge. This
is clearer in the following exmaples of suspensions and dispertions of materials in different
enviroments.

The applications of the z-potential are more common and evident in the following
areas (Zeta-potential, a complete course, 2008, p.1)z :

-Minerals & Ores: The techniques for retrieving several minerals such as lead, zinc and
copper include the suspension of their particles in water. Flotation is next needed for the
recovery of the mineral. The efficiency of the procedure can be control through the z-
potential of the particles. Also z-potential has been used to control the viscosity of coal
slurries reducing their potential environmental threat.

-Clays & Drilling Fluids: Dispersions of clays in water or other fluids are really common
in paper plastic and synthetics industry. Therefore the tailoring of their characteristics
through the control of the dispersions helps in achieving the desired properties for each
task.

-Ceramics: slip casting is used in volume production of ceramic ware. Suspensions are
common in these technic. The structure of the clay layer depends on the degree of
dispersion of the clay suspension. Affecting the pH affects the apparent viscosity of clays and
z-potential is the tool to achieve that.

-Paints: The pigments in paint must be well dispersed in order for the paint to perform
successfully. Z-potential measurements can be used in this application to control the
composition of the paint and the amount of additives required for an optimum dispersion.

-Water and Wastewater Coagulation: Waste water and water comes always with
dispersed particles. Therefore in the treatment procedures where the colloidal solids are the
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most difficult to remove because of their size the key for an effective removal is the
reduction of their z-potential so flocculation takes place, enabling the rapid and easy
removal of these particles.

Whereas Zeta potential measurements were first developed for suspensions (as
detailed before), this thesis focuses on zeta potential of planar substrates. Indeed, the
characterization of the surface potential (or z-potential) of a material is an important issue
to investigate the interactions between the material and its immersion medium (for example
adhesion of micro-organisms, salts on immersed samples). This surface potential can also be
helpful to characterize the surface of a sample and its evolution, even if the sample does not
operate in a liquid medium. Here is the general context and the final objective of the thesis:
to use the z-potential measurements to follow the evolution of a piezoelectric material
before and after immersion in plasma discharge. As plasma deals with charged particles, z-
potential measurement (even in liquid) could be relevant to understand the interaction
between the piezoelectric material and the plasma discharge.

In the 1% chapter there is a presentation of the mayor electrokinetic phenomena that
develop on a material surface while in different enviroments. The structure of the double
layer is investigated through the theories that have been introduced during the past years.
For the better understanding of the z-potential the equations that describe the electric
charge on the diffuse layer are developed. Last chapters are used to explaine the conditions
and the experiments organized during this thesis. Finally the results are discussed in order to
conduct useful conclusions about the importance of the z-potential measurement.
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Chapter 1: Theoretical part

1.1 Introduction

The z-potential (¢) value is a significant tool regarding the understanding and the
measurement of surface energy and behavior of solid liquid systems. The heart of the
phenomena is the interface of the two phases, where there is a dispersion of ions and other
particles near the solid liquid boundaries.

The first step on understanding the meaning of z-potential is explaining the
phenomenon of double layer that is created on surfaces of solids when in a liquid. Therefore
it is important to explain and understand the mechanisms around this double layer which is
responsible for the behavior of most of the solids in liquid environments.

The development and the explanation of the phenomena in this particular region,
that exceeds no more than some nm in dimensions, is what most studies and theories have
focused on. The two main parameters are the extent of the interfacial chemistry and the
interface itself. These two parameters are the ones that influence and control the nature
and behavior of all two phased systems.

In terms of information contained in the measurement of the z-potential it is shown
that the value is related to the surface charge. This is a property all material possesses when
in a fluid. In practice the value and the sign of z-potential affect the procedure, the way of
treatment and many products specifications and controls. The simplest information z-
potential can give is the charge of the surface studied and in further analysis can provide
information about the electro kinetic phenomena occurring at the interface of the partical
and its environment.Moreover it can help to improve product quality and performance in a
commercial/industrial level.

All materials will spontaneously acquire a surface electrical charge when brought
into contact with a polar medium (i.e., water). Generally an interface in deionized water is
negatively charged, but there are materials that can be positively charged. The various
charging mechanisms according to Particle sciences (2008)y; are:

1. Electron affinity differences of two phases

2. lonization of surface groups

3. Differential ion adsorption from electrolyte solution
4. Differential ion dissolution from a crystal lattice

5. Surface anisotropy

6. Isomorphous substitution

In this thesis where silicon/water interface is studied the second mechanism,the one
that causes the development of a double layer, is the most interesting. Most of the models
attempting to describe the interface take into consideration the surface electric charge and
the charges of the particles inside the medium in order to predict the thickness of the
double layer.
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In general this mechanism is observed with all metal oxide surfaces (M-OH) as well
as materials that contain carboxyl and/or amino groups. This latter category includes pro-
teins, ionic polymers, and polyelectrolytes, many of which are widely utilized in
pharmaceutical formulations. The ionization and/or dissociation of these groups (degree of
charge development) and the net molecular charge (and thus sign, either positive or
negative) depends strongly on the pH of the dispersion media.

1.2 Double layer

The double layer (from now on denoted as DL) refers to two parallels layers of
electrically charged particles formed on a charged surface of a material when inside a fluid.
Due to the electrostatic forces between the ions the opposite charges create a first layer.
The creation of this layer has now created a “surface” of opposite charge (to the one of the
actuel surface of the materal) and now absorbs counter ions creating a second layer with an
opposite charge.This eventually leads at a double layer of absorbed ions on the material.

The material might be a solid particle, a gas bubble, a liquid droplet, or a porous

body.

1.2.1 Theories and models developed

Helmhotz approach

Although many models for the double layer have been published in the literature,
there is no general model that can be used in all experimental situations. This is because the
double-layer structure and its capacity depend on several parameters such as: material
(metals, carbons, semiconductors, electrode porosity, the presence of layers of either oxides
or polymeric films or other solid materials at the surface), type of solvent, type of supporting
electrolyte, extent of specific adsorption of ions and molecules, and temperature.

The existence of the double layer was first proposed by Helmholtz as described in
Lyklema, J.(1991)[13] , tried to explain the phenomena accuring when an electrode was
present in an electrolyte. Helmholtz was the first to realize that at the “electrolyte-
electrode” system a boundary between the surface of the material and the rest of the bulk
liquid is formed, creating an interfacial area where ions and other particles are absorbed and
diffused therefore having an alternation in the concentration of ions (in comparison to the
rest of the liquid) around the surface of the material.
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Figure 1. Simplified model of the electric double layer [1]

Beginning from the surface of the material the distribution of the electrical charges
at the interface differs from that in the bulk liquid phase. As shown in fig,1 a “structure”,
called the electric double-layer (EDL) develops in such a way that the particle surface charge
is neutralized by an adjacent layer in solution containing an excess of ions of opposite charge
to that of the surface, i.e., counter ions; ions of the same charge as the surface are termed
coins. The two layers are compromised by one layer called the Stern layer which is the
closest to the surface and contains absorbed ions considered immobile and a second one
called the diffused layer from which ions can be distributed randomly according to the
influence of electrical forces and thermal motion.

