
ETH Library

Structure of the Electrical Double
Layer at the Silica Nanoparticle-
Electrolyte Water Interface

Doctoral Thesis

Author(s):
Goel, Alok

Publication date:
2018

Permanent link:
https://doi.org/10.3929/ethz-b-000326319

Rights / license:
In Copyright - Non-Commercial Use Permitted

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.

https://doi.org/10.3929/ethz-b-000326319
http://rightsstatements.org/page/InC-NC/1.0/
https://www.research-collection.ethz.ch
https://www.research-collection.ethz.ch/terms-of-use


	
DISS.	ETH	NO.	25477	

	

	

STRUCTURE	OF	THE	ELECTRICAL	DOUBLE	LAYER	AT	

THE	SILICA	NANOPARTICLE	–	ELECTROLYTE	WATER	

INTERFACE	
	

	

A	thesis	submitted	to	attain	the	degree	of	

DOCTOR	OF	SCIENCES	of	ETH	ZURICH	

(Dr.	sc.	ETH	Zurich)	

	

	

Presented	by	

Alok	Goel	

Master	of	Technology	(Nanotechnology)	

Amity	University	(Noida)–	Uttar	Pradesh,	India	

	

Born	on	02.12.1989	

Citizen	of	India	

	

	

Accepted	on	the	recommendation	of	

	

	

Prof.	Nicholas	D.	Spencer,	examiner	

Dr.	Matthew	A.	Brown,	co-examiner	

Prof.	Sylvie	Roke,	co-examiner	

	

	

2018	



	

	 	



	

	

	

	

	

	

	

	

	

	

	

	

	

Dedicated	to	Yoga	and	music	that	keeps	me	sane	
	 	



	

	 	



	

	

	

	

	

	

	

	

	

	

	

	

	

	“Ignorance	is	bold,	but	knowledge	hesitates.”	

-A	yogi	

	



	

	 	



	
	

Abstract	

	

	

Mineral-oxide	particles	exhibit	an	amphoteric	nature	in	aqueous	solution	

due	to	ionization	of	surface	hydroxyl	groups	(−OH).	The	magnitude	of	ionization	

is	 a	 collective	 outcome	 of	 factors,	 such	 as	 the	 speciation	 of	 surface	 hydroxyl	

groups,	composition	and	size	of	the	particle,	pH	of	the	solution	and	electrolytes	

present	 in	 the	solution.	The	charge	distribution	on	and	around	the	surface	of	a	

particle	in	solution	affects	the	reactions	taking	place	at	this	solid-liquid	interface.	

The	 charged	 surface,	 together	 with	 the	 ions	 near	 the	 interface	 makes	 up	 the	

electrical	double	layer	(EDL).	Due	to	its	direct	implications	on	surface	reactivity,	

the	 EDL	 is	 significant	 for	 investigations	 in	 catalysis,	 colloidal	 science,	 energy-

storage	devices,	ion	adsorption	and	toxicology.	Despite	the	attention	given	to	it,	

the	exact	structure	of	the	EDL	is	still	debatable.	One	of	the	reasons	for	this	is	the	

lack	of	a	direct	measurement	of	surface	properties	such	as	the	surface	potential	

and	 acid	 dissociation	 constant	 of	 the	 (weak)	 acidic	 surface	 hydroxyl	 groups	

(−OH).	

	 This	 thesis	 uses	 a	 combination	 of	 experimental	 techniques	 and	 a	

modeling	 approach	 to	 understand	 the	 EDL	 for	 the	 silica	 nanoparticle	 (np)–

electrolyte	 water	 interface.	 The	 abundance	 of	 the	 silica-water	 interface	 in	 the	



	

environment	 and	 the	 relatively	 simple	 surface	 reactions	 (compared	 to	 other	

mineral	oxides)	make	silica	an	ideal	choice	for	such	EDL	investigations.		

	 Potentiometric	 titrations	 (PT)	are	 the	core	of	 the	experimentation	along	

with	 electrokinetic	 (EK)	measurements,	 in	 this	 thesis.	 PT	 is	 an	 important	 and	

well-understood	 technique	 for	 the	 determination	 of	 surface	 charge	 density	

(SCD),	 which	 constitutes	 the	 EDL.	 Electrokinetic	 measurements,	 on	 the	 other	

hand,	 provide	 information	 on	 the	 charge	 cloud	 associated	 with	 the	 charged	

particle.	The	presence	of	electrolytes	affects	 the	SCD	and	restructures	 the	EDL.	

Experimentally	obtained	charge	density	data	is	often	used	as	input	to	carry	out	

surface	 complexation	 modeling	 (SCM)	 to	 interpret	 the	 EDL	 at	 the	 silica	 np-

electrolyte	 water	 interface.	 This	 modeling	 procedure	 is	 greatly	 simplified	 by	

using	 previously	 estimated	 Stern-layer	 capacitances	 as	 constraints	 in	 the	

modeling	approach.	Here,	the	Stern	layer	capacitances	used	were	calculated	from	

surface-potential	 estimates	 that	 were	 recently	 measured	 by	 our	 group	 using	

liquid-jet	X-ray	photoelectron	spectroscopy	(LJ-XPS).	In	this	thesis,	we	see	how	a	

well-constrained	 SCM	 allows	 for	 the	 estimation	 of	 the	 electrolyte	 binding	

(SiOH − Na()	 constant	and	 the	pK+	(negative	 logarithm	of	 the	acid	dissociation	

constant)	 for	 the	 terminal	 silanol	 groups	 (SiOH).	 A	 long-standing	 view	 in	 the	

colloid	community	is	that	the	SCD	of	silica	is	directly	influenced	by	the	absolute	

concentration	of	electrolyte	present	in	the	solution.	While	this	is	true,	it	must	be	

remarked	 that	 detailed	 investigations	 presented	 in	 this	 thesis	 suggest	 that	 the	

SCD	 of	 colloidal	 silica	 is	 directly	 influenced	 by	 the	 ratio	 of	 counterions	 to	 the	

surface	 silanol	 groups	 (R-+./0123)	 and	 not	 solely	 on	 the	 absolute	 electrolyte	

concentration.	

	 	



	

Zusammenfassung	

	

	

Mineraloxid-Partikel	 in	 wässriger	 Lösung	 weisen	 aufgrund	 der	

Ionisierung	von	Hydroxyl-Gruppen	(−OH)	an	ihrer	Oberfläche	einen	amphoteren	

Charakter	 auf.	 Der	 Grad	 der	 Ionisierung	 ist	 abhängig	 von	 einer	 Vielzahl	 an	

Faktoren	wie	 der	 Konzentration	 und	 Verteilung	 von	Hydroxyl-Gruppen	 an	 der	

Partikeloberfläche,	der	Zusammensetzung	und	Grösse	der	Partikel,	dem	pH-Wert	

der	 Lösung	 und	 den	 gelösten	 Elektrolyten.	 Die	 Ladungsverteilung	 an	 der	

Oberfläche	 eines	 Partikels	 sowie	 in	 seiner	 nächsten	 Umgebung	 beeinflusst	 die	

Reaktionen,	 die	 an	 dieser	 Grenzfläche	 zwischen	 festem	 Partikel	 und	 flüssigem	

Medium	 stattfinden.	 Die	 geladene	Oberfläche	 zusammen	mit	 den	 Ionen	 an	 der	

Grenzfläche	 bilden	 die	 elektrochemische	 Doppelschicht	 (ECD).	 Aufgrund	 ihres	

direkten	Einflusses	auf	die	Oberflächenreaktivität	hat	die	ECD	eine	signifikante	

Relevanz	 in	 der	 Erforschung	 von	 katalytischen	 Reaktionen,	 Ionenadsorptions-

Reaktionen,	 in	 der	 Kolloidwissenschaft,	 in	 der	 Toxikologie	 sowie	 für	

Energiespeicher-Medien.	Trotz	aller	Bemühungen	bleibt	die	exakte	Struktur	der	

ECD	bis	heute	umstritten.	Ein	Grund	dafür	ist	das	Fehlen	direkter	Messmethoden	

von	 Oberflächeneigenschaften	 wie	 des	 Oberflächenpotentials	 und	 der	

Dissoziationskonstanten	der	(oft	schwach)	sauren	Hydroxyl-Gruppen	(−OH).	



	

Die	 vorliegende	 Arbeit	 bedient	 sich	 einer	 Kombination	 aus	

experimentellen	 Methoden	 und	 einem	 Modellierungsansatz,	 um	 die	 ECD	 von	

Siliziumdioxid-Nanopartikeln	 in	 wässriger	 Elektrolytlösung	 zu	 verstehen.	 Das	

häufige	 Vorkommen	 von	 Siliziumdioxid-Grenzflächen	 in	 der	 Natur	 und	 ihre	

einfachen	 Oberflächenreaktionen	 (im	 Vergleich	 zu	 anderen	 Mineraloxiden)	

machen	 Siliziumdioxid	 zum	 idealen	 Kandidaten	 für	 die	 Erforschung	 dieser	

speziellen	Grenzschicht.		

Potentiometrische	 Titration	 gemeinsam	 mit	 elektrokinetischen	

Messungen	 bilden	 den	 Kern	 des	 experimentellen	 Teils	 dieser	 Arbeit.	Während	

die	 potentiometrische	 Titration	 eine	 wichtige	 und	 gut	 etablierte	 Methode	 zur	

Bestimmung	 von	 Ladungsdichten	 an	 Partikeloberflächen	 ist,	 entschlüsseln	

elektrokinetische	Messungen	 Informationen	 über	 die	 Ladungswolke,	 die	 einen	

geladenen	 Partikel	 umgibt.	 Die	 Anwesenheit	 von	 Elektrolyten	 in	 Lösung	

beeinflusst	 die	 Ladungsdichte	 an	 der	 Partikeloberfläche	 und	 ändert	 somit	 die	

Struktur	 der	 ECD.	Die	 ermittelten	 experimentellen	Daten	wurden	 als	 Input	 für	

Oberflächen-Komplexierungs-Modellierungen	verwendet,	um	die	ECD	zwischen	

Siliziumdioxid-Nanopartikel	 und	 wässriger	 Elektrolytlösung	 zu	 interpretieren.	

Vorhergehende	 Abschätzungen	 der	 Kapazität	 der	 Stern-Doppelschicht	 wurden	

eingesetzt,	 um	 das	 Modellierungsverfahren	 stark	 zu	 vereinfachen.	 Diese	

Abschätzungen	 stammen	 von	 Messungen	 des	 Oberflächenpotentials,	 die	 in	

unserer	 Forschungsgruppe	 kürzlich	 mittels	 Flüssigstrahl-

Röntgenphotonenelektronen-Spektroskopie	 erfolgreich	 durchgeführt	 wurden.	

Auf	 diese	Weise	 begrenzt,	 erlauben	 die	Modellierungen	 eine	 Einschätzung	 der	

Elektrolyt-Bindungskonstanten	 ( SiOH − Na( )	 und	 des	 pK+ 	(negativer	

Logarithmus	 der	 Säure-Dissoziationskonstanten)	 endständiger	 Silanolgruppen	



(SiOH).	Eine	seit	Langem	bestehende	Ansicht	in	der	Kolloidforschung	ist,	dass	die	

Ladungsdichte	 an	 einer	 Siliziumdioxid-Oberfläche	 direkt	 abhängt	 von	 der	

absoluten	Konzentration	des	Elektrolyten	 in	Lösung.	Obwohl	dies	wahr	 ist	gibt	

die	vorliegende,	detaillierte	Studie	Hinweis	darauf,	dass	die	Ladungsdichte	nicht	

allein	 von	 der	 absoluten	 Konzentration	 des	 Elektrolyten	 in	 Lösung	 abhängt,	

sondern	 dass	 die	 Ladungsdichte	 von	 kolloidalem	 Siliziumdioxid	 vielmehr	

beeinflusst	wird	von	dem	Verhältnis	von	Gegenionen	zu	Siliziumdioxid-Gruppen	

an	der	Partikeloberfläche	(R-+./0123).		
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1	

Chapter	1:	

Introduction	

1.1	General	Introduction	

Charge	 development	 at	 the	 solid-liquid	 interface	 is	 an	 intriguing	 and	

complex	phenomenon.1	For	amphoteric	oxide	particles	 such	as	silica	or	 titania,	

changes	 in	 the	 pH	 and/or	 electrolyte	 induce	 a	 net	 surface	 charge	 due	 to	

spontaneous	ionization	of	their	terminal	groups	in	solution.2-3	Once	the	surface	is	

charged,	 ions	 in	 the	 local	 environment	 are	 subject	 to	 electrostatic	 interactions.	

Counterions	(ions	with	charge	opposite	 to	 the	surface)	experience	electrostatic	

attraction	 and	 in	 their	 endeavor	 to	 neutralize	 the	 surface	 charge,	 they	 tend	 to	

overcrowd	the	interface.	The	distribution	of	ions	close	to	the	interface	along	with	

the	 charged	 surface	 makes	 up	 the	 electrical	 double	 layer	 (EDL).	 The	 EDL	 is	

unique	 to	 each	 system	 and	 depends	 on	 the	 charged	 surface,	 electrolytes	 in	

solution,	 and	 temperature	 and	 pH	 of	 the	 solution.	 The	 EDL	 mediates	 all	

interfacial	 interactions	 and	 is	 deeply	 interconnected	 to	 colloidal	 stability,4	

electrophoretic	 mobility,5-6	 and	 dissolution	 of	 particles.7	 Naturally,	 it	 is	 of	

significant	 importance	 to	 the	 fields	 of	 interfacial	 chemistry,	 biochemistry	 and	

solid-state	physics.	

Silica	has	attracted	considerable	interest	in	the	field	of	medicine	due	to	its	

biocompatibility,8-9	 and	 potential	 in	 drug-delivery	 applications.10	 Besides,	 the	
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abundance	 of	 silica	 and	 the	 silica-water	 interface	 in	 the	 natural	 environment	

makes	 it	 important	 in	 the	 geochemical	 sciences.11	 Fundamentally,	 the	 silica-

water	interface	is	considered	as	an	ideal	system	for	the	examination	of	mineral-

oxide	 interfacial	 models.2,	 12-13	 Most	 natural	 environments	 may	 contain	 other	

salts	and/or	minerals,	which	can	influence	the	structure	of	the	EDL	at	the	silica-

water	 interface.	 A	 study	 of	 the	 silica-water	 interface	 therefore	 becomes	

appealing	 as	 electrolyte	 effects	on	 the	EDL	 can	be	 studied	 for	 an	abundant	 yet	

relatively	simple	mineral	oxide-water	interface.	Consequently,	in	this	thesis,	the	

silica	 nanoparticle-electrolyte	 water	 interface	 is	 investigated	 with	 the	 aim	 of	

understanding	 the	 structure	of	 the	EDL,	using	a	 combination	of	potentiometric	

titrations,	 electrokinetic	 measurements	 and	 a	 surface	 complexation	 modeling	

(SCM)	approach.	