Each particle is surrounded by oppositely charged ions in the Stern layer. Beyond the
stern layer there are both positive and negative ions in what can be considered a charge
“cloud”. These along with the ions in the stern layer form the electrical double layer at the
particle-liquid interface. The ions within the charge cloud or “diffuse” region move freely
and while moving away from the surface the potential dromps exponentially ntil eventuelly
decays to zero. The potential at the boundary of the Stern plane and the diffuse (shear)
plane is known as the z- potential. Therefore the shear plane is the part of the diffuse layer
where the value of the z-potential is measured.
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Figure 2. Schematic representation of the charges and potentials at a
positively charged interface. The region between the surface (electric
potential Y0; charge density 0) and the IHP (distance [ from the surface) is
free of charge. The IHP (electric potential ;; charge density o;) is the locus of
specifically adsorbed ions. The diffuse layer starts at x = d (OHP), with
potential Y4 and charge density oq4. The slip plane or shear plane is located at
x = dek. The potential at the slip plane is the electrokinetic or z-potential, z;
the electrokinetic charge density is oex [1]

The Stern layer is then subdivided into an inner Helmholtz layer (IHL), bounded by
the surface, the inner Helmholtz plane (IHP) and an outer Helmholtz layer (OHL), located
between the IHP and the outer Helmholtz plane (OHP). This situation is shown in Fig. 2 for a
simple case. The necessity of this subdivision may occur when some ion types (possessing a
chemical affinity for the surface in addition to purely Coulombic interactions), are specifically
adsorbed on the surface, whereas other ion types interact with the surface charge only
through electrostatic forces. The IHP is the locus of the former ions, and the OHP determines
the beginning of the diffuse layer, which is the generic part of the electric double layer (EDL)
(i.e., the part governed by purely electrostatic forces). The fixed surface-charge density is
denoted oo, the charge density at the IHP o;, and that in the diffuse layer 64. And since the
system is electroneutral :

0o +0i+04=0 [1]

As isolated particles cannot be linked directly to an external circuit, it is not possible
to change their surface potential at will by applying an external field. Contrary to mercury
and other electrodes, the surface potential, o , of a solid is therefore not capable of
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operational definition, meaning that it cannot be ambiguously measured without making
model assumptions.

As a consequence, for disperse systems it is the surface charge that is the primary
parameter, rather than the surface potential. The potential at the OHP, at distance d from
the surface, is called the diffuse-layer potential,ps (sometimes also known as Stern
potential): it is the potential at the beginning of the diffuse part of the double layer.

The potential at the IHP, located at distance B (0 < B < d) from the surface, the IHP potential,
is given the symbol ;. All potentials are defined with respect to the potential in bulk
solution.

The electric potential decreases linearly from i (the actual thermodynamic surface
potential) to the Stern potential, 4 and then it decays exponentially to zero in the diffuse
layer. This is described by:

P =Yg exp [- Kkx] (2]
where, x is the distance from the material surface and «, called the Debye-Hiickel parameter
or Debye lenght, is defined as:

K = [2e2 NAcz? /ego kbT]% (3]

where, e is the protonic charge, NA is Avogadro’s constant, ¢ is the concentration of
electrolyte of valence z, € is the dielectric constant, gq is the permittivity of free space and ky
is the Boltzmann constant.

Hence, it can be seen that the electric potential depends (through k) on the ionic
composition of the medium. If k is increased (the electric double layer is “compressed”) then
the potential must decrease.

The Gouy-Chapman model

According to this model the capacitance is not a constant and it depends on the
applied potential and the ionic concentration. The "Gouy-Chapman model" as seen in Brian
J. Kirby et al. (2004)[6] made significant improvements by introducing a diffuse model of the
DL. In this model the charge distribution of ions as a function of distance from the metal
surface  allows Maxwell-Boltzmann  statisticsto be applied. Thus the electric
potential decreases exponentially away from the surface of the fluid bulk

The diffusive layer is also known as Gouy-Chapman layer or electric double layer.
Here, it is shown the one-dimensional formulation of the equation fora 1 : 1 electrolyte:

d*¥ 1000 qn, _
dx2 - g€, ([€+] - [e ]) [4]

U denotes the electrostatic potential, g the elementary charge, N, Avrogado's constant,
and e™ the charge distributions for the positive and negative ions, in mol/L respectively.
Assuming positive and negative ions in thermodynamical equilibrium with their
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neighborhood, their ionic densities can be related to the electrostatic potential by the
following Boltzmann distributions:

[5]

Joining (5) and (4) leads to the Poisson-Boltzmann equation fora 1 : 1 electrolyte:

_av  ay
e KpT -eKBT )

v q Co(
dx?2 €&,

d*¥ 296, qy
= - sinh(
dx? €e, KgT

) [6]

This ordinary non linear second order differential equation can only be solved
analytically for very few cases and has to be treated with numerical methods.

The total charge density in the Gouy-Chapman layer can be calculated by (see
appendix A):

00.=1,/8eg,KzTc, sinh(g—:; [7]

Stern Modification

The Gouy-Chapman theory provides a better approximation of reality than does the
Helmholtz theory, but it still has limited quantitative application. It assumes that ions
behave as point charges, which they cannot, and it assumes that there is no physical limits
for the ions in their approach to the surface, which is not true as it can be seen in figure 3.
Stern[14] , therefore, modified the Gouy-Chapman diffuse double layer. His theory states
that ions do have finite size, so cannot approach the surface closer than a few nm.

18



The first ions of the Gouy-Chapman Diffuse Double Layer are not at the surface, but
at some distance d away from the surface. This distance will usually be taken as the radius
of the ion. As a result, the potential and concentration of the diffuse part of the layer is low
enough to justify treating the ions as point charges.

M IHP OHP
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' ' Diffuse layer

| ___— Solvated cation

Metal

Specifically adsorbed anion

|
I O = Solvent molecule

qM .!'-' 12
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Figure 3. The different surface effects. The (non-) specific adsorbtion, due to
(partial) release of the solvation shell and conjoint closer approach to the
interface, the so called IHP, is depicted with white circles. The effect
of surface complexation, due to the high affinity of attracting counter ions, is
shown by the blue circles. The Stern layer ends at the OHP, the zone without
counter ions exhibiting their full water shell (depicted with positively charged
circles, surrounded by small surface circles), and is continued by the Gouy-
Chapman layer [13].

Stern also assumed that it is possible that some of the ions are specifically adsorbed
by the surface in the plane created by the absorbed ions, and this layer has become known
as the Stern Layer. Therefore, the potential will drop by U - Gqover the "molecular
condenser" (ie. the Helmholtz Plane) and by Qg over the diffuse layer. { 4has become
known as the z-potential. However, additionally to the Gouy-Chapmann and Stern
contributions to the potential profile, several other effects exist. In general this effects are
small and can be ignored. Some of these effects as can also be seen in the figure 3 are :
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e Specific Adsorbtion of lons on the Surface. This is caused by (partially) freeing the
ions from their solvation shell and thus allowing them to be closer to the interface
than the OHP. This new radius of closest approach is called Inner Helmholtz Plane
(IHP). The total model, handling IHP and OHP, is called Gouy-Chapman-Stern-
Graham model.

e Non-Specific Adsorbtion. Here, the ions keep their solvation shell, but are adsorbed
onto the surface due to distant coulombic attraction.

e Polarization of Solvent. In general, the effects of electric field weakening due to the
dipole movement of the water molecules is handled by adjusting the relative
permittivity. This works well for the bulk, but in the vicinity of the surface many
water molecules are not able to adjust to the electric field. So the relative
permittivity will not be the same as for the bulk and can cause differences in the
results (e.g. potential and charge distribution). However, at high electric fields, the
description of the dielectric constant can become more complicate, due to dielectric
saturation.

e Surface Complexation. Many charged surfaces exhibit an increased attraction to
counter ions and enable the formation of complex compounds at the surface,
changing the potential in their neighborhood.

The double layer is formed in order to neutralize the charged surface and, in turn,
causes an electro kinetic potential between the surface and any point in the mass of the
suspending liquid. This voltage difference is on the order of millivolts and is referred to as
the surface potential. The magnitude of the surface potential is related to the surface charge
and the thickness of the double layer.

While leaving the surface, the potential drops off roughly linearly in the Stern layer
and then exponentially through the diffuse layer, approaching zero at the imaginary
boundary of the double layer. The potential curve is useful because it indicates the strength
of the electrical force between particles and the distance at which this force comes into play.
A charged particle will move with a fixed velocity in a voltage field. This phenomenon is
called electrophoresis.

The particle’s mobility is related to the dielectric constant and viscosity of the
suspending liquid and to the electrical potential at the boundary between the moving
particle and the liquid. This boundary is called the slip plane and is usually defined as the
point where the Stern layer and the diffuse layer meet. The relationship between z-potential
and surface potential depends on the amount of ions in the solution.
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1.3 Electro kinetic phenomena and streaming potential on
liquid/solid interfaces.

1.3.1 Measuring techniques of z-potential

In this part the most important technique used fot the measurement of zeta
potential will be presented along with the ir principles.

As z-potential is not directly measured the influence of this value upon the behavior
of the meterials in diferrent conditions and eviroments are taken into consideration nd
along with the right mathematical modelisation the signal obtained through the influence of
z- potential upon different values of properties are used to be turned into z-potential values.

An important consequence of the existence of electrical charges on the surface of
particles is that they interact with an applied electric field. These effects are collectively
defined as electrokinetic effects. There are four distinct effects depending on the way in
which the motion is induced. These are:

e Electrophoresis: the movement of a charged particle relative to the liquid it is

suspended in under the influence of an applied electric field Electroosmosis: the
movement of a liquid relative to a stationary charged surface under the influence of
an electric field.

e Electroosmosis: the movement of a liquid relative to a stationary charged surface
under the influence of an electric field.

e Streaming potential: the electric field generated when a liquid is forced to flow past
a stationary charged surface Sedimentation potential: the electric field generated

when charged particles sediment.

e Sedimentation potential - Creation of an electric field when a charged particle

moves relative to stationary fluid.
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A table has been created in order to sum up these techniques and compare them:

Technique What is What
measured causes
movement
Electrophoresis Velocity Particles Applied electric
move field
Electroosmosis Velocity Liquid Applied electric
moves in field
capillary
Streaming potential Potential Liquid Pressure
moves gradient
Sedimentation Potential Particles Gravity=gAp
potential move

Table 1. Measurement techniques of z-potential.

The phenomena of streaming current and streaming potential occur in capillaries and
plugs and are caused by the charge displacement in the EDL as a result of an applied
pressure inducing the liquid phase to move tangentially to the solid. The streaming current
can be detected directly by measuring the electric current between two positions, one
upstream and the other downstream. This can be carried out via nonpolarizable electrodes,
connected to an electrometer of sufficiently low internal resistance.

Streaming potential/current according to the Technical report of UIPAC[17] about
the z-potentialmeasurements can be applied to study macroscopic interfaces of materials of
different shape. Single capillaries made of flat sample surfaces (rectangular capillaries) and
cylindrical capillaries can be used to produce micro-channels for streaming potential/current
measurements.

Further, parallel capillaries and irregular capillary systems such as fiber bundles,
membranes, and particle plugs can also be studied. Recall, however, the precautions already
mentioned in connection with the interpretation of results in the case of plugs of particles.
Other effects, including temperature gradients, potentials, or membrane potential can
contribute to the observed streaming potential or electro-osmotic flow. An additional
condition is the constancy of the capillary geometry during the course of the experiment.
Reversibility of the signal upon variations in the sign and magnitude of Ap is a criterion for
such constancy. Most of the materials studied so far by streaming potential/current
measurements, including synthetic polymers and inorganic non-metals, are insulating. Either
bulk materials or thin films on top of carriers can be characterized. Streaming
potential/current measurements on samples of different geometries (flat plates, particle
plugs, fiber bundles, cylindrical capillaries) each require their own set-up.
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In this thesis for the measurement of the z-potential the streaming potential method
was used. Therefore its principles are explained in detail.

1.3.2 Streaming potential

Streaming potential (difference), U« (V), is the potential difference at zero electric
current, caused by the flow of liquid under a pressure gradient through a channel, plug,
diaphragm, or membrane. The difference is measured across the plug or between the ends
of the channel. Streaming potentials are created by charge accumulation caused by the flow
of counter-charges inside capillaries or pores

The quantities of the of streaming current and streaming potential occur in general
due to the charge displacement in the electrical double layer caused by an external force
shifting the liquid phase tangentially against the solid. This can occur when forming a slit
channel between two parallel solid plates, and forcing the fluid to run through this channel
and generate these quantites.

The convective transport of hydrodynamicaly mobile ions in the direction of the
liquid flow can be either detected directly by measuring the electrical current between two
positions up- and downstream via nonpolarizable electrodes by an electrometer of
sufficiently low internal resistance to justify the neglection of the back current through the
streaming channel (streaming current measurement).

Alternatively, the electrical potential can be measured between the two electrodes
up- and downstream in the liquid flow if the internal resistance of the used electrometer is
sufficiently high (streaming potential measurement). The measured streaming potential
results from a steady state of the charge separation due to the streaming current and the
back current in the streaming channel due to the specific electrical conductivity of the
volume embedded. To determine the electrokinetic z-potential of the hydrodynamic phase
boundary from streaming potentials or streaming currents, relations were established that
involve a quantitative expression of the force that creates the observed electrokinetic
phenomenon.

For that aim the liquid flow in the slit channel is determined only by the pressure
difference across the channel assuming the fluid flow to be of the Hagen—poiseuille type.
Since in the cases considered here the aspect ratio h/b of the cross section of the
rectangular channel will not exceed 1/100, the channel can be assumed to consist of two
parallel surfaces. The velocity profile of the liquid between two parallel plates for this case is
parabolic and the wall shear rate is given according to:

(3)av

nL

dv
=(—),- = 8
Y (dx)X—(h/Z) (8]

Where vy is the wall shear rate, v the liquid velocity, x the distance from the center
axis of the channel to a plane in the liquid parallel to the solid surfaces, h the distance
between the parallel flat solid surfaces, n the dynamic viscosity of the fluid, and Ap the

23



pressure drop across the distance L that describes the lenght of the channel in the direction
of the liquid flow .

Since the excess charge creating the net charge convection in the fluid flow is
located in a thin layer close to the solid surface (as compared to the total distance of the flat
sample surfaces), the wall shear rate given above can be used to give the velocity V of the
liquid at any distance y from the wall relevant in terms of the thickness of the diffuse layer
(the Debye radius):

()ary
nL (9]

y . dv
V=[y (Dt dy=

Streaming current, Istr (A), is the current through the plug when the two electrodes
are relaxed and short-circuited. The streaming current density, Is (A/m?), is the streaming
current per area.The electrical charge entering with the liquid flow to create streaming
current is given according to:

_n
w=2b )" 2 p(IV (y)dy
[10]

With p(y) being the volume charge density of the solution. At the channel that can
be assumed to be formed of two parallel flat surfaces the one-dimensional variant of the
poisson equation can be applied to express p(y) as:

2

p(Y) = _sgod_yz [11]

where €gy is the dielectricity of the liquid solution and W is the electrical potential at
any positiony.
Combining the eq [8-10] the streaming current

Apggohb ry=h/2 d?W¥
i dy=o0 Yz W [12]

Istr=-
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Following integration by parts:

h
Apegyhb ay y=2 _ y=h/2
e M L [13]

lstr=-

At y=0 ,W becomes zero and designate ) at y=h/2 becomes the electrokinetic
potential . So the last equation transforms to :

Apegyhb{ [14]
lsy=——
nL
And by solving for :
_ nliL
¢= nAldp e, hbl [15]

That is the main equation used in order to measure the z- potential via the
measurement of the streaming current. Based on this equation and by applying that the
streaming current does not run in a circuit a streaming potential U, arises across the
channel due to charge transport. The steady state created is developed but the balance of
the streaming current and the back current caused by the bulk conductivity (Kg) and surface
conductivity in the channel. Therefore:

hbUK}, + 2bUKC® [16]
L L

lback=

And by applying the steady state condition ls+lpack=0:
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Ape eohb{ hbUKp, | 2bUK?