Chronological	 developments	 over	 the	 last	 century	 have	 constantly	

debated	 to	 ascertain	 an	 accurate	 model	 to	 depict	 the	 EDL.14-17	 Despite	 the	

attention,	 considerable	 differences	 in	 the	 interpretations	 of	 the	 EDL	 still	 exist.	

The	 advent	 of	 newer	 and	 better	 techniques	 has	 aided	 the	 understanding	 the	

structure	 of	 the	 EDL.18-22	 However,	 in	 the	 absence	 of	 direct	 observations,	 the	

onus	 of	 understanding	 the	 structure	 falls	 back	 on	 the	 choice	 of	 different	 EDL	

models.	Our	 group	has	 shown	how	 liquid-jet	 x-ray	photoelectron	 spectroscopy	

(LJ-XPS)	 can	be	used	 to	measure	 the	 surface	potential	 and	 eventually	 estimate	

the	width	 of	 the	 Stern	 layer	 of	 the	 EDL	 for	 the	 colloidal	 silica-water	 interface.	

Both	 these	 parameters	 are	 important	 for	 a	 comprehensive	 description	 of	 the	

EDL.	This	 thesis	utilizes	 the	Stern	 layer	capacitance	estimates	as	constraints	 in	

the	surface	complexation	modeling	(SCM)	of	the	potentiometric	titration	data	to	
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interpret	the	EDL	at	the	silica-water	interface.	The	SCM	results	suggest	that	the	

EDL	at	the	silica-water	interface	assumes	the	GCS	model.	

A	 key	measureable	 quantity	 at	 any	mineral	 oxide-water	 interface	 is	 its	

surface	 charge	density	 (SCD).2	The	 SCD	directly	 influences	 the	 structure	of	 the	

EDL.	Experiments	and	simulation	have	shown	that	the	SCD	and	by	extension	the	

EDL	is	modifiable.	The	degree	of	ionization	of	the	surface	silanols	and	therefore	

the	magnitude	of	SCD	depends	on	oxide	(nature	and	size),23-24	electrolyte	(nature	

and	 concentration)25-26	 and	 pH	 among	 other	 factors.	 The	 effect	 of	 pH	 and	

electrolyte	 (nature	 and	 concentration)	 on	 the	 SCD	 of	 Ludox	 SM	 colloidal	 silica	

nanoparticles	 is	 discussed	 in	 this	 thesis.	 Surface	 complexation	modeling	 of	 the	

SCD	results	is	performed	to	interpret	the	EDL	on	the	basis	of	the	GCS	model	and	

to	estimate	the	physico-chemical	constants	such	as	electrolyte-binding	constant	

and	 pKa	 of	 colloidal	 silica,	 whose	 direct	measurement	 has	 proved	 challenging.	

Furthermore,	it	was	observed	that	the	SCD	of	colloidal	silica	is	greatly	influenced	

by	the	ratio	of	counterions	to	surface	silanol	groups	(R-+./0123).	It	has	often	been	

remarked	in	earlier	literature	that	the	SCD	of	silica	is	a	function	of	the	electrolyte	

concentration.	However,	 our	 results	 suggest	 that	 the	 ratio	 (R-+./0123)	 and	 not	

just	the	absolute	concentration	of	electrolyte	influences	SCD.	A	direct	correlation	

between	 the	 SCD	 and	R-+./0123	is	 shown,	 which	 is	 consistent	 over	 a	 range	 of	

silica	concentrations	(0.1	wt.	%	–	10	wt.	%).		

The	 work	 discussed	 in	 this	 thesis	 uses	 a	 combination	 of	 experimental	

techniques,	 such	 as	 potentiometric	 titration	 and	 electrokinetics,	with	 a	 surface	

complexation	 modeling	 approach	 to	 elucidate	 the	 EDL	 at	 the	 colloidal	 silica	

nanoparticle-electrolyte	water	interface.		 	
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1.2	Surface	of	colloidal	silica	

1.2.1	Acid-base	chemistry	of	silica	

In	 aqueous	 solution,	 oxide	 minerals	 (M− OH)	 exhibit	 an	 amphoteric	

nature.	Being	amphoteric,	the	oxides	express	a	net	zero	surface	charge	at	a	pH,23	

that	 is	 commonly	 known	 as	 the	 point	 of	 zero	 charge	 (PZC).27	 If	 the	 pH	 of	 the	

solution	 is	 below	 the	 PZC,	 the	 surface	 can	 adsorb	 protons,	 resulting	 in	 a	 net	

positive	charge	 (M− OH6().	Consequently,	 at	pH > pH89:,	 deprotonation	occurs	

(M− O;)	and	the	net	surface	charge	is	negative.	The	degree	of	ionization	defines	

the	net	 surface	charge,	which	 inherently	controls	 interfacial	 chemical	 reactions	

and	defines	the	surface	acidity	for	an	aqueous-mineral	oxide	interface.12	

Surface	acidity	in	case	of	silica	is	characterized	by	the	acid-base	reactions	

and	 speciation	 of	 surface	 silanols.	 The	 silica	 surface	 develops	 charge	 due	 to	

ionization	 (commonly	 by	 protonation/deprotonation)	 of	 the	 terminal	 silanol	

groups.28	The	point	of	zero	charge	for	amorphous	silica	lies	in	the	range	pH~2-

4.29	Consequently,	the	charge	dependence	on	pH	is	illustrated	as,	

	

≡ Si − OH6( 	⇋		≡ Si − OH		 ⇋		≡ Si − O;		 	 (1)	

	

	 	 	 	 	 Increase	in	pH	

	

The	 protonated	 silanols,	 neutral	 silanols	 and	 deprotonated	 silanols	 dominate	

when	 the	 pH	 is	 less,	 equal	 to	 or	 greater	 than	 the	pH89:	respectively.	 An	

equilibrium	 constant	K1 	is	 associated	 with	 each	 ionization	 step.	 Since	 this	

formulation	predicts	the	existence	of	2	equilibrium	constants	and	consequently	
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2-pK+s	 (log	KB	and	log	K6),	 it	 is	 known	 as	 the	 2-pK	 model.30	 The	 2-pK	 model	

describes	the	two	protonation	reactions	for	Si-sites:31	

	

≡ Si − OH	 +		H( 	⇌		≡ Si − OH6(	, KB		 	 	 (2a)	

≡ Si − O; 	+		H( 		⇌		≡ Si − OH	, K6		 	 	 (2b)	

	

Here,	K1	refers	to	the	equilibrium	constants	describing	the	surface	adsorption	of	

H(.	Surface	complexation	modeling	of	oxide-water	interfaces	often	employs	the	

2-pK	model,32-34	to	interpret	the	surface	charge	density	data	for	the	estimation	of	

interfacial	 physicochemical	 constants.	 Sverjensky	 and	 co-workers,35-36	

extensively	used	the	2-pK	model	in	conjunction	with	Born-solvation	theory,	and	

a	 priori	 knowledge	 of	 the	 physicochemical	 constants,	 to	 estimate	 equilibrium	

constants	 (log	KB	and	log	K6)	 for	 several	 amorphous	 colloidal	 silica	 systems,	

thereby	validating	the	adoption	of	the	2-pK	model.37		

Others	 proposed	 an	 alternative	 –	 1-pK	 model,38-40	 which	 describes	 the	

surface	 reactions	 in	 a	 1	 step	 charging	process.	Borkovec,41	 compared	 the	1-pK	

and	 2-pK	 models	 and	 showed	 that	 the	 1-pK	 model	 provides	 an	 excellent	

description	of	 the	 ionization	behavior	 for	most	 solid-water	 interfaces,	where	 a	

single	ionizable	site	is	explicitly	considered,	such	as	in	case	of	silica.	Since	most	

investigations	 for	silica	are	conducted	at	pH	>	pH89:,	only	 	one	 ionization	step,	

i.e.	 the	 silanol	 deprotonation	 (≡ Si − OH	 ⇋	≡ Si − O;)	 is	 relevant.	 The	 2-pK	

model	can	still	be	used	for	silica,	which	estimates	the	same	result	for	log	K6	but	

its	 utilization	 is	 justified	 when	 the	 pH	 range	 goes	 well	 below	 the	pH89:	to	

observe	the	protonation	of	the	silanol	groups	(≡ Si − OH	 +	H( 	⇌	≡ Si − OH6().	
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In	 this	 thesis,	 the	 1-pK	 model	 is	 used	 in	 conjunction	 with	 the	 Gouy-

Chapman-Stern	 model,37,	42	 for	 a	 description	 of	 the	 interfacial	 electrochemical	

properties	for	Ludox	SM	colloidal	silica.	

	

1.2.2	Surface	silanol	groups	

Knowledge	of	the	nature	and	speciation	of	silanol	groups	is	necessary	as	it	

directly	regulates	many	surface	reactions	at	the	silica-water	interface.43	Fig.	1.1	

shows	a	typical	silica	surface	that	is	decorated	with	a	number	of	different	types	

of	silanols.44		

	

	

Fig.	1.1	Typical	surface	of	amorphous	silica,44	showing	the	different	types	of	silanols	present.	

	

Typically	the	silanol	sites	are	denoted	as	Q1	sites,	where	i	defines	the	number	of	

other	Si	units	attached	to	this	site.45	Four	siloxane	bonds	connect	to	each	Si	unit	

(= Si =),	 forming	 the	 bulk	 silica	 structure	 that	 is	 denoted	 as	QJ	sites.	 Other	

possibilities	 include	QK	and	Q6	sites.	 Free	 isolated	 silanols	 are	 denoted	 as	QK	
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sites	as	they	are	connected	to	3	other	Si	units	(≡ SiOH)	through	an	oxygen	atom.	

Similarly,	 free	geminal	silanols	are	denoted	as	Q6	sites	as	they	are	connected	to	

at	 least	 2	 other	Si	units	 (≡ SiOH)	 through	 an	 oxygen	 atom.	 The	QK	and	Q6	sites	

can	occur	as	free,	isolated	sites	or	in	close	proximity	with	other	silanols	resulting	

in	 H-bonded	 vicinal	 sites.43,	46	 The	 amount	 of	 siloxane	 bonds	 (Si-O-Si)	 on	 the	

surface	 is	 generally	 considered	 marginal	 as	 siloxane	 sites	 show	 some	

hydrophobicity.47	

Using	 a	 combination	 of	 solid-state	 nuclear	 magnetic	 resonance	 (NMR),		

X-ray	 photoelectron	 spectroscopy	 (XPS)	 and	 density	 functional	 theory	 (DFT),	

Brown	et	al.,	studied	the	surface	silanols	for	the	colloidal	silica-water	interface.48	

They	used	solid-state	NMR	to	quantify	the	relative	abundance	of	various	silanol	

sites	Q1,	which	is	shown	in	Fig.	1.2.	

	

	

Fig.	1.2	 (a)	 Solid-state	NMR	 spectra	 of	 a	 thick	 gel	 of	 Ludox	 SM	 colloidal	 silica	 as	 a	 function	 of	

suspension	 pH.	 The	well	 resolved	 peaks	 show	 the	 spectrum	 corresponding	 to	 each	Q1	site.	 (b)	

The	relative	abundance	of	each	Q1	sites	as	a	function	of	suspension	pH.	Extracted	from	Brown	et	

al.48	

They	 observe	 that	 the	 relative	 abundance	 follows	 the	 order	QJ > QK >	

Q6.	High	abundance	is	observed	for	QJ	sites,	which	is	logical	considering	it	forms	



Introduction	

8	

most	of	the	bulk	structure.43,	45	It	is	also	observed	that	the	relative	abundance	of	

QK	sites	 (isolated)	 is	 much	 greater	 (factor	 of	 3	 to	 5)	 compared	 to	Q6	sites	

(geminal).		The	extremely	low	(5%)	relative	abundance	of	Q6	sites	suggests	that	

most	of	the	silanols	(95	%)	must	adopt	the	QJ	or	QK	structure.		

The	 concentration	 of	 surface	 silanols	 is	 equally	 important	 and	 is	 often	

estimated	using	various	adsorption	methods.	The	total	site	density,	i.e.	the	total	

number	 of	 OH	 groups/total	 surface	 area	 is	 considered	 a	 physico-chemical	

constant.34,	43	 The	 deuterium-exchange	method,43	N6-adsorption	 in	 conjunction	

with	 Brunauer-Emmett-Teller	 (BET),44	 and	N6-adsorption	 in	 conjunction	 with	

thermal	gravimetric	analysis	(TGA),49	predict	a	silanol	site	density	 in	 the	range	

4.5	–	5.2	OH	sites/nm2,	which	is	consistent	with	the	value	(=4.54	OH	sites/nm2)	

obtained	 using	 molecular	 dynamic	 simulations.50	 In	 this	 thesis,	 the	 surface	

complexation	modeling	approach	uses	a	silanol	site	density	of	4.75	OH	sites/nm2,	

reported	for	colloidal	silica.43,	51-52	
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1.3	Electrical	Double	Layer	(EDL)	

Charge	 development	 at	 the	 surface	 of	 a	 silica	 particle	 takes	 place	when	

terminal	 silanol	 groups	 dissociate	 or	 adsorb	 atoms.53	 When	 suspended	 in	 an	

electrolytic	 solution,	 a	 cloud	 of	 ions	 surrounds	 the	 charged	 particle.	 The	 ions	

close	 to	 the	 interface	 in	 conjunction	 with	 the	 charged	 surface	 make	 up	 the	

electrical	double	 layer	(EDL).	The	nature	and	magnitude	of	surface	charge	(and	

consequently	 the	EDL)	are	subject	 to	 the	environment	of	 the	solution,	which	 is	

tunable	with	pH,	 temperature,	nature	and	concentration	of	electrolytes	present	

in	solution.54	

	

1.3.1	Helmholtz	model	

In	 the	 simplest	 form,	 the	EDL	 is	 over-simplified	 to	 consist	 of	 oppositely	

charged	 ions	 (called	 counterions)	 that	 bind	 to	 the	 particle	 surface.	 Helmholtz	

described	the	EDL	that	is	akin	to	a	parallel	plate	capacitor	with	one	plate	as	the	

charged	 surface	 and	 the	 other	 plate	 consisting	 of	 the	 counterions.55	 Fig.	 1.3	

shows	 the	 Helmholtz	model,	 which	 is	 also	 known	 as	 the	 constant	 capacitance	

model	(CCM).	The	width	of	this	capacitor	sets	the	electric	field	generated	by	the	

surface	 charges	 and	 a	 linear	 potential	 drop	 from	 the	 surface	 to	 the	 plane	 of	

counterions	defines	 the	potential	profile	 (red	solid	 line,	Fig.	1.3).	The	equation	

relating	the	surface	charge	to	potential	drop	is:	

	

σMNOP = 	
εε0
δ ϕUOVW	 		 	 	 	 (3)	
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where	σMNOP	is	the	surface	charge	density,	δ	is	the	distance	between	the	2	charged	

planes	and	ϕUOVW	is	the	potential	drop	across	the	capacitor.		