L L L [17]

And by solving for T:

_N Ustr E
Z_eeOAp(Kb-‘- h ) [18]
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Figure 4. A snapshot of the channel created by two parallel plates while the
liquid is in motion, along with the electrokinetic phenomena [18]

It can be observed from the above equations that the streaming current depends on
the streaming channel dimensions for a given solution and pressure difference. The
streaming potential in this case is a function of the total specific electrical conductivity of the
channel. Equation [18] is frequently used in a simplified form neglecting 2Ks/h, which is
justified for large values of h.

This is our case where the main formula used is the following called the Helmholtz
Smoluchowski[14] equation (HS):

<= 1 User [19]

gy Ap

It is important to state that this equation assumes the following:
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e the double layer is not too large compared to the pores or capillaries
(i.e., B = 1), where k is the reciprocal of the Debye length and the radius or
the heigh of the channel

e there is no surface conduction (which typically may become important when the
z- potential is large, e.g., || > 50 mV)

e thereis no electrical double layer polarization

e the surface is homogeneous in properties

e there is not axial concentration gradient

e the geometry is that of a channel/tube.

Surface conductivity and electro kinetic phenomena

Continuing from the last part of the previous chapter it will further be investigated
the role and the importance of the surface conductivity in the measurements of z-potential
and the modeling of channels where streaming current and streaming potential arises.
Recent studies have showed that along with electrokinetic measurements and titrations, the
measurement of the surface conductivity (K°) is quite useful and can help to better
characterize and understand the electrochemical behavior of solid surfaces [17].

Surface conduction is the excess electrical conduction tangential to a charged
surface. It will be represented by the surface conductivity, Ko (S), and its magnitude with
respect to the bulk conductivity is frequently accounted for by the Dukhin number, Du .

The surface conductivity is the excessive charge quantity arising in addition to the
bulk conductivity in solid liquid interfaces due to the charge accumulated in the electrical
double layer. The study of the surface conductivity is also of interest regarding the
assumptions made for the application of the eq [19]. So it is really helpful to understand how
the surface conductivity works and becomes important for the measurement of z- potential,
as it can improve our knowledge of when it should be taken into consideration or not.
Following the previous equations development by combining eqquations [19] and [14] :

Istr=(Kbh+2Ko) Ustr b/l-
[20]

And by solving for K° :

K° :1/2(—:7:2 —Ksh) [21]

So by using this equation the conductivity of the surface can be determined given that the
geometry of the channel is known as well as streaming current and potential data. This can
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be achieved by taking into consideration that the ratio of streaming potential and streaming
current results in the electrical resistance R, (or its inverse the conductance C) of the channel
according to Ohm’s law:

Istr 1

=R =
User channel Ccap

[22]

If the width and the length of the channel are fixed and the height of the channel (i.e., the
distance between the parallel flat sample surfaces) is variable the condition for the channel
height to be fulfilled in order to assume that surface conductivity can be neglected, for the
proper evaluation of Ks is given by:

KPn [23]

Eq 23 expresses actually the condition regarding the surface conductivity under which the H-
S equation can be used. It is really useful to have this numerical approach as it can be used in
order to investigate (through the measurement of the surface conductivity) if the equation
of HS is applicable and thus provide further trust to the z-potential results.

The importance of the surface conductivity can be further discussed and developed by
applying the double layer theory on the equations above in order to obtain better “view” of
its influence but such investigation exceeds the peruse of this report.

1.4 Isoelectric point

All charged materials will have what is termed an iso-electric point (IEP), defined as
the condition when the value of T is zero. This is usually achieved by addition of potential
determining ions (PDI) which, for many materials, means H+/OH- (i.e. a function of pH). It
can also be attained by specific adsorption of charge modifying agents (CMA).

A plot of z-potential vs pH can be very useful since a number of important points can
be noted from such data. The first is that, at the IEP, a particle suspension will have no
resistance to aggregation as there is no longer any electrostatic repulsion between the
particles. This is utilized in applications such as waste water treatment, where polyvalent
ionic coagulants (such as alum) are used to remove unwanted suspended material — in
particular colloidal sized particles — by aggregation followed by sedimentation/filtration. The
optimum concentration is the one that reduces the T value to near zero ; addition of excess
coagulant will result in re-stabilization that can be seen as a change in sign of { from positive
to negative (or vice versa). Attempting to disperse materials in an IEP solution condition is
futile. If the IEP is known then the sign of { can be determined from the solution pH.
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The second point is that the magnitude of T increases (either side of the IEP) but
eventually plateaus. Typically, this is the condition of maximum dissociation of any surface
functional groups and this feature can be used to great effect when dispersing particles; the
greater the magnitude of T the less the need for any additional dispersing aid. For proteins
and charged macromolecules the { value at this plateau generally increases (becomes more
positive or more negative) with increasing MWt; for example, at pH 9 the T of different
grades of gelatin can range from as low as -15mV to more than -50mV [4]. It should also be
apparent that materials that carry a negative charge can be made to be positive by simple
addition of PDI or CMA. This can be used to affect both particle-particle and particle-
substrate interactions both of which impact formulation and use of suspensions.

Thirdly, particles with an IEP <pH7 have an acidic character while those with an IEP
>pH 7 are basic. A striking example of this is carbon black. The surface chemical properties
are determined to a large extent by the distribution of oxygen-, hydrogen-, nitrogen- and
sulfur-containing functional groups. The acid-base characteristics can be varied during
manufacture and various after-treatments. Acidic carbon blacks typically have an IEP in the
pH range 3-4, while basic blacks have an IEP in the pH range 8-9.

This also has implications for the process of dispersing materials not only in the
choice of an ionic dispersant (anionic or cationic) but also in the choice of suspending
medium (especially non-aqueous media and mixed solvents). However, all the values should
be viewed as guides only and must be used with reservation - the actual value for a
particular material can be influenced by its source or preparation method, pre-treatment
and presence of trace impurities
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Figure 5. Aqueous Isoelectric points of different materials. It can be seen that the
graph of z-ph giving us where the isoelectric points of these materials are. The ISO point can
be used on order to characterize these materials and moreover predict their behavior in
aqueous fluids [3].

Finally, it is a mistake to assume that the z-potential is not relevant for particles that,
at first sight, do not appear to carry a charge. Non-oxides like silicon carbide and silicon
nitride are used as abrasives. Their fundamental surface chemistry would normally render
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the materials hydrophobic. However, because of surface impurities and contamination they
can develop a charge in aqueous solution even to the point of exhibiting an IEP.

1.5 Influence of the environment to the z-potential

As it was further developed the z-potential is calculated in realation to the debuy-Huckel
parametrer that in its turn depends on several environmental conditions. In the following
bullets the most importa conditions are decribed and brief exaplanations of the z-potential
dependacy of each parameter is given.

1) pH In aqueous media

The pH of the sample is one of the most important factors that affects its zeta
potential. A zeta potential value on its own without defining the solution conditions is a
virtually meaningless number. Imagine a particle in suspension with a negative zeta
potential. If more alkali is added to this suspension then the particles tend to acquire more
negative charge. If acid is added to this suspension then a point will be reached where the
charge will be neutralised. Further addition of acid will cause a build up of positive charge.
Therefore a zeta potential versus pH curve will be positive at low pH and lower or negative
at high pH. There may be a point where the plot passes through zero zeta potential. This
point is called the isoelectric point and is very important from a practical consideration. It is
normally the point where the colloidal system is least stable. A typical plot of zeta potential
versus pH is shown in figure 8. In this example, the isoelectric point of the sample is at
approximately pH 5.5. In addition, the plot can be used to predict that the sample should be
stable at pH values less than 4 (sufficient positive charge is present) and greater than pH 7.5
(sufficient negative charge is present). Problems with dispersion stability would be expected
at pH values between 4 and 7.5 as the zeta potential values are between +30 and -30mV.
According to these behaviors it is expected that above the point of “saturation “ of the
double layer a plateau will be exibited showing the stability of the system.

2) Conductivity

The thickness of the double layer (k) depends upon the concentration of ions in
solution and can be calculated from the ionic strength of the medium. The higher the ionic
strength, the more compressed the double layer becomes. The valency of the ions will also
influence double layer thickness. A trivalent ion such as AlI* will compress the double layer
to a greater extent in comparison with a monovalent ion such as Na* . Inorganic ions can
interact with charged surfaces in one of two distinct ways (i) non-specific ion adsorption
where they have no effect on the isoelectric point. (ii) specific ion adsorption, which will lead
to a change in the value of the isoelectric point. The specific adsorption of ions onto a
particle surface, even at low concentrations, can have a dramatic effect on the zeta potential
of the particle dispersion. In some cases, specific ion adsorption can lead to charge reversal
of the surface.
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3) Temperature

As it was alaso stated in the previous devellopement of the double layer model the
thikness of the double layer also depends on the temperature. It is generally accepted that
an increase of the temperature will affect the thermal movement of the ions leading to
changes in the double layer. Z-potential depends directly to th temperature,as well as
indirectly through the known temperature dependence of the dielectric constant of the
electrolyte solution and the temperature dependence of the surface equilibrium constants.
In the negative charge surfaces an increase of the temperature shows an increase of the z-
potential as well.
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Chapter 2: Experimental Part

2.1 Experimental Setup

2.1.1 The experimental set up

The experiments designed for this thesis were conducted with the help of the Zeta-
Cad meter as shown below at figure 6. It is situated in the laboratory facilities of the
ENSIACET . The machine was installed in the lab during 2009 and since then it has only been
used by a PhD student as a complementary characterization method.

— i

Figure 6.A close view of the Zeta-Cad from the front. On the right side it can
be observed the vessels that contain the electrolyte .These containers are
installed on the left side of the Zeta-Cad while operating. On the front side it
can be seen the place where the cellule is placed with the two electrodes being
on the left and right side of it.

The Zeta-Cad presented in the previous figure 6 is a machine designed in order to
study colloidal properties and surface charge of the particles and flat surfaces. The basic
principle of the Zeta-Cad has been explained on the chapter concerning the streaming
potential that arises when a liquid flows through a channel made by two parallel surfaces.

The machine forces the liquid to flow under a certain Ap value and at the same time
it measures the streaming potential along the channel. The streaming potential is measured
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by the existence of two electrodes just before the entrance and just after the exit of the
channel.
The diagram below describes the measuring principle:

e Zlly [\ [t N

A 1]L

(e)
N

Figure 7. Plan of the liquid flow inside the machine.1,3 are the containers.
Blue line leads to the cell and the red one connects the containers. The green
line is for purging the system and leads the flow to a waste container behind
the machine.

As it can be seen in figure 7, the electrolyte in containers 1 and 2 flows back and
forth through the porous plug controlled by the pressure applied using nitrogen gas. The
direction of the flow is controlled by a 3-outlet valve and air pressure valves. The flow is
controlled by level detectors in the electrolyte containers.

The parameters recorded are the differential pressure (P) the voltage (E) across the
¢, temperature (T) and electrical conductivity of the solution (A or K° as mentioned
previously). Variable voltages are measured across the channel tube using different pressure
setting. With that procedure paired values of Ap and E are obtained which they form a

33



scatter line and given the value of the slope through eq. 19 the z-potential is measured.

FAZETACAD 4 [App.#2 DEMOZCAD.TST] i =] S
2to 1 Q Comment. [ I Gellme)
R | ;
Ttoz! ‘:‘ ' Data Filename —
Level 2 Level 1 {pms,“e [nBar]

= e ‘ ESSAlL dat File
i o & ° —
Purge 1 @ EPre:sure target ICI Res. Plug resistance (0hm) | Conductivity (mS/cm]
|

Acquisition |ZETA P. (m¥) N

E On
Off

CONFIG. STOP

Temperature ('C)

ZETACAD: [ o type |1t) v|| Calcul l Lirspest |

‘ Tc

|}

The program has two working modes:
Manual control
Automatic control

Figure 8. The working environment of the software of the Zeta-Cad as
described previously.

The instrument is controlled by a computer programme with the following
parameters: pressure to apply length of time to maintain pressure, increments by which to
increase pressure. The instrument is designed to work automatically based on the input
given, however it can also be controlled manually.

2.1.2 Cell

The cell is the heart of the measurement since all the phenomena are developed
there. The Zeta-Cad is designed is such a way that cells of different dimensions and for
different materials can be used. In our lab where the surface of flat materials is the key point
a special cell is used and it is described accordingly.
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Figure 9. The cell of the Zeta-Cad with the samples already installed.

The cell used is designed to create a parallel channel between 20 and 100um
depending on the thickness of the sample. A laminar flow must be applied during the
measurement so a smaller gap beyween the two surfaces will tent to deviate from linearity
response. The dimensions of the cell chamber are 20mm in width and 30mm long. After
installing the samples the channel created is 15mm in width 30mm long and its height
depend on the thickness of the samples used.In this thesis the height was measured to be
0.7mm. In this cell on the first palte is introduced on the bottom. Then two polymer strips
are added parallel to each other and to the flow on the two edges of the cell in order to help
creat the channel. Finally the second plate is placed on top and the cell is secured with the
screws.

The corners are rounded and therefore samples must be carefully designed to fit the
cell.
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Figure 10. A 3D display of the cell. The plates are put inside the cell (green)
and the flow passes horizontally from the 2 purple entrances through the
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channel.

2.2 Experimental Conditions

2.2.1 Determination of z-potential
The experiements conducted were separated in two defferent series, . The main
purpose was to measure the z-potential of SiO; plates in different pH.

The samples used were plates of SiO, of native oxide elaborated with the
Czeochralski method. The thickness of the plates was measured in the lab and it was found
to be 0.48um +/- 0,05um. The channel was formed by using 2 Teflon lines which were
situated on each side of the plate in order to form the streaming channel. The dimensions of
the channel are 15mmX30mm .The pressure drop (Ap) across the ends of the channel was
monitored by the machine automatically. The streaming potential was automatically
measured by the two electrodes situated on the sides of the cell. These electrodes were
reversible Ag/AgCl and the last time that has been renewed is unknown. The pH of the
solution was measured with a cyberScan pH/ion 510 pH meter, following the ISO 9001, each
time calibrated with reference samples solutions of 4.01 and 10.01pH. The temperature and
the conductivity was measured automatically by the machine and displayed on the software
screen.