	

	

Fig.	 1.3	 An	 illustration	 of	 the	 Helmholtz	 model	 (or	 CCM)	 of	 the	 EDL	 showing	 the	 ionic	

distribution	and	the	potential	profile	(red	solid	line).	

	

The	 Helmholtz	 model	 is	 too	 simplistic	 and	 neglects	 thermal	 motion	 of	 ions,	

adsorption	 on	 the	 surface	 and	 solvent/surface	 interactions.	 These	 limitations	

eventually	led	to	the	development	of	more	sophisticated	EDL	models.	

	

1.3.2	Gouy-Chapman	model	

In	an	attempt	to	address	the	drawbacks	of	the	capacitor	model,	Gouy	and	

Chapman	suggested	that	the	EDL	could	be	imagined	to	consist	of	a	diffuse	cloud	

of	charges	that	is	more	concentrated	near	the	particle	and	fades	out	into	the	bulk	

solution.	This	gradual	change	of	concentration	of	ions	away	from	the	surface	to	
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the	bulk	is	described	as	a	diffuse	layer.	Therefore,	the	Gouy-Chapman	(GC)	model	

is	 also	 known	 as	 the	 diffuse	 layer	 model	 (DLM).	 The	 potential	 profile	

characteristic	of	the	GCS	model	follows	the	exponential	decay	of	the	diffuse	layer	

of	ions.	Fig.	1.4	shows	an	illustration	of	the	Gouy-Chapman	model	(or	the	diffuse	

layer	model)	of	the	EDL	along	with	the	potential	profile.	

	

	

Fig.	 1.4	 Illustration	 of	 the	 Gouy-Chapman	 model	 (or	 DLM)	 of	 the	 EDL	 showing	 the	 ionic	

distribution	and	the	potential	profile	(red	solid	line).	

	

Poisson’s	equation	relating	electric	potential	and	charge	density	can	be	used	to	

describe	the	potential	in	a	solution	near	a	charged	interface.	According	to	it,	

	

∇6ϕ =	∂
2ϕ
∂x2
+ ∂2ϕ

∂y2
+ ∂2ϕ

∂z2
= −ρe

εε0
		 	 	 (4)	
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Here,	ρ`	is	 the	 charge	 density.	 	 If	 the	 exact	 charge	 distribution	 is	 known,	 the	

potential	 distribution	 can	 be	 calculated.	 In	 the	 GC	 model,	 the	 ion-profile	 is	

defined	using	the	Boltzmann	distribution,	

	

C(c,d,e)
± = 	Ch(c,d,e)exp	{

±Zeϕ x,y,z
kBT

}	 	 	 (5a)	

	

For	simplicity,	only	the	1-dimensional	case	is	considered	here.	Accordingly,	

	

C( = 	Chexp	(
−Zeϕx
kBT

)	 	 	 	 (5b)	

C; = 	Chexp	(
Zeϕx
kBT

)	 	 	 	 (5c)	

	

where	C±	defines	 the	 local	 concentration	 of	 ions	 (coions	 or	 counterions),	Ch	

defines	 the	 bulk	 concentration	 of	 the	 salt,	 Z	 is	 the	 valency	 of	 the	 ion,	e	is	 the	

electronic	 charge,	ϕc	is	 the	 potential	 at	 a	 distance	 x	 from	 the	 surface,	ko	is	 the	

Boltzmann	constant	and	T	is	the	temperature.	The	net	charge	density	(ρ`)	is:	

	

ρ` = e	 C( − C; = 	Che	{exp
;9`pq
rst

− exp
9`pq
rst

}	 (6)	

	

The	Poisson	equation	relates	the	charge	density	and	the	potential	as,	

	

Uup
Ucu

= ;vw
xxy
		 	 	 	 (7)	
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Substituting	(6)	in	(7),	we	get,		

	

Uup
Ucu

= :y`
xxy

	{exp
Zeϕx
kBT

− 	exp
−Zeϕx
kBT

}	 	 			(8)	

This	2nd	order	differential	is	known	as	the	Poisson-Boltzmann	equation.	It	must	

be	 noted	 here	 that	 equation	 is	 valid	 for	 simple	 geometries	 such	 as	 a	 planar	

surface.		At	relatively	low	potentials,	i.e.,	 Zeϕx 	≪ 	kBT,	the	Poisson-Boltzmann	

equation	can	be	simplified	yielding	the	Debye–Hückel	approximation.	

	

Uup
Ucu

= 6:y`u

xxyrst
	ϕ = 	 κ2ϕ		 	 	 (9)	

	

Here,	κ	is	the	Debye	parameter	that	will	be	discussed	in	detail	later.	Solutions	of	

eq.	(9)	are	of	the	form,		

	

ϕ| = 𝐴B exp −κx +	𝐴6exp	(−κx)		 	 		(10)	

	

Using,	 boundary	 conditions	 of	ϕ| = 	ϕh	at	x = 0	and	ϕ| = 	0	at	x → 	∞,	 we	 can	

simplify	eq	(10)	to,	

	

ϕ| =	ϕh	exp	(−κx)	 	 	 		(11)	

	

Eq.	 (11)	 is	 an	 exponential	 decay	 describing	 the	 diffuse	 layer	 according	 to	 the	

Gouy-Chapman	 model	 (see	 Fig.	 1.4).	 The	 exponential	 decay	 in	 potential	 is	
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accompanied	by	an	exponential	decrease	in	the	counterion	concentration.	At	the	

same	 time,	 the	 concentration	 of	 the	 coions	 increases.	 In	 the	 bulk	 state,	 the	

potential	tends	to	be	0	and	the	concentration	of	both	the	counterions	and	coions	

coincides.	

	

1.3.3	Debye	Length	

The	Debye	parameter,	κ	stated	in	eq.	(9)	has	dimensions	of	inverse	length	

and	is	expressed	as,		

	

κ = 	 2C0e2
εε0kBT

		 	 	 	 		(12)	

	

The	 inverse	 of	κ	is	 defined	 as	 the	 Debye	 length,	λ�	and	 it	 is	 a	 measure	 of	 the	

extent	 of	 the	 diffuse	 layer.	 Compared	 to	 the	 Helmholtz	 model	 that	 views	 the	

interface	as	a	capacitor,	λ�	could	be	considered	as	the	approximate	thickness	of	

an	equivalent	parallel	plate	capacitor.	For	a	1:1	electrolyte	in	water	at	25	°C,	the	

Debye	length	can	be	simplified	to,	

	

	

	λ� = 	
0.304	
C0
	[nm]	 	 	 (13)	

	

Similarly,	 for	 a	 1:1	 electrolyte	 in	 non-aqueous	 media	 (of	 permittivity	ε),	 the	

Debye	length	at	25	°C	is,	
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λ� = 	0.0343 ε
C0
		[nm]		 	 	 (14)	

	

As	 the	 concentration	 of	 salt	 in	 solution	 increases,	 the	 ions	 can	more	 effective	

screen	 the	 surface	 charge.	 Thus,	 with	 an	 increasing	 salt	 concentration,	λ�	

decreases,56	 which	 is	 analogous	 to	 a	 decrease	 in	 the	 capacitor	 spacing	 and	

leading	to	a	compression	of	the	EDL.	

	

1.3.4	Beyond	the	Gouy-Chapman	model	

	 Around	a	uniformly	charge-distributed	surface,	the	Gouy-Chapman	model	

describes	 the	 EDL	 to	 consist	 of	 a	 diffuse	 layer	 of	 ions	 such	 that	 excess	

counterions	 exist	 at	 the	 interface	 for	 sufficient	 charge	 neutrality.57	 The	 central	

quantity	describing	both	the	potential	as	well	as	the	concentration	of	ions	is	the	

Debye	length	(λ�).	The	Gouy-Chapman	model	provides	an	improved	description	

of	 the	 EDL	 compared	 to	 the	 Helmholtz	 model.	 However,	 it	 too	 has	 many	

assumptions	and	fails	to	interpret	the	EDL	satisfactorily	in	several	cases.	The	GC	

model	 is	 a	 continuum	 theory	 that	 neglects	 electrostatic	 interactions	 with	

individual	 neighbors.	 The	 solvent	 is	 assumed	 to	 be	 a	 continuous	media	with	 a	

fixed	dielectric	constant,	ignoring	the	local	environment.	It	also	considers	ions	as	

volume-less	point	charges	and	does	not	consider	the	concept	of	closest	approach	

of	 an	 ion	which	 is	why	 it	 eventually	 falls	 short	 in	 explaining	 the	 electrokinetic	

results.54	 Ions	have	 a	 definite	 size	 and	 can	only	 approach	 the	 surface	 as	 far	 as	

their	own	hydrated	radius	unless	they	are	adsorbed	specifically.		
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1.3.5	Gouy-Chapman-Stern	model	

By	 combining	 the	 Helmholtz	 and	 the	 Gouy-Chapman	 model,	 Stern	

addressed	certain	 limitations	of	 the	Gouy-Chapman	 theory.	He	divided	 the	EDL	

into	2	parts	–	 the	 inner	Stern	 layer,	consisting	of	 immobile	 ions	adsorbed	to	 the	

surface	 and	 an	 outer	 diffuse	 layer.14	 Stern’s	 approach	 of	 including	 an	 immobile	

layer	of	counter-ions	lying	next	to	the	surface	acknowledges	the	size	effects	of	the	

ions	close	to	the	interface.	The	Stern	layer	exists	for	a	finite	width	followed	by	the	

diffuse	layer,	which	is	still	described	by	the	Poisson-Boltzmann	statistics.		

Stern’s	improvement	gave	rise	to	the	Gouy-Chapman-Stern	(GCS)	model	of	

the	EDL.	Stern	acknowledged	the	finite	size	of	 the	counterions,	which	puts	these	

ions	 at	 a	 specific	 distance	 away	 from	 the	 surface.	 If	 specific	 adsorption	 of	 the	

counterions	is	neglected,	the	distance	between	the	centers	of	the	counterions	and	

the	 surface	 is	 greater	 than	 or	 equal	 to	 the	 hydrated	 radii	 of	 the	 counterions.	 A	

theoretical	 plane	 through	 the	 centers	 of	 the	 counterions	 (located	 at	 a	 distance	

d0�`O�	from	the	surface)	is	called	an	outer	Helmholtz	plane	(OHP).57	Fig.	1.5	shows	

an	illustration	of	the	GCS	model.	
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Fig.	 1.5	 An	 illustration	 of	 the	 Gouy-Chapman-Stern	 model	 of	 the	 EDL	 showing	 the	 ionic	

distribution	and	the	potential	profile	(red	solid	line).	

	

The	Stern	layer	(consisting	of	the	charged	surface	and	the	OHP)	can	be	assumed	to	

behave	as	a	parallel	plate	capacitor,	whose	capacitance	C0�`O�	is,	

	

C0�`O�	=	
xxy

U��w��	
	 	 	 	 (15)	

	

Naturally,	 if	 the	 width	 of	 the	 Stern	 layer	 decreases,	 an	 increase	 in	 Stern	 layer	

capacitance	will	be	observed	(for	ε	=	constant).	Notice	that	in	the	GCS	model,	the	

point	 charges	 are	 replaced	 by	 a	 realistic	 size	 of	 the	 hydrated	 ions	 (only	 for	 the	

Stern	layer).	The	exact	location	of	the	OHP	is	debatable.	Albeit,	the	OHP	shown	in	

Fig.	 1.5	 is	 placed	 such	 that	 the	 Stern	 layer	 includes	 (several)	 layers	 of	 water.	

Recent	findings	by	our	group	has	shown	the	presence	of	a	monolayer	of	water	for	

the	silica	NP-water	interface	in	the	presence	of	50	mM	alkali	chlorides.22	
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The	 potential	 drop	 in	 the	 Stern	 layer	 is	 linear	 (similar	 to	 the	 Helmholtz	

model)	and	it	turns	into	an	exponential	drop	beyond	the	OHP	(similar	to	the	Gouy-

Chapman	model).	 In	 the	 simplest	 case,	 the	 OHP	marks	 the	 onset	 of	 the	 diffuse	

layer	and	the	potential	at	this	plane	is	commonly	known	as	the	𝜁-potential,	which	

is	discussed	in	detail	in	Chapter	2.3.3.	

	

1.3.6	EDL	around	a	sphere	

As	discussed	previously,	 the	potential	 in	 space	near	a	 charged	particle	 in	

solution	is,	

	

Uup
Ucu
	=	:y`

xxy
	 {exp

Zeϕx
kBT

− 	exp
−Zeϕx
kBT

}		 	 (16)	

	

The	 aforementioned	 expression	 is	 accurate	 in	 the	 case	 of	 a	 planar	 surface.	 The	

interface	 can	 be	 considered	 to	 be	 planar	 when	 the	 radius	 of	 particle	 (α)	 is	

considerably	 larger	 than	 the	 Debye	 length	 (λ�).	When	 this	 is	 not	 the	 case,	 the	

Poisson-Boltzmann	equation	for	a	spherical	geometry	is	considered:	

	

Uup
UOu

+ 6
O
Up
UO
	=	:y`

xxy
	 {exp

Zeϕr
kBT

− 	exp
−Zeϕr
kBT

}			 (17)	

	

Here,	r	is	the	radial	coordinate.	At	low	potentials,	the	aforementioned	differential	

can	be	linearized	to:	
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Uup
UOu

+ 6
O
Up
UO
	=	κ6ϕ	 	 	 						(18)	

	

The	general	solution	for	such	a	differential	is	of	the	form,	

	

ϕO	=	
:�
O
e−�O+	:u

O
e�O	 	 	 									(19)	

	

Here,	CB	and	C6	are	constants	that	can	be	determined	using	boundary	conditions.	

As	r → ∞	and	ϕ → 0,	C6	becomes	 0.	 The	 other	 boundary	 condition	 is	 when	 we	

consider	 the	 potential	 at	 the	 surface.	 Then,	ϕ	=	ϕh	and	 r	 =	α	(radius	 of	 the	

particle).	This	leads	to	CB=	ϕαe��	and	eqn.	19	reduces	to,	

	

ϕO	=	ϕh
α
r exp	{−κ	(r − α)}	 	 	 (20)	

	

Considering	 the	 particle	 radius	 to	 be	α	and	 a	 Stern	 layer	 width	 of	∆α,	 the	

spherical	capacitance	is	related	to	the	planar	capacitance	according	to:		

	

C0�`O�
MW�`O`	=	�(∆�

�
	C0�`O�W�+�`	 	 	 								(21)	

	

It	 is	 clear	 that	 spherical	 Stern	 layer	 capacitance	 is	 slightly	 higher	 its	 planar	

counterpart.	However,	 this	 increase	 largely	 depends	 on	 the	width	 of	 the	 Stern	

layer	compared	to	the	size	of	the	particles.	In	the	work	presented	in	this	thesis,	

Ludox	SM	colloidal	 silica	NPs	 is	used.	With	a	particle	 radius	 (α)	of	4.5	nm	and	
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typical	Stern	layer	width	(∆α)	~	6Å,	C0�`O�
MW�`O`	is	~	13%	greater	than	C0�`O�

W�+�`.	Liquid-

jet	XPS	estimates	of	Stern	layer	capacitances	suggest	a	mean	measurement	error	

~	10%.	The	 increment	 in	 the	spherical	Stern	 layer	capacitance	 is	 therefore	not	

much	larger	compared	to	the	planar	Stern	layer	capacitance	(within	error	bars).	