Each measurement sequence consists of adjusting the pH of the electrolyte
solutions, adjusting the vessels, and applying alternating pressure. Both pressure and
streaming potential measurements as a function of time are recorded on a computer
automatically by the software. The alternating pressure is progressively increased during
each measurement sequence; a typical sequence is 5, 10, and 15 (as described further in the
protocol, annex B ) alternating peak pressure amplitude . At the end of each measurement
sequence, the pH of the solution is measured. The temperature is recorded as well, and was
typically 21° +/-3° C.
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Figure 11. A typical sequence of values while the machine is automatic
mode. The blue line presents the streaming potential values and the red
represents the applied Ap.

The electrolyte solutions used were aqueous solutions of KCl at concentrations of 10
3M , KCI was chosen because it is a typical electrolyte used in testing devices and also it was
the same environment used by the last user. To stabilize the pH of these solutions, buffers
were added, namely KNOs of 0.1M concentration and H,SO, also at 0.1M.Solutions were
prepared with 18 M~-cm deionized water which was previously purified by filtering. CIG high
purity grade (>99%) nitrogen gas was used for streaming potential measurements and
degassing of solution. The laboratory glassware and other vessels used were cleaned and
rinsed with deionized water before and after each use and dried in an oven.

The permittivity of vacuum is a build in value in the software as 8.85*102Fm™
The phenomenological law for the dielectric constant of water (the relative
permittivity) is the following:
E=0,00073065*T%*0,39626*Ta+87,861

And for water viscosity in Pa*s is

n=1,71E-07*T%-2,29*10°*T3+1,445-03*T%-6,03*10*Ta+1,787
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More experiments were conducted based on the protocol previously described with only
difference being the electrolyte concetraton and pH of the buffer solution.
The experiments conducted and there conditions are summed up in the following chart:

Electrolyte
Value Electrolyte  concentratio
Experiments Sample measured pH used n
SiO; 4 KCl 0,001 M
SiO; 4 5,9 KCl 0,001 M
SiO; 4 7,5 KCl 0,001 M
SiO; 4 3,22 KCl 0,001 M
Range of pH

SiO; 4 3,2-10,8 KCl 0,1M

SiO; 4 3,2-11,1 KCl 0,01 M
SiO; 4 3,1-9,2 KCl 0,001 M

Table 2. Experiments conducted along with the key conditions (pH, electrolyte and
concetration)

Protocol followed

The protocol followed was the one already existing with some light alternations that
were considered important for better measurements. The full details of the protocol used
can be seen on the appendix B.

After the results of the previous experiment were obtained it was clear that the
investigation of silica plates has proven to be more complex than expected. Due to
unexplained behavior of the measurments, meaning that instead of obtaining negative
values, the experiments gave positive values of z-potential.This lead to further investigation
of the silica-liquid interface was needed. As long as the mechanism are investigated and
further understood then a better image of the potential of the machine and its usefulness
could be established.

Therefore the second series of experiments were scheduled in order to obtain z-
potential measurements of silica plates in different KCl concentrations and even more
detailed graph (z-pH) especially where the bend points seem to be. KCl was chosen because
it is a 1:1 valence electrolyte and therefore the HS equation is more accurate as it has been
explained in previous chapters. Also there is rich bibliography data concerning experiments
with this electrolyte therefore it is easier to compare and extracte safer conclusions.
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Moreover based on the already obtained data it was understood that the structure
of the surface plays an important role on the measurement and the value of z-potential.
Given that the silica is a material extensively studied by previous researchers it was decided
that a new protocol especially for the silica plates should be made in order for the values
obtained to serve as a reference point for future measurements and studies.

In order to achieve that it was decided that a special procedure of surface treatment
should be performed before the measurements. The procedures aims in eliminating the SiO,
coating of the wafers. After leaving the samples in plain air for a specific period of time the
development of the new surface layer can be. This is done for homogenity reasons and
surface roughness control.

2.2.3 Study of the flow behavior

In order to have a better understanding of the above measurements and to actually
be able to define the width of the channel, the flow behavior was monitored to confirm the
fundamental assumption that flow in the channel is both laminar and established.

The following protocol was used:

The flow rate was measured at applied pressures of 0-0.35bar.In order to test this
assumption one of the containers for the electrolyte used in the Zeta-Cad machine was
removed. This permitted the collection of the electrolyte while operating the machine.Under
constant pressure the output of the electrolyte was collected for a period of 1min.The navier
stokes equetions for a rectangular channel[12] were used in order to perfom the caculations

Conditions

The conditions under which the experiment was performed were the same as above.
The temperature was measured to be 23°C and the electrolyte was a 102M a aqueous
solution of KCI. The glassware used for the volume measurement had an accuracy of +/-0.5
ml.

The width and length of the cell was measured as 2cm x 3 cm +/-0.05m respectively.
The error for the volume of the electrolyte collected is considered +/- 1ml.

Moreover the AP in the software used appears in a 5units scale ranging from 0-225
and not in actuel units (Pa). Therefore it was taken into consideration that the input
pressure of N is 3bars, in order to convert the values provided by the software to actual
pressure units.
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Chapter 3: Results & Discussion

3.1 Reproductibility /repeatability

In this section the values obtained for the first series of experiments are presented.
For each pH value, three values of z-potential were obtained in order to have a better
picture of the reproducibility and the repeatability of the measures. The values presented
later are the values of z-potential obtained for a specific pair of silica in each pH. Three
measurements were made per pair of samples per pH.

In the following measurements in order to answer the question of repeatability
and reproducibility the two pairs of samples wered used for taking measurements in the
same pH. After that, a new pair of samples was used while using ‘old’ samples for the same
measurements at pH 7.5. The values showed in the table are the average of the ones
obtained by the two pairs of samples. The deviation between them was <5% which falls
within the limits of statistical error.

The table is the following:

Table 3. Values of the new measurments conducted at pH 3.22.

The same remarks made for the last table apply also here. What is important to
state is that since the values obtained show that the reproducibility is really good even with
different samples and the deviation of the values obtained is rmarginal.

In the following in order to be able to have a better look of the behavior of the
silica-liquid interface the above data will be plotted and in the same chart with the results of
the previous PhD student of the lab.
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Figure 12. I/ pH graph of SiO; in a solution of 0,001M KCl in comparison to the expirements
findings and previous work [31]

The information given from this graph is that the general tendency of the z-
potential being decreased by increasing of the pH of the solution. Also although the turning
point where the slope is getting less steep seems to be near the same region ( pH 5-6) in the
graph of the Phd student a plateau is observed after pH of 7. This is not the case in the line
of this thesis experiment where the tendency of the z-potential to decrease after the pH 6 is
still observable.

By extending the line of our data in order to cross the X-axis (this was done by
plotting a trending line between the first two points for pH 3.22 and 5.9) a isoelectric point
at pH 2.66 is obtained. At the same time the line of Simona gives a value of 3.98pH [26]. This
is slightly higher than the values reported by Wieset al.[17] for fused silica and Bousse et al
for thin film silica but well within the limits of other studies reported by Parks.

Overall this result leads to the assumption that the general motive of the previous
experiments is reproduced and that the machine is in a good condition to provide values of
z- potential in accordance with the previous references in the bibliography. Nonetheless it is
important to observe that although this general reproduction is observed further
investigation needs to be made in order to better understand the mechanism of the
interface and why there is just a deviation from the values obtained by others. Also a
comparison with the already existing data in the bibliography should be made in order to
acquire a better image of the machine’s accuracy and potentials. Last it is obvious that the
data obtained is not enough and in order to make a valid comparison more data and detail is
needed while plotting this kind of charts.
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In the second series of experiments given the knowledge obtain previously and the
new questions that aroused it was attemted to create a richer data chart and through the
measurement of z-potential to try and understand how the environment (temperature,
concentration, pH) affects the z-potential value. This would help create a frame of how to
use and design experiments in this machine in the future.

In the following chart it is presented the findings of another research team of Peter
J. Scales, Franz Grieser et Al (1992)[17] since the experimental conditions and goals are
similar to this thesis’s expiraments. In the following chart it can be seen the z-potential
plotted with pH in electrolyte solution of KCl in different concentrations.

(mV)

z-potential

-80
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-140
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Figure 13. Experimental results along with the values obtained from [19], for similar
experiments.

What is important is that the general tendacy of the line is to be linear between
the pH of 3-6 and have a turning point at around 7-8 leading to another stable region which
seems to be a plateau. These are more obvious for the concentrations of 102, 103, 10“*M.
Moreover all the lines tend to point at the same direction when it comes to low pH. This
means that the region where they would cross the X axis is limited between 2-3.5 pH.
Therefore no matter the concentration of the electrolyte the isoelectric point seems to be
independent and characteristic to each material. As it was stated previously these findings
agree with the already bibliography reported.

In the following chart there is the plot of the results from this thesis experiments
with the ones obtained by biligraphic reports [19] and also the ones the theoretical model
developed in this report, based on the GCSC assumptions. This chart will help understand
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the deficiencies of the modeling and the accuracy of our measurements in relation to the
theory.
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Figure 14. Values of zeta-potential, along with the values obtained from the theoretical
models and bilbiographc reports in order to compare their proximity.

The main purpose of the experiments on SiO,, a very well-studied surface, was to
validate the flat-plate method and to increase confidence in the results obtained with it. The
magnitude of the z- potential measured is comparable to that found by other investigators.
It is about 10 mV more positive than the data obtained by Wiese et al (1971)[19] streaming
potentials in vitreous silica capillaries. This means that that the values of these experiments
are quite close in comparison to the bibliographic reports.There is also a strong overlap as
far as the first part of the lines are concerned pH 3-7 but then there is a strong deviation
from theoretical predictions and the experimental data obtained.

Given that the experiments performed in the lab target the establishment of a
framework that will help future experimentations planning with more complex material, in
the following charts take into consideration the values from other researchers plus the
deviation.It has been understood that the z-potential values measured are values that are
not static since the equilibrium on the surface of the interface is not static but dynamic
which means that the z- potential is constantly changing while in a stable environment.
Therefore the line of the charts created is in reality a trend line that passes through a cloud
of values of z-potential. This is more obvious if the figure 11 is taken into considerationin
which it can be seen that for each pressure value more than one values are obtained.

The protocol that has been created created aims into having a measurement
procedure for silica that will give results that will be able to be used as reference for future
experiments with different materials. Given all that and seeing the average deviation of the
values the following chart was plotted. In this chart the error bars represent the magnitude
of the dispersion of the values of z-potential.
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Figure 15. Chart of measurmetns fs z-potential at different pH. The experimental values also
have an error bar adjusted taking into consideration the non static nature of the z-potential.

3.3 Flow modeling

In this experiments it was attemted to monitor and verify that the flow behavior
inside the cell is as originally assumed while using the HS formula in order to tackle the
guestion of trusting the z-potential measurments raised in the previous discussion. In order
to do that it was decided to calculate the Reynolds number inside the cell. After collecting
the measurements concerning the flow volume the kinematic viscosity was calculated by the
software and furthermore the hydraulic distance it was also calculated for the rectangular
channel using the bibliographic formula :

D= 2w

T D [24]

The table of experiments and further calculations can be seen here:

votume ) indiction _aptoar) Dptpescal) Qe
43 5

1 0,0588 5880 0,71666667
2 88 10 0,1176 11760 1,46666667
3 129 15 0,1764 17640 2,15

4 168 20 0,2352 23520 2,8

5 196 25 0,294 29400 3,26666667
6 236 30 0,3528 35280 3,93333333

Table 4. Measumermnets of volume and other key values are presented in order to estimate
the flow rate in the channel.
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With this input the Reynolds number can now be calculated and check if it can
guarantee a laminar flow, it is reminded that a Re<2000 shows a non-turbulent flow.
In the following table the Reynolds number for each experiment is displayed:

1 0,00119444 2,85525E-05
2 0,00244444 5,84329E-05
3 0,00358333 8,56574E-05
4 0,00466667 0,000111554
5 0,00544444 0,000130146
6 0,00655556 0,000156707

Table 5.Reynolds number based on the calculations used for the channel.

With this in mind, the appropriate hydrodynamic equations can be developed
and calculate the average fluid velocity (u) and flow rate (Q). For a rectangular channel of
length | in the y direction, width w in the x-direction, and height h in the z-direction, it can
be shown [1g that the fluid velocity profile in the y-direction through the channel is given by:

And the flow is given by:

w h34P 192h
Q= [1-

12nl mSw

tanh(3)]* [25]

Having these equations calculations can be made of the flow based on theoretical
data. In the lab he have measure the height of the cell formed to be 0.13mm +/-0.01mm.
This is a measurement made by in the lab, there are more calculations to be done if needed
by using the hagen-poissel formula and solve it for H, but this requires a specific software
since analytical methods cannot be applied for solving this equation.

Proceeding, the theoretical values and experimental values of the flow with the
differential pressure have been plotted. The experimental results are very close to the
theoretical ones and it can be easily conducted that the flow behavior is as assumed laminar
and established.
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FLOW RATE OF THE STREAMING POTENTIAL CELL VERSUS
APPLIED PRESSURE.
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Figure 16. Experimental along with the values theoreticaly predicted for the flow rate of the
channel.

3.3 Substrate preparation

Given the need for further elaboration of the z-potential results in order to
estimate the trust of these results a new methode of surface treatment before the
measruments was introduced. The idea of pre-treating the surfaces was based in the fact
that the interfacial chemistry and phenomena are directly affected by the homogeneity and
chemistry of the substrate surface. Z-potential is highly sensible to any kind of impurity. In
order to tackle this it was decided to treat the SiO, surface with HF following the PIRANHA
protocol.

The cleaning procedure must be followed called PIRANHA. HF was used in order to
remove the SiO2 layer on the surface of the wafer and create a new layer of about 5
Armstrong length. After the procedure was completed leaving the wafer in the air for 20
minutes and then immerse it in (low concentration) of the electrolyte solution to be used for
the measurements in order to protect the new layer.

The aim of the whole preparation was to eliminate any impurities and secure the
reprudicability of z-potential measurments under the same conditions. This procedure
helped in building trust of the results obtained as well as to create a new protocol based on
the previous findings in order to use SiO; z-potential measurments as a reference point for
calibration of the Zeta-Cad machine for future measuerments.

3.4 Discussion

In the previous chapter the experimental data were presented while there was also
a compariston with bibliographic data. Although an experimental approach of the z-potential
was attemted in order to investigate its potential as a characterization technique, it would
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be useless to use these results if the theoretical aspect of the silica liquid interface was not
also considered. So in this part is an attempt to combine the theory that has been described
in the theoretical part with the experimental results since it is the only way to explain and
predict the behavior of the these kind of systems (solid/liquid interface). This kind of
investigation will give some interesting results plus will help to better understand the Zeta-
Cad machine.