As	a	consequence,	the	planar	GCS	model	is	employed	to	interpret	the	EDL	in	the	

surface	complexation	modeling	approach.	

	

1.3.7	Multi-plane	model	

In	 order	 to	 accommodate	 instances	 of	 specific	 adsorption,	 alternate	

models	 were	 proposed.15	 As	 such	 if	 an	 ion	 adsorbs	 specifically,	 it	 would	 bind	

tightly	 to	 the	 surface	 and	 settle	 at	 an	 inner	 Helmholtz	 plane	 (IHP)	 while	 the	

hydrated	counterion	sits	at	the	outer	Helmholtz	plane	(OHP).	An	illustration	of	a	

multi-plane	model	(MPM)	is	shown	in	Fig.	1.6.	

	

	

Fig.	 1.6	 Illustration	 of	 a	multi-plane	model	 of	 the	 EDL	 showing	 the	 ionic	 distribution	 and	 the	

potential	profile	(red	solid	line).	
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In	 such	 a	 case,	 splitting	 of	 the	 Stern	 layer	 takes	 place	 that	 also	 splits	 the	

capacitance	 into	 –	 inner	 Stern	 layer	 capacitance	 and	 outer	 Stern-layer	

capacitance.	 The	 net	 capacitance	 of	 this	 Stern	 layer	 equals	 the	 equivalent	

capacitance	of	the	multiple	regions,	

	

B
:��w��	

= 	 B
:�
+ B
:u
		 	 	 					(22)	

	

where,	CB	and	C6	are	 individual	capacitances	 for	 the	regions	between	surface	 to	

IHP	and	IHP	to	OHP	respectively.	This	 is	commonly	encountered	in	multi-plane	

models	 of	 the	 EDL,	 such	 as	 the	 triple	 layer	model	 (TPL).34,	51	Newer	 and	more	

sophisticated	models	of	 the	EDL	exist,58	 however	 their	 added	 complexity	often	

supersedes	their	benefits.	In	most	cases	the	planar	GCS	model	provides	a	simple	

yet	 accurate	 description	 of	 the	EDL,59	which	 is	why	 it	 is	 exclusively	 utilized	 in	

this	thesis.		
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1.4	Scope	of	the	thesis	

The	 work	 presented	 in	 this	 thesis	 comprises	 of	 experiments	 and	 a	

modeling	 approach	 to	 achieve	 an	 understanding	 of	 the	 silica	 nanoparticle-

electrolyte	 water	 interface.	 Potentiometric	 titrations	 are	 used	 to	 quantify	 the	

surface	charge	density	(SCD)	for	colloidal	silica.	These	results	are	in	turn	used	as	

input	 for	 surface	 complexation	 modeling	 (SCM)	 for	 interpretation	 of	 the	

electrical	 double	 layer	 (EDL).	 The	 SCM	 results	 show	 that	 the	 Gouy-Chapman-

Stern	(GCS)	model	is	effective	to	accurately	describe	the	EDL	for	the	silica-water	

interface.	Stern	layer	capacitances	estimated	from	previously	performed	liquid-

jet	 x-ray	 photoelectron	 spectroscopy	 (LJ-XPS)	 measurements	 are	 used	 as	 a	

constraint	 in	 the	 modeling	 approach.	 Favorable	 SCM	 results	 indicate	 the	

consistency	 of	 the	 GCS	 model	 for	 the	 silica-water	 interface.	 The	 SCM	 also	

estimates	 physico-chemical	 constants	 –	 electrolyte	 (Na()	 binding	 constant	 and	

the	 pK+ 	for	 colloidal	 silica,	 for	 which	 direct	 measurement	 has	 proved	

challenging.		

In	 the	 process	 of	 measuring	 SCD	 for	 colloidal	 silica	 in	 different	

electrolytes,	it	was	identified	that	the	ratio	of	counterions	(here,	Na()	to	surface	

silanol	sites	(R-+./0123)	directly	correlates	to	the	SCD.	It	is	shown	that	if	the	ratio	

remains	the	same,	SCD	remains	the	same,	 irrespective	of	changes	 in	electrolyte	

and/or	silica	concentration.	This	finding	provides	some	clarification	on	multiple	

studies	 that	 report	 different	 values	 for	 SCD	 of	 silica	 at	 the	 same	 electrolyte	

concentrations.	SCD	results	spanning	a	silica	concentration	range	of	0.1	wt.%	–	

10	wt.%	are	shown	where	the	dependence	of	SCD	on	the	ratio	(R-+./0123)	holds	

true.	
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To	summarize,	the	work	presented	in	this	thesis	provides	deeper	insight	

about	 the	chemical	aspects	of	 the	colloidal	silica	nanoparticle-electrolyte	water	

interface.	
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1.5	Outline	of	the	chapters	

A	brief	description	about	the	content	of	the	chapters	is	described	here.	

Chapter	2	deals	with	 the	experimental	methods	and	modeling	approach.	

The	 fundamental	 theory	 and	 usage	 of	 potentiometric	 titrations,	 electrokinetic	

studies	and	surface	complexation	modeling	strategy	is	briefly	discussed	here.	

Chapter	3	discusses	the	determination	of	surface	charge	density	for	Ludox	

SM	colloidal	silica	in	the	presence	of	different	electrolytes.	Electrolyte	nature	and	

concentration	effects	on	the	SCD	are	shown.	Specific-ion	effects	on	silica	are	also	

discussed.		

Chapter	4	tackles	surface	complexation	modeling	of	the	experimental	data	

to	 interpret	 the	EDL	complexation	constants.	Multi-parameter	 fitting	can	result	

in	 ambiguous,	 non-unique	 results	 if	 all	 the	 parameters	 are	 unconstrained.	

Erstwhile	liquid-jet	X-ray	photoelectron	spectroscopy	(LJ-XPS)	measurements	by	

our	 group	 estimated	 the	 Stern	 layer	 capacitance	 for	 the	 silica	 nanoparticle-

electrolyte	water	 interface.22	 	These	values	are	used	as	a	constraint	 in	 the	SCM	

approach	to	uniquely	predict	the	pKa	and	electrolyte	(sodium)	binding	constant	

for	 colloidal	 silica	 nanoparticles.	 This	 chapter	 shows	 that	 physicochemical	

constants	 obtained	 by	 XPS	measurements	 can	 be	 used	 in	 conjunction	with	 an	

SCM	approach	to	estimate	other	interfacial	physico-chemical	parameters.	

Chapter	5	 shows	 the	 correlation	 between	 the	 surface	 charge	 density	 of	

silica	 and	 the	 ratio	 of	 counterions	 to	 surface	 silanols.	 Multiple	 potentiometric	

titrations	 have	 shown	 a	 direct	 correlation	 between	 the	 SCD	 and	 the	

aforementioned	ratio,	which	 is	consistent	 irrespective	of	 the	concentration	and	

size	of	the	silica	nanoparticles.	 	
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Chapter	2:	

Materials	and	Methods	

2.1	Chemicals	and	reagents	

Commercial	silica	colloid	Ludox	SM	was	manufactured	by	W.R.	Grace	and	

Company,	and	procured	from	Sigma-Aldrich,	Switzerland.	It	is	sold	as	a	30	wt.	%	

charged-stabilized	 silica	 colloid	 at	 pH	 10.	 Transmission	 electron	 microscope	

(TEM)	measurements1	 and	 small-angle	X-ray	 scattering	 (SAXS)	measurements2	

show	a	mean	particle	diameter	of	9	nm	at	pH	10,	which	is	slightly	higher	than	the	

value	stated	by	 the	manufacturers	 (7	nm).	The	colloid	 is	 sonicated	and	 filtered	

(using	 Whatman	 no.	 52	 filter	 paper,	 0.007-mm	 pore-size)	 prior	 to	 use.	

Electrolytes	such	as	lithium	chloride	(LiCl,	≥	99%,	ACS	Reagent,	Sigma-Aldrich),	

sodium	 chloride	 (NaCl,	≥ 	99.8%,	 ACS	 reagent,	 Sigma-Aldrich),	 potassium	

chloride	(KCl,	≥	99.5%,	ACS	Reagent,	Sigma-Aldrich)	and	cesium	chloride	(CsCl,	

99(%,	 Acros	 Organics),	 sodium	 bromide	 (NaBr,	≥	99%,	 ACS	 Reagent,	 Sigma-

Aldrich),	 sodium	 iodide	 (NaI,	≥	99.5%,	 ACS	 Reagent,	 Sigma-Aldrich),	 sodium	

nitrate	(NaNOK,	≥	99%,	ReagentPlus,	Sigma-Aldrich)	were	used	as	received.	For	

the	potentiometric	(acid-base)	titrations,	hydrochloric	acid	(HCl,	0.1	N	Standard	

solution,	Acros	Organics)	and	sodium	hydroxide	 (NaOH,	10	M	 in	H6O,	BioUltra,	

Sigma-Aldrich)	were	used	as	received.	
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2.2	Potentiometric	titrations	

2.2.1	Overview	

Potentiometric	titration	(PT)	is	a	standard	tool	for	surface	charge	density	

(σh)	investigations	in	the	colloidal-science	community.	The	underlying	principle	

of	a	PT	is	simple.	One	measures	the	pH	of	a	solution	after	succesive	additions	of	a	

titrant.	Stoichiometric	analysis	of	the	pH	change/titrant	consumed	gives	an	idea	

about	 the	 inherent	 surface	 reactions	 and	 charging	 properties	 of	 the	 colloidal	

particle	 in	 question.	 In	 the	 absence	 of	 other	 ions,	 the	 activities	 of	 potential	

determining	ions	(p.d.i)s	–	H(and	OH;	3-5	define	the	surface	charge	density	(σh).	

In	this	work,	the	(basic,	pH	~	10)	silica	suspension	was	titrated	against	0.1N	HCl.	

The	 amount	 of	H(	‘consumed’	 by	 the	 surface	 to	 produce	 a	 pH	 change	 is	

measured,	which	when	back-calculated	reveals	the	surface	charge	density	(σh)	of	

silica	nanoparticles.		

	

2.2.2	Experimental	setup		

An	 automated	 titrator	 (Mettler-Toledo	G-20	compact	titrator)	 is	 used	 for	

potentiometric	titration	(PT)	measurements.	Polypropylene	(Ppy)	beakers	act	as	

titration	 cells	 that	 are	 continuously	 purged	 with	 ultrapure	 N2	 (Stickstoff	 5.0,	

PanGas	 99.999%	 pure),	 which	 is	 bubbled	 through	 Milli-Q	 water.	 The	 inert	

nitrogen	environment	prevents	CO2	poisoning	of	the	sample	during	the	titration	

process.	 Before	 each	 experiment,	 the	 Mettler-Toledo	 ExpertPro	 electrode	 is	

calibrated	with	4	buffers	(2.00,	4.01,	7.00	and	10.00,	Technical	buffer	solutions,	

Mettler-Toledo).	 The	 basic	 approach	 of	 a	 PT	 involves	 titrating	 a	 silica	 sample	

(with	added	electrolyte)	and	a	blank	(only	electrolyte)	with	the	same	acid	(in	this	
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case,	0.1	N	HCl).	The	addition	of	the	titrant	is	automated	with	continuous	stirring	

of	 the	 suspension.	 A	 known	 volume	 of	 both	 the	 silica	 sample	 and	 the	 blank	 is	

titrated	from	pH	10	to	pH	=	3	to	obtain	SCD	(𝜎h)	for	the	silica-electrolyte	system.	

The	end	point	of	 the	 titration	 is	 set	 at	pH	3,	which	 corresponds	 to	 the	point	of	

zero	charge	 (PZC)	 for	 amorphous	 silica.	 	 At	 this	 pH,	 the	 net	 surface	 charge	 on	

silica	is	zero.	Every	mineral/oxide	has	its	own	characteristic	PZC	that	depends	on	

its	 surface	 chemistry	 and	 immediate	 environment.	 Previous	 studies	 report	 the	

𝑝𝐻��� 	for	different	 silica	 samples	 to	 lie	 in	 the	 range	1.5	–	3.6,6-8	 increasing	 the	

ambiguity	 in	 determining	 its	 exact	 value.	 However,	 in	 this	 low	 pH	 range,	 the	

titration	 curve	 is	 essentially	 plateaued	 and	 slight	 changes	 in	 the	 choice	 of	 PZC	

does	not	affect	 the	overall	SCD	values.3	The	 titrations	are	repeated	 three	 times	

for	reliability	and	the	mean	value	of	 three	datasets	 is	used	as	 the	 final	value	of	

SCD	for	the	respective	silica-electrolyte	system.	

2.2.3	Calculation	of	surface	charge	density	(SCD)	

Potentiometric	titrations	measure	the	amount	of	titrant	‘consumed’	by	the	

sample	and	the	blank	respectively	to	reach	a	certain	pH.	To	calculate	the	SCD,	the	

amount	of	H(	ions	used	to	produce	a	specific	pH	change	 in	 the	suspension	was	

diminished	 by	 the	 amount	 required	 to	 produce	 the	 same	 pH	 in	 the	

corresponding	 blank	 (see	 Fig.	 2.1).	 This	 yields	 the	H(related	 SCD	 of	 colloidal	

silica.	 This	 SCD	 is	 different	 from	 the	 net	 SCD	 as	 it	 neglects	 any	 charge	

contributions	that	may	arise	due	to	counterion	association	with	the	silica	surface	

such	as	electrostatic	adsorption	or	 ion-pair	 formation.9-10	At	pH ≥ 	pH89:,	 silica	

is	 near	 neutral	 or	 negatively	 charged11	 and	 the	 SCD	 remains	 unaffected	by	 co-

ions.12	 Since	 all	 the	 titrations	 in	 this	 work	 are	 carried	 out	 at	 pH ≥
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	pH89:,	interaction	with	 the	co-ions	 is	also	neglected	 for	 the	calculation	of	SCD.	

The	mathematical	expression	to	calculate	SCD	(σh)	reported	by	others	is,3,	13	

	

σh = F	(Γ3. −	Γ23�)	 	 	 	 (1)	

	

Here,	F	is	the	Faraday	constant	[96485	C	mol-1]	and		(Γ3. −	Γ23�)	represents	the	

total	uptake	of	H(	ions	or	the	release	of	OH;	ions	[in	units	of	mol	m-2]	and	can	be	

defined	 in	 terms	 of	 known	or	measured	 experimental	 quantities.5	 Accordingly,	

the	SCD	(σh)	at	a	given	pH	is	defined	as		

	

σh =		−
F∗	CHCl	 vsample−	vblank

s.γ.V 		 	 	 (2)	

	

Here	C3:�	is	the	concentration	[mol	L-1]	of	titrant,	HCl,	vM+¦W�`	is	the	volume	[L]	of	

titrant	 consumed	 in	 the	 suspension	 titration	 to	 reach	a	 certain	pH,	v§�+�r	is	 the	

volume	[L]	of	 titrant	consumed	in	the	blank	titration	to	reach	the	same	pH,	s	is	

the	 specific	 surface	 area	 [m2	 g-1]	 of	 the	 solid,	V	is	 the	 volume	 [L]	 of	 the	

suspension, γ	is	the	mass	concentration	of	the	solid	(mass	of	the	solid	divided	by	

the	 volume	 of	 liquid,	 g	 L-1).	 A	 priori	 knowledge	 of	 the	 specific	 surface	 area	 is	

important	 for	 accurate	 quantification	 of	 the	 SCD.	 In	 addition	 to	 the	

aforementioned	 parameters,	 the	 SCD	 depends	 on	 the	 choice	 of	 the	pH89:.	

However,	as	described	 in	2.2.2,	 relative	changes	 in	SCD	become	 insignificant	at	

slight	 changes	 of	 the	pH89:	since	 at	 sufficiently	 low	 pH	 the	 titration	 curve	 is	

essentially	plateaued.		
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Fig.	 2.1	 Sample	 representation	 of	 the	 potentiometric	 titration	 of	 a	 silica	 sample	 (red)	 and	 its	

corresponding	 blank	 titration	 (blue)	 showing	 the	 amount	 of	 titrant	 (HCl)	 consumed	 by	 the	

surface	to	produce	a	specific	pH	drop	(in	this	case	from	9	to	3.5).	SCD	(𝜎h)	directly	relates	to	the	

amount	of	titrant	consumed	as	per	Eq.	2	

In	this	thesis,	PT	is	extensively	used	to	measure	the	SCD	(𝜎h)	of	Ludox	SM	

colloidal	 silica	 as	 a	 function	 of	 pH	 in	 different	 electrolyte	 environments.	 SCD	

results	from	electrolyte	concentration	studies	and	specific	ion-effect	studies	are	

discussed	in	detail	in	Chapter	3.	
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2.2.4	Estimation	of	true	experimental	error	

A	 complete	breakdown	of	 the	 estimation	of	 total	 experimental	 errors	 is	

discussed	 below.	 Each	 of	 the	 following	 components	 is	 associated	 with	 an	

uncertainty	that	contributes	to	the	total	estimated	experimental	error.		

• TEM	 measurements,1	 and	 SAXS	 measurements,2	 reveal	 a	 mean

particle	diameter	of	Ludox	SM	colloidal	SiO2	as	9.0	±	0.4	nm	at	pH

10. The	 specific	 surface	 area	 (SSA)	 of	 aforementioned	 NPs	 is

estimated	to	be	282	m2/g	with	an	uncertainty	of	±	13	m2/g.	

• Mass	 measured	 for	 SiO2	 at	 the	 start	 of	 the	 titration	 has	 an

uncertainty	 of	 ±0.04	 g,	 which	 stems	 from	 error	 in	 the	 balance

(±0.02g)	and	uncertainty	of	SiO2	stock	concentration	(±1%).

• Nominal	concentration	of	titrant	(HCl)	is	0.1	M	with	an	uncertainty

of	±0.002	M.

• Total	volume	of	colloidal	suspension	titrated	has	an	uncertainty	of

±	7.2×10−6	L.	This	error	comes	from	micropipettes.

• Volume	 of	 titrant	 (HCl)	 consumed	 during	 titration	 has	 an

uncertainty	of	±	3.1×10−8	L.	This	error	is	related	to	the	drop	size

of	the	titrator.

On	considering	all	these	error	contributions,	the	net	experimental	error	amounts	

to	 4.75%.	 This	 value	 is	 greater	 than	 the	 standard	 deviation	 of	 triplicate	

experiments.		
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2.3	Electrokinetic	studies	

2.3.1	Overview	

When	 colloidal	 particles	 move	 under	 the	 influence	 of	 an	 external	

(electric)	 field,	 the	 electrical	 properties	 of	 the	 charged	 interface	 manifest	

themself	as	Electrokinetic	phenomena	(EKP).14	These	phenomena	can	be	broadly	

distributed,15	 into	 4	 categories	 –	 electro-osmosis,	 electrophoresis,	 streaming	

potential	 and	 sedimentation	 potential.	 In	 principle	 all	 these	 phenomena	

correlate	 mechanical	 motion	 and	 electric	 potential	 to	 investigate	 interfacial	

electrical	properties.	The	theories	of	EKP	have	been	established	in	close	relation	

to	the	electrical	double	 layer	(EDL)	and	electrostatic	surface	 forces16-18	and	are	

critical	for	a	complete	picture	of	the	EDL.	

	

2.3.2	Charges	in	motion	

A	charged	particle	moving	in	an	electrolyte	solution	under	the	influence	of	

an	electric	field	carries	with	it	a	cloud	of	ions.	In	most	cases,	this	charged	particle	

may	 carry	more	 than	 a	 single	 layer	 of	 liquid	molecules	 and/or	 ions.15	 A	 shear	

plane	defines	the	boundary	between	the	mobile	and	stationary	charges	(see	Fig.	

2.2).	
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Fig.	2.2	Schematic	representation	of	a	charged	particle	moving	under	the	influence	of	an	electric	

field	in	an	electrolyte.	The	associated	charge-cloud	and	an	imprecise	shear	plane	are	also	shown.	

The	exact	location	of	this	boundary	between	the	static	(in	relation	to	the	charged	

particle)	 and	mobile	 charges	 is	 not	well	 understood.	 However,	 in	 the	 simplest	

case,	 the	 shear	 plane	 coincides	 with	 the	 onset	 of	 the	 diffuse	 layer	 and	 the	

potential	at	this	plane	is	commonly	known	as	the	zeta	(𝜁)	potential.19-20	

2.3.3	The	Zeta	(𝜻)	potential	

Direct	measurement	of	 the	ζ-potential	 remains	elusive.	 Instead	 it	 can	be	

calculated	using	the	electrophoretic	mobility,	µ	(m6V;Bs;B)	of	the	particle,	which	

defines	 the	 movement	 of	 a	 charged	 particle	 in	 an	 electric	 field	 in	 terms	 of	

directionality	 and	 the	 magnitude	 of	 the	 charged	 cloud	 around	 the	 particle.	 At	

zero	 electrophoretic	 mobility,	 the	 zeta	 potential	 is	 also	 zero.	 Such	 a	 state	 is	

known	as	 the	 isoelectronic	point	(IEP).	 	 It	should	be	noted	that	 IEP	 is	different	

from	 PZC	 (discussed	 in	 2.2.2).	 Typically,	 investigations	 on	 electrophoretic	
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mobility	are	often	embarked	to	ascertain	knowledge	of	the	IEP	of	minerals	(esp.	

oxides).21	However	determination	of	IEP	for	colloidal	silica	is	not	a	prerequisite	

for	 the	 work	 in	 this	 thesis.	 Instead,	 electrophoretic	 mobility	 is	 measured	 for	

Ludox	 SM	 colloidal	 silica	 in	 different	 electrolyte	 environments	 to	 estimate	 the	

corresponding	zeta	potential	for	each	silica-electrolyte	system.	

For	 a	 spherical	 particle	 with	 radius	α,	 in	 a	 liquid	 of	 viscosity	η,	 the	

electrophoretic	 mobility	 (µ)	 and	 zeta	 (ζ)-potential	 are	 related	 according	 to	

Henry’s	formula,22		

	

µ	=	
εε0ζ
η 	𝑓𝐻(κα)	 	 	 	 (3)	

	

where	𝑓(κα)	is	 called	 as	 Henry’s	 function.	 As	κα → ∞,	𝑓(κα) 	→ 1	and	

equation	(3)	reduces	to	another	popular	equation,	known	as	the	Smoluchowski	

equation.23		

	

µ	=	
εε0ζ
η 	 	 	 	 									(4)	

	

It	must	be	noted	that	the	Smoluchowski	equation	is	valid	only	when	the	radius	of	

the	particle	(α)	is	much	greater	than	the	Debye	length	(λ�),	i.e.	α	 ≫ λ�	or	κα	 ≫

1,	since	λ� = 	κ;B	(kappa	is	defined	as	the	inverse	of	Debye	length,	for	details	see	

Chapter	 1.3.3).	 Typically,	 κα ≥ 200 	is	 the	 standard	 criterion	 when	 the	

Smoluchowski	equation	can	be	used.24	At	the	other	boundary	condition,	as	κα →

0,	then	𝑓(κα) 	→ 2/3	and	(3)	becomes	Hückel’s	formula,	
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µ	=	
2εε0ζ
3η (5)	

It	 must	 be	 noted	 that	 even	 more	 relations	 between	 (ζ)	and	 (µ)	 exist,18,	 25		

depending	on	specific	constraints	on	the	values	of	ζ-potential	and/or	κα.	 In	this	

thesis,	electrokinetic	studies	are	carried	out	 for	silica	colloid	 in	the	presence	of	

0.05	 M	 electrolytes,	 where	κα	~	4.	 Since	 we	 do	 not	 sufficiently	 satisfy	 the	

criterion	of	κα > 200	in	all	of	these	systems,	we	use	Ohshima’s	modification26-27	

of	Henry’s	equation22	for	the	calculation	of	ζ-potential	from	µ.	

µ = 	 2εε0ζ3η 		(	1+ 1

2 1+ 2.5
κa 1+2e−κa

3	)	 (6)

For	 contrast,	 zeta	potentials	 calculated	using	both	 Smoluchowski	 and	Ohshima	

relation	 for	 the	 electrophoretic	mobilities	 of	 colloidal	 silica	 in	 the	 presence	 of	

alkali	chlorides	are	shown	in	Chapter	3.2.2.	
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2.4	Surface	complexation	modeling	

2.4.1	Overview

Surface	 complexation	 models	 (SCMs)	 are	 conventionally	 employed	 to	

model	 potentiometric-titration-based	 SCD	 data	 (and	 less	 frequently	

electrokinetic	 data).	 The	 SCMs	 can	 be	 viewed	 as	 an	 extension	 of	 solution	

chemistry	 models	 to	 solid/water	 interface	 chemistry,28	 as	 they	 involve	

equilibrium	constants	and	mass	law	equations	to	interpret	the	electrical	double	

layer.	 The	 formalism	 allows	 the	 calculation	 of	 a	 model-inherent	 surface	

speciation,	 i.e.	 the	distribution	of	the	interfacial	species	as	a	 function	of	pH	and	

salt	 content.	Basic	 chemical	 reactions	describing	 the	 interactions	of	metal	 ions,	

ligands,	 or	 protons	with	 surface	 sites	 are	 a	 part	 of	 an	 SCM.	 In	 the	 case	 of	 the	

silica-water	interface,	the	interacting	species	affect	the	SCD	via	the	ionization	of	

surface	 silanols.	 Different	 SCMs	 differ	 in	 the	 formalism	 of	 the	 basic	 surface	

chemical	 equations,	 surface	 heterogeneity	 and	 the	 treatment	 of	 the	 EDL.29	

Among	 the	 EDL	 models,	 the	 diffuse	 layer	 model	 (DLM),30	 the	 constant	

capacitance	model	(CCM),31	the	Gouy-Chapman-Stern	model	(GCS,	also	known	as	

the	Basic	Stern	model),18	and	the	triple	layer	model	(TLM)32	are	most	common.	

Other	variations	of	these,33-34	and	still	more	complex	models	also	exist.35		

2.4.2	Surface	complexation	using	FITEQL	–	uCODE

For	 data	 treatment,	 a	 customized	 version	 of	 the	 program	 FITEQL,36	

coupled	to	uCODE	is	used.	uCODE	is	a	parameter	optimization	routine	 that	can	

be	 coupled	 to	 a	 simulation	 tool	 such	 as	 FITEQL,	 which	 simulates	 the	 titration	

data	 for	 a	 given	 set	 of	 model	 parameters	 based	 on	 a	 particular	 EDL/SCM	
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combination.	 The	 simulations	 aim	 at	 predicting	 the	 best	 fit	 to	 the	 (input)	

titration	 data	 (SCD	 vs	 pH)	 by	 optimizing	 model-inherent	 parameters	 that	

typically	 include	 Stern	 layer	 capacitance	 (CM�`O�),	 silanol	 site	 density	 (NM)	 and	

different	 equilibrium	 constants.	 The	 choice	 of	 the	 EDL	 model	 dictates	 the	

parameters	 to	be	estimated	 in	 the	SCM.	For	example,	 the	Gouy-Chapman-Stern	

(GCS)	model	is	sufficiently	described	using	1	Stern	layer	capacitance.	In	contrast,	

the	triple	 layer	model	(TLM)	 is	described	using	2	(inner	and	outer)	Stern	 layer	

capacitances.	 Once,	 the	 parameters	 are	 defined,	 the	 program	 uses	 the	 Simplex	

algorithm,37	 to	 optimize	 the	 parameters	 and	 recalculate	 the	 SCD	 data.	 The	

iterative	operation	of	the	algorithm	aims	at	minimizing	the	error	(or	residuals)	

between	the	predicted	SCDs	and	input	SCDs.	

	

2.4.3	The	1-pK	GCS	model	
Among	the	many	EDL	models,	the	Gouy-Chapman-Stern	model	provides	a	

simple	 approach	 to	 accurately	 interpret	 the	 electrical	 double	 layer	 in	 oxide	

nanoparticle-water	 interface	 systems	 and	 is	 extensively	 utilized	 for	 surface	

complexation	modeling	in	this	thesis.	The	GCS	model	is	 inherently	defined	by	4	

parameters.	 These	 are	 –	 the	 Stern	 layer	 capacitance	 (CM�`O�),	 the	 silanol	 site	

density	(NM),	 the	negative	 logarithm	of	 the	acid	dissociation	constant	(pKa)	and	

the	 logarithm	 of	 the	 electrolyte	 binding	 constant	 (ec).	 Initial	 ‘guess’	 values	 for	

these	 parameters	 along	 with	 input	 values	 for	 the	 concentration	 of	 silica	 NP	

(C01�1²+),	specific	surface	area	of	silica	NP	(SSA01�1²+),	 the	concentration	of	added	

electrolyte	(C-+:�)	and	the	surface	charge	density	(SCD)	data	are	input	in	uCODE.	

The	simulation	 tool	 (FITEQL)	 then	tries	 to	recalculate	 the	SCD	values	based	on	

the	GCS	model	whilst	attempting	 to	minimize	 the	error	between	predicted	and	
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input	SCD	data	by	iterative	optimization	of	the	parameter	values.	Fig.	2.3	shows	

the	scheme	of	the	modeling	approach	in	SCM.	

Fig.	 2.3	 Strategy	 for	 determining	 SCM	 parameters	 according	 to	 GCS	 modeling	 of	 the	

potentiometric	titration	data.	