The base of understanding the behavior of the system is the model of the double
layer that it will be used. The GCSC model is the most common but it is not applicable for
every system and it has its limitations. The full development of the models and direct
assignment to the physical properties would be the most accurate approach but this exceeds
the purpose of this study, where the practical issues are to be tackled efficiently by the
combination of experience and theory. According to the analysis and to the bibliography this
model tends to underestimate the values of z-potential and this is because it fails to take
into consideration that the capacitance of the surface is not stable but depends on the
surface potential. This is why this deviation from pH 7 and higher between theory and
experiment data is observed. The capacitance represents the surface density charge in the
OHL which is quite dependent on the environment and the specific absorption of ions. Other
researchers (133 have made it possible to take into consideration this factor getting better
agreement with experimental and theoretical results.

Furthermore in order to better understand the phenomena the interfacial
chemistry should be taken into consideration. Knowing that the silanol groups (Si-OH) that
exist in the surface behave as fable acids explains why the surface is charged negatively and
why it is really difficult to obtain positive values of z-potential. Only in an extremely acid
environment the H* would be in such a concentration and would have the energy to be
absorbed in surface of the silica. Going to the other side of the graph it can be seen that
after the pH of 7 there is a plateau forming especially in low concentrations. This is explained
by considering that by having higher pH, the absorption of the ions is greater and easier
since the energy difference (between the bulk liquid and the surface interface is greater).
The existence of the plateau indicates optimum dosage and for stable DL means that the
double layer thickness remains unchanged. Practically this tells us the optimum dosage of
ions for a stable dispersion.

As far as the behavior is concerned in different concentration it is easy to
understand that different concentrations of electrolyte means different ionic strengths of
the solution which directly influences the thickness of the double layer(k Debuy-Huckel
parameter). As it can be seen from eq [3] increase of the ionic strength compresses the DL
giving higher z-potential values (z-potential is depending on the distance from the surface).
Therefore this is why the movement of the lines is practically vertically when concentrations
are changed. It would be really interesting to investigate further this influence by plotting
charts of z-potential/electrolyte concentration.

Even deeper understand of the mechanism can give more valuable information
concerning the way the interface works in different environments reaching a point where
this information can actually help to pick up the best environmental conditions for a specific
experiment.
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In conclusion what it should be addressed as the most important remarque is what the
UIPAC report (171 has recently stated:

Experience demonstrates that different researchers often find different z-
potentials for supposedly identical interfaces. Sometimes, the surfaces are not in fact
identical: the high specific surface area and surface reactivity of colloidal systems make z
very sensitive to even minor amounts of impurities in solution. This can partly explain
variations in electro kinetic determinations from one laboratory to another. Alternatively,
since T is not a directly measurable property, it may be that an inappropriate model has been
used to convert the electro kinetic signal into a z-potential. The level of sophistication
required (for the model) depends on the situation and on the particular phenomena
investigated. The choice of measuring technique and of the theory used depends to a large
extent on the purpose of the electro kinetic investigation.

There are instances in which the use of simple models can be justified, even if they
do not yield the correct z-potential. For example, if electro kinetic measurements are used
as a sort of quality-control tool, one is interested in rapidly (online) detecting modifications
in the electrical state of the interface rather than in obtaining accurate z -potentials. On the
other hand, when the purpose is to compare the calculated values of  of system under given
conditions using different electro kinetic techniques, it may be essential to find a true z -
potential. The same applies to those cases in which z will be used to perform calculations of
other physical quantities, such as the Gibbs interaction energy between particles.

Furthermore, there may be situations in which the use of simple theories may be
misleading even for simple quality control. For example, there are ranges of z -potential and
double-layer thickness for which the electrophoretic mobility does not depend linearly on g,
as assumed in the simple models. Two samples might have the same true z -potential and
quite different mobility’s because of their different sizes. The simple theory would lead us to
believe that their electrical surface characteristics are different when they are not.

There are a number of facts that influence the accuracy of and that it should be
taken into consideration while applying a model. From our study it seems that surface
conductivity flow behavior equilibration of samples and surface density charge are the most
important.

As far as trusting the results is concerned facts that built trust are excellent
reproducibility and repeatability, the control of the assumptions made for the model
applied, as well as the comparison of the values obtained with other sources and if not
existent with values of surfaces which close chemical composition and behavior. Procedures
should be followed as stated and environmental conditions should be as more precised as
possible.

Conclusions
e The measuring of z-potential is a really important characterization technique for
materials and can give valuable information for the behavior of surfaces in liquid
environments.
e The evaluation of z-potential poses problems since although it is a quite easily
defined value, there are large deviations for supposedly identical surfaces between
the studies of different research groups.
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The z-potential highly depends on the model used in order to describe the DL
formed. Different models can be used depending on the quality and the purpose of
the z-potential value obtained. Simple models can be used for fast and general
characterization of the surface. More complex models are suggested for highly
accuracy measures and for academic purposes where electro kinetic mechanisms
and phenomena are investigated.

SiO, is a quite investigated surface but still there no reference samples for streaming
potential measurements. SiO; could serve as one but the different values reported
make it harder.

Zeta-Cad is suitable for acquiring the isoeletric point of materials which seems to be
the most useful value for characterizing the surface since it is unique for each
material.

Experiments show good approximation with reported values, taking into
consideration the deviation of measurements that was already expected.

The model used by Zeta-Cad is a simplified model and can mostly serve for fast and
quality based characterizations of surfaces. For academic purposes like investigation
of the DL alternations experiments should be based on the equation used and the
Ap/E data should be handled by the adjusted model.

The values presented in z-potential/pH charts are representative of a cloud of values
of T since the equilibrium is dynamic on the surface and the DL is not static but
constantly changing.

Future investigations should be held towards the better modeling of the channel
taking into consideration the specificities of the machine. Experiments should be
conducted in order to connect z-potential and electrolyte concentration and give
additional information. Also it is advisable to investigate the role of surface
conductivity as it is indicated in the theoretical part. The model developed in this
report can be easily applied and give safe values of surface conductivity so that more
information can be acquired about the accuracy of measurements from the Zeta-
Cad.
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Appendix A: Estimating the Total Charge in the Diffusive Layer

The Poisson-Boltzmann equation can be solved for the total charge in the diffusive layerin a

similar manner the way it is done for the semiconductor surface potential. Beginning with :

_”'rdf".; — 2qca sinh iha
dz* ol gal kT

Re-expressing it via the Debye length,
- kT encen
)';"D _ B q[] sol

2q% ey

Leads to the following expression:

el ~ kpT inlh qifr
dz2  gA} kT

This equation can be rewritten by applying the following identity:

L:'rff,'j i) B ) difr .
“dz? dz  dz \ dz

Substituting (4) into (3) leads to a first order differential equation:

; qy
2w __11d.. 2_(KBT) sinh (—KBT)
dx? 2y dz qr?

i(LI)')— 2 (KgT) sinh (’%)1//
dz' v ' qr3

(1)

(2)

(3)

(4)

(5)

(5) can be solved via separation of variables. Under the condition of a vanishing electric field

for # — =0 the following solution can be derived:
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2sinh” (ar/2) = coshix) — 1

Exploiting the identity, the expression for ({’)? can be formulated as:

4(KgT)? sinh? (A= qu )

o f (7)

In the last calculation step GauR's law is utilized to express the total charge per unit area in
the Gouy-Chapman layer:

Oo=1,/8e¢,K5Tc, sinh(lg—:; (8)
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