For	 a	 complete	 description	 of	 the	 silica-water	 interface,	 it	 is	 necessary	 to	

compliment	the	EDL	model	with	a	suitable	surface-charging	model.	The	1-pK	and	

2-pK	 approaches	 are	 the	 most	 common	 surface	 charging	 models.	 The	 silica-

water	 interface	 is	 typically	 described	 using	 the	 1-pK	 GCS	 model	 owing	 to	 its	

simple	 yet	 accurate	 usage.	 According	 to	 the	 1-pK	 approach,	 the	 surface	

protonation	is	described	by	one	reaction:	



Materials	and	Methods	

46	

	

SiOH
�
u	;	+	H( ⟷	SiOH6

�
u	(	 	 	 				(7)	

	

This	 one-step	 ionization	 describes	 the	 protonation/deprotonation	 at	 the	

interface	 and	 allows	 the	 estimation	 of	 a	 single	 acid	 dissociation	 constant.	 Fig.		

2.4	shows	an	illustration	of	the	GCS	model	and	related	quantities.	

	

	

Fig.	2.4	An	 illustration	 of	 the	 Gouy-Chapman-Stern	 (GCS)	model	 of	 the	 EDL	 showing	 the	 ionic	

distribution	and	the	potential	profile	(red	solid	line).		

	

In	the	presence	of	anions	and	cations,	the	following	complexes	and	equilibrium	

constants	can	be	defined	within	the	1-pK	GCS	model:	

	

SiOH
�
u	; + H( ⟷ SiOH6

�
u	(,	 	 K(=	

µ.
+¶µ�

	.	exp `py
rt

		 (8a)	
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SiOH
�
u	; + C( ⟷ SiOH

�
u	;C(,	 K:	=	

µ·
+·µ�

	.	exp
`p¸
rt

(8b)	

SiOH
�
u	; + H( + A; ⟷ SiOH6

�
u	(A;,	 K¹=	

µº
+¶+ºµ�

	.	exp
`(py;p¸)

rt
(8c)	

Here,	ϕh	and	ϕU	define	 the	 potential	 at	 the	 surface	 and	 at	 the	 onset	 of	 diffuse	

layer	 respectively	 (see	 Fig.	 2.4).	a3,	a:	and	a¹	represent	 the	 bulk	 activities	 of	

protons,	cations	and	anions	respectively	and	θ(,	θ:	and	θ¹	represent	the	surface	

concentration	of	adsorption	complexes.	Exponential	 factors	 in	eqn.	8(a-c)	are	a	

result	of	the	electrical	field	at	the	interface.	At	a	potential	ϕc,	 the	concentration	

of	ions	can	be	calculated	from	Boltzmann	distribution,	

ac	=	a§N�r	exp
`pq
rt

(9)	

Considering	 the	width	and	capacitance	of	 the	Stern	 layer	 to	be	d0�`O�	and	C0�`O�	

respectively,	the	potential	at	the	surface	and	at	the	onset	of	the	diffuse	layer	are	

related	as,	

ϕh	=	ϕU +	
dStern
CStern

								(10)	

The	diffuse	layer	charge	(σU)	defined	as	per	Grahame	equation	is,	

σU	=	 8εhεOkTI	sinh	
`p¸
6rt

						(11)	
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where,	εh	is	 the	permittivity	of	 free	space,	εO	is	 the	relative	permittivity	and	 I	 is	

the	ionic	strength	of	the	solution.	In	order	to	ascertain	the	surface	charge	density	

(σMNOP),	 determination	 of	 the	 surface	 complexes	 described	 in	 eqns.	 8(a-c)	 is	

needed.	A	Langmuir-like	 transformation	of	 the	eqns.	8(a-c)	 (shown	below)	 is	a	

convenient	 way	 of	 expressing	 the	 amount	 of	 ions	 as	 a	 function	 of	 activities,	

equilibrium	constants,	surface	charge	and	potential.	

θ1	=	
¿ÀPÀ

B( ¿ÀPÀÁ
,	for	i = 	+, C, A	 (12)	

where,	

f(	=	a3	exp −
`py
rt

(13a)	

f:	=	a:	exp −
`py
rt

+ `σÃÄ�Å
rtCStern

(13b)	

f¹	=	a¹a3	exp −
`σÃÄ�Å
rtCStern

(13c)	

Using	 the	 aforementioned	 definitions	 of	 surface	 coverage	 and	 the	 silanol	 site	

density	(NM),	the	surface	charge	density	can	be	calculated	as:		

σMNOP	=	
B
6
e. NM	(θ( + θ¹ − θ; − θ:) 										(14)	

The	inputs	for	the	SCM	approach	include	surface	charge	density	data	and	system	

specifics	 such	 as	 concentrations	 of	 silica	 and	 electrolyte.	 These	 are	 used	 in	
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combination	with	 the	above-described	1-pK	GCS	model	 to	 interpret	 the	EDL	at	

the	silica-water	interface.	

	

2.4.4	Constrains	and	Assumptions	
A	common	problem	encountered	in	a	multi-parameter	fitting	approach	is	

the	 accurate	 determination	 of	 the	 best-fit	 results.	 Since,	 the	 model-defining	

variables	 are	 co-related	 amongst	 themselves,	 simulations	 with	 multiple	

unconstrained	 variables	 often	 lead	 to	 ambiguous	 or	 non-unique	 solutions.38	

Hence,	a	priori	knowledge	of	these	variables	helps	to	constrain	(some	of)	them	to	

obtain	a	unique	solution.		

The	 surface	 silanol	density	 (NM)	 is	 an	 intrinsic	property,	 independent	of	

electrolyte	 concentration	 and	 pH.32,	 39	 For	 amorphous	 silica,	 this	 value	 is	

estimated	 to	 be	 4.75	 OH	 sites/nm2	 and	 it	 can	 be	 used	 as	 a	 constrain	 in	 the	

simulations.40	 In	addition	 to	NM,	 the	Stern	 layer	capacitance	(CM�`O�)	can	also	be	

constrained.	 Brown	 et	 al.,	 used	 liquid-jet	 X-ray	 photoelectron	 spectroscopy	 to	

experimentally	determine	the	CM�`O�	for	the	silica-water	interface	in	the	presence	

of	NaCl	 electrolyte.41	Upon	 constraining	 these,	 only	 two	other	 variables,	 the	 ec	

and	 the	 pKa	 remain	 unconstrained,	 which	 can	 be	 estimated	 by	 the	 modeling	

software.	 In	 the	 work	 presented	 in	 this	 thesis,	 the	 following	 assumptions	 are	

made	in	the	modeling	software:		

	

• EDL	 at	 the	 silica-water	 interface	 is	 modeled	 as	 per	 the	 1-pK	 Gouy-

Chapman-Stern	model	described	earlier.	
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• The	silica	NP	radius	is	much	greater	than	the	Debye	length,	which	allows	

the	 use	 of	 the	 plane-surface	 approximation,	 neglecting	 any	 curvature-

induced	effects.		

• A	specific	surface	area	of	282	m2/g	for	silica	NPs	is	used	in	the	SCM.		

• The	 site	 density	 (NM)	 and	 the	 Stern	 layer	 capacitance	 (CM�`O�)	 are	

constrained	in	the	simulations	whenever	possible.		

	

The	use	of	SCM	for	the	estimation	of	ec	and	the	pKa	for	Ludox	SM	colloidal	silica	

is	discussed	in	detail	in	Chapter	4.	
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Chapter	3:	

Surface	charge	density	of	silica	–	Electrolyte	effects	

3.1	Overview	

Surface	 charge	 density	 (SCD)	 of	 particles	 in	 solution	 controls	 ion	

adsorption,1-2	 characterizes	 colloidal	 stability,3-4	 and	 regulates	 various	

geochemical	processes,5-6	and	biological	processes.7-8	The	SCD	and	the	electrical	

double	 layer	 are	 receptive	 to	 the	 environment	 at	 the	 solid-liquid	 interface	 and	

can	be	manipulated	by	varying	the	pH	of	the	medium,	the	specific	surface	area	of	

nanoparticles	 and	 the	 electrolyte	 present	 in	 the	 suspension.	 The	 effect	 of	

electrolytes	(nature	and	concentration)	on	the	SCD	of	colloidal	silica	is	discussed	

in	this	chapter.	Some	of	the	results	presented	in	this	chapter	have	been	utilized	

and	extended	in	the	publications,	T.	Langström	et	al.,9	M.	A.	Brown	et	al.,10	and	T.	

Gmür	et	al.11	
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3.2	Electrolyte	concentration	effects	

3.2.1	Sodium	Isotherms	

Surface	charge	density	(SCD)	 is	a	tunable	physical	quantity	that	 is	easily	

influenced	by	the	concentration	of	a	background	electrolyte	in	solution.12-17	Here,	

we	 use	 potentiometric	 titrations	 to	 measure	 the	 SCD	 for	 5	 wt.	 %	 Ludox	 SM	

colloidal	silica	particles	as	a	function	of	pH	in	different	added	concentrations	of	

NaCl	(sodium	isotherms)	and	the	results	are	shown	in	Fig.	3.1.	The	error	bars	in	

Fig.	 3.1	 originate	 from	 a	 detailed	 calculation	 of	 the	 total	 experimental	 errors,	

which	corresponds	to	~5%	of	the	experimental	values.	

	

	

Fig.	 3.1	 Experimentally	 measured	 SCD	 of	 5	 wt.	 %	 Ludox	 SM	 colloidal	 silica	 in	 different	

concentrations	 of	 added	 NaCl.	 At	 pH	 >	 6,	 the	 effect	 of	 salt	 concentration	 on	 SCD	 is	 more	

pronounced	(see	inset).	
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We	see	a	typical	curve	for	SCD	vs	pH,	which	is	qualitatively	 independent	of	 the	

background	 electrolyte	 concentration.12-13	 The	 SCD	 increases	 (in	 magnitude)	

only	slightly	between	pH	3	–	5.	This	 region	 is	close	 to	 the	point	of	zero	charge	

(PZC)	 of	 silica,18	whose	 precise	 value	 remains	 a	 topic	 of	 interest	 even	 today.19	

Our	choice	of	pH	=	3	as	the	PZC	for	colloidal	silica	is	based	on	multiple	literature	

reports.14-15,	 20	 SCD	 increases	 monotonically	 up	 to	 pH	 10	 and	 the	 effect	 of	

concentration	of	electrolyte	becomes	very	obvious	at	pH	>	6	(see	Fig.	3.1	inset).	

Another	 way	 to	 visualize	 the	 increase	 in	 magnitude	 of	 SCD	 with	 pH	 and	

electrolyte	concentration	is	shown	in	Fig.	3.2.		

Fig.	 3.2	 Experimentally	 measured	 SCD	 of	 5	 wt.	 %	 Ludox	 SM	 colloidal	 silica	 in	 different	

concentrations	of	added	NaCl	at	different	pH	values.	Lines	are	present	as	a	guide	to	the	eye.	

Here,	we	 see	 that	 the	 rate	 of	 change	 of	 SCD	w.r.t.	 the	 added	 electrolyte	 varies	

significantly	with	pH.	Between	pH	3	–	5,	SCD	changes	very	little	with	electrolyte	
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concentration.	Whereas	at	pH	10,	SCD	increases	by	~	40%	(from	-0.14	C/m2	to	

0.2	C/m2)	as	the	electrolyte	(NaCl)	concentration	increases	by	300	mM.	Although	

increasing,	the	rate	of	increase	of	SCD	w.r.t.	added	electrolyte	appears	to	reach	a	

plateau	at	all	pH	values.	Potentiometric	titrations	of	5	wt.%	Ludox	SM	with	NaCl	

concentrations	 >	 300	mM	 could	 not	 be	 realized	 due	 to	 gelation	 of	 the	 colloid.	

Multiple	attempts	were	made	at	relatively	high	added	NaCl	concentrations	(320	

mM	–	500	mM)	but	the	suspensions	gelled	at	pH	=	7	during	the	titration.		

3.2.2	Discussion	

An	 increase	 in	 the	 electrolyte	 (NaCl)	 concentration	 corresponds	 to	 an	

increase	in	the	absolute	magnitude	of	SCD	for	colloidal	silica.	Although	this	result	

is	 not	 surprising,	 it	 is	 important	 to	 understand	 the	phenomena	 taking	place	 at	

the	interface.	SCD	increases	as	a	direct	outcome	of	deprotonation	of	the	surface	

silanols.	The	mechanism	responsible	 for	 this	enhanced	deprotonation	has	been	

considerably	 debated.	 Zuyi	 and	 Hongxia,21	 and	 Janusz	 et	 al.,22	 working	

independently	 on	 silica,	 suggested	 that	 ion	 exchange	 between	 metal	 ions	 and	

H((from	silanol)	takes	place	as	the	concentration	of	electrolyte	increases,	which	

propagates	deprotonation.	However,	others	have	argued	that	the	Na(adsorption	

on	 the	 silica	 surface	 is	 very	weak.16,	23-24	 Leroy	 and	 coworkers,25	 estimated	 the	

Na(	binding	 to	 the	 silica	 surface	 and	 concluded	 that	Na(	ions	may	 be	 situated	

away	 from	 the	 silica	 surface,	 consequently	 reducing	 the	 chance	 of	 surface	

adsorption.	 Alternatively,	 enhanced	 deprotonation	 can	 be	 interpreted	 on	 the	

basis	of	electrostatic	 interactions	at	 the	silica	NP-water	 interface.	Porus	et	al.,26	

showed	that	an	 increasing	electrolyte	concentration	 induces	a	higher	screening	
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of	 the	 surface	 charge,	 which	 leads	 to	 deprotonation	 of	 the	 surface	 silanols.	

Consequently,	this	increase	in	deprotonation	manifests	as	an	increase	in	the	SCD.	

Fig.	 3.2	 shows	 a	 decline	 in	 the	 rate	 of	 increment	 of	 SCD	 w.r.t	 the	

electrolyte	 concentration.	 However,	 gelation	 at	 higher	 NaCl	 concentrations	

prevents	 further	 investigation,	 which	 could	 be	 viewed	 as	 a	 limitation	 of	 this	

system	 (5	wt.%	Ludox	 SM).	Nevertheless,	 access	 to	higher	 SCDs	 (for	 Ludox	 SM	

silica)	is	possible	by	changing	the	silica	concentration	in	the	titrations.	Change	in	

silica	 concentration	affects	 the	 total	number	of	 surface	 silanols	available	at	 the	

interface.	By	changing	the	concentrations	of	silica	and	the	added	electrolyte,	we	

can	vary	the	ratio	of	counterions	to	surface	silanols	(R-+./0123).	We	have	found	

that	 there	 is	a	direct	 correlation	between	 the	SCD	 for	Ludox	SM	colloidal	 silica	

and	the	ratio	(R-+./0123).	This	 finding	provides	access	 to	a	 larger	range	of	SCD	

values	and	overcomes	the	limitations	due	to	gelation.	The	dependence	of	SCD	on	

the	 ratio	of	 counterions	 to	 surface	 silanols	 (R-+./0123)	 is	discussed	 in	detail	 in	

Chapter	5.	
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3.3	Specific-ion	effects	

3.3.1	Overview	

More	than	a	century	ago,	Franz	Hofmeister	came	up	with	the	Hofmeister	

series,	 where	 he	 elucidated	 how	 the	 choice	 and	 concentration	 of	 salts	

increased/decreased	 the	 solubility	 of	 proteins	 in	 an	 aqueous	 medium.27	 This	

electrolyte-specific	 effect	 can	 be	 explained	 on	 the	 basis	 of	 how	 the	 respective	

electrolytic	ions	arrange	the	water	molecules	around	themselves.	Hydrated	ions	

can	 be	 arranged	 from	 most	 chaotropic	 (order-breaking)	 to	 most	 kosmotropic	

(order-making)28	 as	 they	 affect	 the	 stability	 of	 a	 species	 (protein,	 polymer,	

particle)13,	 29-31	 in	 aqueous	 solution.	 Hofmeister	 and	 co-workers	 proposed	 a	

series	for	salts	(but	not	individual	ions)	for	the	sample	(egg	white)	they	studied.	

As	 such,	 it	 must	 be	 added	 that	 a	 unique	 Hofmeister	 series,	 applicable	 to	 all	

systems,	 does	 not	 exist.32	 Instead,	 the	 series	 depends	 largely	 on	 the	 choice	 of	

material	(and	its	surface)	and	the	experimental	conditions.33	

Hofmeister’s	 work	 influenced	 others	 to	 study	 the	 effect	 of	 electrolyte	

additions	 to	 other	 systems,	 such	 as	 colloids.34-36	 The	 majority	 of	 the	 work	

focused	 on	 colloidal	 stability	 and	 the	 results	 appeared	 to	 be	 system-specific.	

Certain	 ions	 showed	 affinity	 towards	 certain	 surfaces	 and	 improved	 colloidal	

stability	while	others	led	to	coagulation	of	the	colloid.	Macroscopic	observables	

such	 as	 gelation,36	 colloidal	 stability,37	 and	 dissolution,38	 are	 consequences	 of	

changes	 in	 the	 structure	 and	 chemistry	 of	 the	 electrical	 double	 layer	 at	 the	

particle-water	 interface.	 Changes	 in	 this	 microscopic	 domain	 can	 be	 directly	

related	to	the	environmental	chemistry,	the	nature	and	the	concentration	of	the	

added	 electrolyte.	 These	 collective	 observables	 are	 commonly	 referred	 to	 as	
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specific-ion	 effects	 and	 hold	 a	 lot	 of	 importance	 in	 colloidal,39	 and	 biological	

sciences.40	

Multiple	 researchers	 have	 investigated	 specific-ion	 effects	 for	 different	

silica	 surfaces	 using	 different	 techniques	 such	 as	 potentiometric	 titrations,41	

infra-red	 spectroscopy,11	 sum-frequency-generation	 spectroscopy,42	molecular-

dynamics	simulations,43	or	a	combination	of	multiple	techniques.11	The	following	

sections	 will	 discuss	 the	 results	 of	 specific–ion	 effects	 on	 Ludox	 SM	 colloidal	

silica,	 as	 observed	 using	 potentiometric	 titrations	 and	 electrokinetic	

measurements.	

	

3.3.2	Cation	effects	

Silica	is	near	neutral	or	negatively	charged	at	pH	>	pH89:.44	Consequently,	

cations	 (counterions)	 are	 present	 in	 higher	 concentrations	 at	 the	 interface	

compared	 to	 anions	 (co-ions).	 The	 influence	 of	 alkali-metal	 ions	 and	 alkaline-

earth	 ions	 on	 the	 SCD	 of	 silica	 has	 been	 a	 natural	 choice	 of	 study	 for	

environmental	 sciences.	 Cation-specific	 effects	 are	 a	 result	 of	 electrostatic	

interactions	of	 the	hydrated	 cation	with	 the	 silica	 surface.44-45	Multiple	 reports	

on	 porous	 silica,46	 quartz,47	 and	 amorphous	 silica,13,	 41,	 48	 suggest	 that	 alkali	

chlorides	promote	 |SCD|	 in	 the	order,	LiCl	<	NaCl	<	KCl	<	CsCl.	Experimentally	

measured	 SCD	 for	 5	wt.%	 Ludox	 SM	 colloidal	 silica	 in	 the	 presence	 of	 50	mM	

alkali	chlorides	is	shown	in	Fig.	3.3.	For	these	titrations	also	the	PZC	was	fixed	at	

pH	 3,	 consistent	 with	 previous	 results	 (Fig.	 3.1).	 Results	 of	 the	 SCD	 are	 also	

tabulated	for	integer	values	(interpolated)	and	presented	in	Table	3.1.		
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Fig.	3.3	Experimentally	measured	SCD	of	5	wt.	%	Ludox	SM	colloidal	silica	in	the	presence	of	50	

mM	alkali	chlorides.	Inset:		shows	the	SCD	as	a	function	of	hydrated	radii	of	alkali	metal	ions,49	at	

different	pH	values.			

Table	3.1.	Potentiometric	 titration-based	 surface	 charge	density	 of	 5	wt.%	Ludox	 SM	 colloidal	

silica	in	the	presence	of	50	mM	alkali	chlorides.	Standard	deviation	from	3	experiments	is	shown	

in	()	brackets.	

pH	 σ	[C	m−2]	

LiCl	

(±0.002)	

σ	[C	m−2]	

NaCl	

(±0.003)	

σ	[C	m−2]	

KCl	

(±0.003)	

σ	[C	m−2]	

CsCl	

(±0.002)	

3	 0	 0	 0	 0	

4	 −0.005	 −0.005	 −0.005	 −0.006	

5	 −0.012	 −0.012	 −0.012	 −0.014	

6	 −0.024	 −0.026	 −0.026	 −0.029	

7	 −0.048	 −0.052	 −0.052	 −0.056	

8	 −0.078	 −0.085	 −0.088	 −0.094	

9	 −0.120	 −0.124	 −0.130	 −0.137	

10	 −0.172	 −0.174	 −0.180	 −0.190	
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We	see	a	distinct	cation	effect,	where	Cs(	promotes	higher	SCD	for	silica	

compared	 to	K( ,	Na( 	or	Li( .	 This	 result	 can	 be	 directly	 correlated	 to	 the	

hydrated	 radii	 of	 these	 cations	 (see	Fig.	3.3	 inset).	 Since	different	 alkali	metal	

ions	have	different	hydrated	radii,49	they	localize	at	relatively	different	distances	

from	 the	surface.	Heavier	metal	 ions,	 such	as	Cs(,	carry	considerably	 less	 (1-4)	

number	of	water	molecules	compared	to	Li((3-22)	in	solution.50	Our	group	used	

liquid-jet	XPS	 to	 investigate	 the	Stern	 layer	 for	 the	Ludox	SM-electrolyte	water	

interface	 in	 50	 mM	 alkali	 chlorides.51	 We	 estimate	 an	 average	 Stern	 layer	

thickness	of	4.6	Å	(±0.4)	and	8	Å	(±0.9)	when	the	added	electrolyte	 is	CsCl	and	

LiCl	 respectively.	 This	 means	 that	Cs(	shows	 a	 closer	 approach	 to	 the	 silica	

surface	compared	to	K(,	Na(	or	Li(.51	Location	of	the	counterion	w.r.t.	the	silica	

surface	 largely	 regulates	 the	 efficacy	 of	 charge-screening.52	 This	 is	 why	Cs(	

screens	 the	 surface	 charge	 better	 compared	 to	K(,	Na(	or	Li(.	 The	 enhanced	

charge	 screening	 increases	 deprotonation	 of	 the	 silica	 surface,	 which	 is	

observable	as	an	increase	in	SCD.		

Cations	also	affect	the	mobility	of	the	charged	particles	in	solution.	Here,	

we	 investigate	 the	 zeta	 (ζ)-potential,	 which	 marks	 the	 onset	 of	 the	 diffuse	

layer,53-54	and	is	often	calculated	from	the	electrophoretic	mobility	(µ)	of	charged	

particles	 in	solution.	Electrokinetic	measurements	were	carried	out	to	measure	

the	electrophoretic	mobility	of	2	wt.	%	Ludox	SM	silica	in	the	presence	of	50	mM	

alkali	chlorides.	The	results	are	shown	in	Fig.	3.4	and	tabulated	in	Table	3.2.	
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Fig.	3.4	Zeta	potential	of	2	wt.	%	Ludox	SM	silica	in	50	mM	alkali	chlorides	(at	pH	10),	calculated	

from	electrophoretic	mobilities	using	the	Smoluchowski	and	Ohshima	equations.	

	

As	 discussed	 in	Chapter	2.3.3,	 calculation	 of	 ζ-potential	 from	µ	 depends	 on	 the	

value	 of	κa.	 Here,	 we	 calculated	 the	 ζ-potential	 using	 both	 Smoluchowski’s	

relation,55	 and	 using	 Ohshima’s	 modified	 version	 of	 Henry’s	 formula.56-57	 The	

former	is	applicable	at	high	values	of	κa	(≥ 200),	while	the	latter	is	more	suitable	

to	our	system,	where	κa	~	5	–	10.	For	all	cases,	 the	deviation	in	experimentally	

calculated	 µ	 accounts	 for	 the	 error	 bars	 and	 we	 see	 an	 overlap	 of	 values	

calculated	from	both	relations.	However,	irrespective	of	the	choice	of	calculation	

the	influence	of	cations	on	the	zeta	potential	is	very	clear.	
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Table	 3.2.	 Electrophoretic	 mobilities	 and	 the	 corresponding	 zeta	 potential	 values	 (calculated	

using	 2	 different	 formulae)	 for	 2	 wt.%	 Ludox	 SM	 silica	 in	 50	 mM	 alkali	 chlorides.	 Standard	

deviation	from	6	measurements	is	shown	in	()	brackets.	

50	mM	alkali	

chloride	

Electrophoretic	mobility	 µ a	

m2/Vs	

ζ	potentialb	

mV	

ζ	potentialc	

mV	

LiCl	 −3.28	e−8	

(0.16)	

−41.5	

(6.1)	

−55.6	

(8.1)	

NaCl	 −3.10	e−8	

(0.17)	

−39.2	

(6.5)	

−52.5	

(8.6)	

KCl	 −2.79	e−8	

(0.16)	

−35.3	

(6.1)	

−47.3	

(8.1)	

CsCl	 −2.46	e−8	

(0.13)	

−31.1	

(5.0)	

−41.7	

(6.6)	

a. Measured	at	pH	10

b. Calculated	using	Smoluchowski’s	equation

c. Calculated	using	Ohshima’s	equation

The	 absolute	 magnitude	 of	 zeta	 potential	 for	 silica	 decreases	 with	 electrolyte	

addition,	LiCl	>	NaCl	>	KCl	>	CsCl.	Our	result	 is	consistent	with	others,58-59	and	

can	be	 interpreted	on	 the	basis	 of	 the	hydrated	 size	 of	 cations	 in	 solution.	We	

have	already	seen	how	the	hydrated	size	of	the	cations	influences	the	SCD.	The	

poorly	hydrated	Cs(	ion	has	a	closer	approach	to	the	silica	surface	compared	to	

the	larger	Li(	ion.	Cs(	adsorbs	in	greater	quantities	at	the	interface	compared	to	

the	 others	 (K(, Na(	,	Li(),	 which	 in	 turn	 results	 in	 a	 lower	 magnitude	 in	

electrophoretic	mobility	and	zeta	potential.	



Surface	charge	density	of	silica	–	Electrolyte	effects	

68	

3.3.3	Anion	effects	

Specific-ion	effects	have	largely	been	focused	on	cations,	considering	that	

silica	 is	 negatively	 charged	 at	 neutral	 pH.18,	 44	 Consequently,	 anions	 have	

received	 much	 less	 attention	 in	 regard	 when	 studying	 specific	 ion	 effects	 on	

silica.	One	of	the	earliest	studies	on	anion	effects	was	carried	out	by	Kosmulski,60	

who	 showed	 that	 the	 electrophoretic	mobility	 of	 silica	was	 independent	of	 the	

choice	 of	 anion,	 except	 at	 low	 pH	 values.	 This	 is	 consistent	 with	 electrostatic	

arguments	 that	 suggest	 anion	 depletion	 close	 to	 the	 surface	 of	 negatively	

charged	silica.		

In	 order	 to	 present	 a	 complete	 picture	 of	 the	 specific-ion	 effects	 on	 the	

silica-electrolyte	water	 interface,	we	 investigated	 the	 effect	 of	 different	 anions	

(sodium	 electrolytes)	 on	 the	 SCD	 of	 colloidal	 silica.	 Potentiometric	 titrations	

were	carried	out	for	5	wt.%	Ludox	SM	colloidal	silica	in	the	presence	of	10	mM	

and	50	mM	added	sodium	salts	and	the	results	are	presented	in	Fig.	3.5.	

	

	
Fig.	3.5	SCD	of	5	wt.%	Ludox	SM	colloidal	silica	in	(a)	10	mM	and	(b)	50	mM	sodium	electrolytes	

as	a	function	of	suspension	pH.	

	

-0.20

-0.15

-0.10

-0.05

0

 S
ur

fa
ce

 c
ha

rg
e 

de
ns

ity
 [C

/m
2 ]

10864

 Suspension pH

-1.0

-0.5

0

 S
urface charge density [e/nm

2]

+NaCl
+NaBr
+NaI
+NaNO3

 10 mM electrolyte
(a)

-1.0

-0.5

0

 S
urface charge density [e/nm

2]

10864

 Suspension pH

-0.20

-0.15

-0.10

-0.05

0

 S
ur

fa
ce

 c
ha

rg
e 

de
ns

ity
 [C

/m
2 ]

+NaCl
+NaBr
+NaI
+NaNO3 

 50 mM electrolyte
(b)



Chapter	3	

69	

SCD	values	in	Fig.	3.5	(b)	are	marginally	higher	compared	to	those	shown	in	Fig.	

3.5	 (a).	 This	 is	 consistent	with	 the	 results	 described	 in	 Chapter	 3.2,	where	 an	

increase	in	counter-ion	concentration	enhances	the	SCD.	We	also	clearly	see	that	

at	 a	 fixed	 sodium	 concentration,	 SCD	 values	 are	 independent	 of	 the	 choice	 of	

anion	in	the	pH	range	3	–	10.	Results	of	the	SCD	are	tabulated	for	integer	values	

(interpolated)	 and	 presented	 in	 Table	 3.3	 and	 Table	 3.4	 corresponding	 to	

electrolyte	additions	of	10	mM	and	50	mM	respectively.	

Table	3.3.	Potentiometric	 titration	based	 surface	 charge	density	 of	 5	wt.%	Ludox	 SM	 colloidal	

silica	 in	 the	presence	of	10	mM	sodium	electrolytes.	 Standard	deviation	 from	3	experiments	 is	

shown	in	()	brackets	

pH	 σsurf	[C	m−2]	

NaCl	

(±0.003)	

σsurf	[C	m−2]	

NaBr	

(±0.003)	

σsurf	[C	m−2]	

NaI	

(±0.002)	

σsurf	[C	m−2]	

NaNO3

(±0.003)	

3	 0	 0	 0	 0	

4	 −0.005	 −0.006	 −0.005	 −0.006	

5	 −0.011	 −0.013	 −0.012	 −0.013	

6	 −0.022	 −0.025	 −0.024	 −0.025	

7	 −0.043	 −0.045	 −0.043	 −0.045	

8	 −0.072	 −0.075	 −0.072	 −0.075	

9	 −0.108	 −0.112	 −0.109	 −0.112	

10	 −0.156	 −0.162	 −0.159	 −0.161	

Table	3.4.	Potentiometric	 titration-based	 surface	 charge	density	 of	 5	wt.%	Ludox	 SM	 colloidal	

silica	 in	 the	presence	of	50	mM	sodium	electrolytes.	 Standard	deviation	 from	3	experiments	 is	

shown	in	()	brackets	
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pH	 σsurf	[C	m−2]	

NaCl	

(±0.003)	

σsurf	[C	m−2]	

NaBr	

(±0.003)	

σsurf	[C	m−2]	

NaI	

(±0.002)	

σsurf	[C	m−2]	

NaNO3

(±0.002)	

3	 0	 0	 0	 0	

4	 −0.005	 −0.005	 −0.005	 −0.005	

5	 −0.012	 −0.012	 −0.012	 −0.012	

6	 −0.026	 −0.029	 −0.028	 −0.027	

7	 −0.052	 −0.051	 −0.050	 −0.050	

8	 −0.085	 −0.084	 −0.082	 −0.082	

9	 −0.124	 −0.126	 −0.123	 −0.122	

10	 −0.174	 −0.175	 −0.174	 −0.172	

Our	 results	 reveal	 no	 discernable	 change	 in	 the	 SCD	 for	 silica	 with	

different	anions.	SCD	measurements	by	potentiometric	titrations	result	in	highly	

reproducible	values	and	an	absence	of	anion	effects	is	by	no	means	a	limitation	

of	 the	technique	or	experimental	error.	Our	potentiometric	titration	results	are	

also	consistent	with	results	from	attenuated	total	reflection	–	Fourier	transform	

infrared	 spectroscopy	 (ATR-FTIR)	 measurements	 and	 liquid-jet-based	 X-ray	

photoelectron	 spectroscopy	 (LJ-XPS).11	 ATR-FTIR	 measurements	 for	 5	 wt.%	

Ludox	SM	in	10	mM,	50	mM	and	100	mM	sodium	electrolytes	revealed	no	change	

in	 SCD	 whereas	 LJ-XPS	 measurements	 showed	 no	 change	 in	 relative	 surface	

potential,	 suggesting	 the	 absence	 of	 specific	 anion	 effects.11	 Electrostatic	

repulsion	between	the	negatively	charged	silica	surface	and	the	anions	results	in	

their	depletion	from	the	interfacial	region.60	Thus,	only	when	the	charge	on	the	

surface	 becomes	 positive	 (at	 very	 low	 pH),	 could	 the	 anions	 play	 a	 role	 in	

regulating	the	surface	charge.		
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Chapter	4:	

Surface	 complexation	 at	 the	 silica	 np-electrolyte	

water	interface1	

4.1	Abstract	

The	 structure	 of	 the	 amorphous	 colloidal	 silica	 (Ludox	 SM)-electrolyte	

interface	 is	 examined	 using	 a	 combination	 of	 experimental	 techniques	 and	 a	

parameter-optimization	 modeling	 approach	 within	 a	 surface	 complexation	

model	(SCM).	Using	potentiometric	titrations,	the	surface	charge	density	(SCD)	of	

colloidal	silica	is	measured	as	a	function	of	pH	over	a	range	of	added	electrolyte	

(NaCl)	 concentrations.	 This	 data	 is	 input	 into	 the	 SCM	 based	 on	 the	 Gouy-

Chapman-Stern	 (GCS)	 model	 (also	 termed	 Basic	 Stern	 model,	 BSM)	 of	 the	

electrical	 double	 layer	 (EDL)	 with	 the	 goal	 of	 calculating	 the	 surface	

complexation	 constants	 for	 the	 silica-water	 interface.	 Traditionally,	 this	

approach	 is	 unable	 to	 yield	 a	 unique	 solution	 set	 because	 the	 Stern	 layer	

capacitance,	 the	 pKa	 as	well	 as	 the	 electrolyte	 binding	 constant	 are	 unknowns	

with	 substantial	 correlation.	 While	 parameterizations	 exist	 that	 favour	 strong	

1	The	 results	 discussed	 in	 this	 chapter	 are	 part	 of	 a	 manuscript	 yet	 to	 be	
submitted.	Alok	Goel	carried	out	the	experiments	and	simulations	for	this	work.	
Alok	 Goel	 and	 Dr.	 Matthew	 A.	 Brown	 wrote	 the	 paper	 with	 inputs	 from	 Dr.	
Johannes	Lützenkirchen.	
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and	 weak	 electrolyte	 binding	 with	 concomitant	 change	 of	 the	 Stern	 layer	

capacitance,	recently	reported	Stern	 layer	capacitance	values	obtained	from	in-

situ	 X-ray	 photoelectron	 spectroscopy	 (XPS)	 are	 used	 here	 as	 constraints	 to	

predict	 improved	 parameters	 (i.e.	 pKa	 and	 binding	 constant)	 for	 Ludox	 SM	

colloidal	silica	in	NaCl	solutions.	

4.2	Introduction	

One	 debated	 property	 of	 the	 silica/water	 interface	 is	 the	 pKa	 of	 the	

surface-bound	 silanols.1-3	 This	 stems	 largely	 from	 an	 inability	 to	 directly	

measure	the	pKa.	In	colloidal	dispersions,	for	example,	pKas	are	calculated	almost	

exclusively	by	means	of	surface	complexation	models	(SCMs)	that	fit	(primarily)	

the	 pH	 dependence	 of	 the	 colloidal	 dispersion’s	 SCD,	 which	 is	 measured	 by	

potentiometric	 titration.	 While	 this	 approach	 is	 commonplace,4-5	 SCMs	 that	

assume	a	Gouy-Chapman-Stern	(GCS)	model	of	the	electrical	double	layer	(EDL)	

are	 unable	 to	 predict	 a	 unique	 pKa	 because	 multiple	 fitting	 parameters	 (pKa,	

Stern	 layer	 capacitance	 and	 electrolyte	 binding	 constant)	 are	 present.	 For	 the	

most	 part	 these	 parameters	 remain	 unconstraint	 by	 experiment,	 however,	

because	 convergence	 of	 the	 SCM	 is	 rare	when	more	 than	 two	 parameters	 are	

variables,4	one	parameter	is	almost	always	fixed	to	an	arbitrary	value	in	order	to	

extract	the	remaining	two.	This	approach	draws	into	question	the	accuracy	of	the	

calculated	pKa	values.	

Recently,	 our	 group	 demonstrated	 that	 the	 Stern	 layer	 capacitance	 of	 a	

dispersed	 colloidal	 particle	 can	 be	 calculated	 following	 the	 experimental	

determination	 of	 its	 surface	 potential	 by	 X-ray	 photoelectron	 spectroscopy,	 its	
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SCD	 by	 potentiometric	 titration,	 and	 its	 zeta	 potential	 by	 electrophoretic	

mobility.6-7	Using	Ludox	SM	colloidal	 silica	particles	 these	results	 revealed	 that	

the	 Stern	 layer	 capacitance	 increased	 linearly	with	 increasing	 concentration	 of	

NaCl	electrolyte,	 from	0.42	F/m2	at	0.01	M	 to	0.61	F/m2	at	0.10	M.	Herein,	we	

restrict	our	investigations	of	the	Ludox	SM	colloidal	silica-electrolyte	interface	to	

concentrations	 bounded	 (0.01—0.10	 M	 NaCl)	 by	 the	 above-mentioned	

determination	 of	 Stern	 layer	 capacitance.	 By	 constraining	 the	 Stern	 layer	

capacitance	in	our	surface	complexation	modeling	of	the	colloids	SCD	(results	of	

potentiometric	 titrations)	 only	 two	 variables	 remain	 as	 fitting	 parameters,	 ec,	

the	logarithm	of	the	electrolyte	binding	constant	and	pKa,	the	negative	logarithm	

of	 the	 acid	 dissociation	 constant.	 Using	 a	 least	 squares	 fitting	 approach	 that	

minimizes	 the	 sum	of	 the	 squares	of	 the	 residuals	between	 the	experimentally	

determined	 pH	 dependence	 to	 the	 SCD	 and	 the	 predicted	 values	 we	 extract	 a	

narrow	range	for	ec	and	pKa	that	is	consistent	with	our	experimental	data.		

4.3	Experimental	results	

4.3.1	Estimation	of	colloid-inherent-salt	

In	a	preliminary	step,	we	first	estimate	the	amount	of	Na+	associated	with	

the	 colloid	 (or	 colloid-inherent-salt).	 Ludox	 SM	 (W.	 R.	 Grace	 and	 Company,	

Sigma-Aldrich)	is	a	colloidal	silica	suspension	sold	as	30	wt.	%	silica	NP	in	pH	10	

aqueous	solution.	The	silica	particles	are	charge	stabilized	(surfactant-free).	The	

amount	of	colloid	 inherent	salt	 (as	Na6O)	 is	0.56	wt.	%	(manufacturer’s	value).	

This	translates	to	6.83	g/L	of	Na6O	or	approximately	220	mM	of	Na+	ions	in	the	

30	 wt.%	 stock	 suspension.	 Since,	 we	 dilute	 the	 stock	 to	 5	 wt.	 %,	 the	 colloid-
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inherent-salt	 comprises	 ~	 37	 mM	 Na+	 ions.	 Using	 a	 combination	 of	

potentiometric	 titrations	 and	 surface	 complexation	 modeling,	 we	 tried	 to	

estimate	 this	 colloid-inherent-salt.	 The	 GCS	 model	 based	 SCM	 was	 applied	 to	

potentiometric	 titration	 data	 of	 5	 wt.	 %	 Ludox	 SM	 with	 different	 amounts	 of	

added	NaCl	 electrolyte	 (2	mM,	10	mM	and	100	mM).	 It	was	 observed	 that	 the	

simulations	 were	 successfully	 able	 to	 compliment	 the	 experimental	 data	 only	

when	 an	 over-estimated	 value	 of	 Na+	 was	 included	 as	 total	 background.	 The	

additional	Na+	content	can	be	attributed	to	the	colloid-	 inherent-salt	associated	

to	Ludox	SM	silica	(Fig	4.1	(a),	(b),	(c)).	The	simulations	were	carried	out	in	an	

iterative	process	with	 increments	 in	 total	Na+	 concentration	 to	 obtain	 the	best	

fits	 to	 the	 experiment.	 A	 comparison	 of	 the	 errors	 (between	 simulations	 and	

experiment)	reveals	that	the	lowest	residuals	(or	best	fits)	are	observed	(Fig.	4.1	

(d))	when	an	additional	36	mM	Na+	is	included	in	the	simulations.	Our	estimate	

of	36	mM	Na+	would	translate	to	216	mM	Na+	for	the	stock	suspension,	which	is	

very	close	to	the	manufacturer’s	value	of	220	mM.	
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Fig.	4.1	 In	 (a),	 (b),	 (c)	 (open	markers)	SCD	of	5	wt.%	Ludox	SM	colloidal	 silica	as	a	 function	of	

bulk	pH	in	varying	concentrations	of	added	NaCl	electrolyte:	(a)	2	mM,	(b)	10	mM,	(c)	100	mM	

are	shown.	In	(a),	(b),	(c)	(dashed	purple	lines)	predicted	SCDs	when	the	colloid-inherent-salt	in	

the	 code	 contains	 no	Na(background	 salt,	 (solid	 red	 lines)	 predicted	 SCDs	 when	 the	 colloid-

inherent-salt	in	the	code	contains	36	mM	Na(	background	salt	and	(dashed	black	lines)	predicted	

SCDs	 when	 the	 colloid-inherent-salt	 in	 the	 code	 contains	 100	 mM	Na(	background	 salt	 are	

shown.	 (d)	 shows	 the	goodness	of	 fits	 (residuals)	as	a	 function	of	different	amounts	of	 colloid-

inherent-salt	[mM]	in	code.	Inset	shows	the	region	of	minima.	The	least	residuals	were	estimated	

when	the	colloid-inherent-salt	contained	36	mM	Na(	background	salt	for	5	wt.%	Ludox	SM.	

4.3.2	Surface	complexation	fits	for	sodium	isotherms	

The	 SCD	 of	 5	 wt.%	 Ludox	 SM	 colloidal	 silica	 is	 determined	 from	 the	

results	of	potentiometric	titrations	between	pH	10	and	3	in	10	mM	added	NaCl	

(open	markers	of	Fig.	4.2	a),	25	mM	(Fig.	4.2	b),	40	mM	(Fig.	4.2	c),	50	mM	(Fig.	

4.2	 d),	 75	 mM	 (Fig.	 4.2	 1e),	 and	 100	 mM	 (Fig.	 4.2	 f).	 The	 added	 NaCl	 is	 in	

addition	to	the	intrinsic	background	concentration	of	37	mM	Na+.	The	error	bars	

of	Fig.	4.2	result	from	a	detailed	uncertainty	budget	that	accounts	for	all	aspects	

of	 the	 experiment	 corresponding	 to	~5%	of	 the	magnitude	 of	 the	 data	 points.	

Results	of	SCD	are	tabulated	for	integer	pH	in	Table	4.1.	At	all	concentrations	of	

NaCl	the	SCD	curves	take	a	characteristic	shape	well	known	in	the	literature	for	

colloidal	silica.8-9		

Between	pH	3	and	approximately	5	the	SCD	increases	only	slightly.	This	

broad	 plateau	 is	 the	 origin	 of	 the	 often-ambiguous	 determination	 of	 the	 PZC	

reported	 in	 the	 literature.10-12	 At	 pH	 greater	 than	 5	 the	 SCD	 increases	

monotonically	 up	 to	 pH	 10.	 While	 the	 SCD	 curves	 appear	 qualitatively	

independent	of	the	concentration	of	NaCl,	the	overall	magnitude	of	the	SCD	at	pH	
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greater	than	approximately	6	increases	with	each	increase	in	NaCl	(see	Chapter	3	

for	more	sodium	isotherms).	

	

	

Fig.	 4.2	 Surface	 charge	 density	 of	 amorphous	 9	 nm	 colloidal	 silica	 (SiO2)	 in	 NaCl	 electrolyte.	

(open	markers)	 SCD	 of	 5	 wt.%	 Ludox	 SM	 colloidal	 silica	 as	 a	 function	 of	 bulk	 pH	 in	 varying	

concentrations	of	added	NaCl	electrolyte:	(a)	10	mM,	(b)	25	mM,	(c)	40	mM,	(d)	50	mM,	(e)	75	

mM,	(f)	100	mM.	(solid	lines)	Predicted	SCDs	when	the	structure	of	the	EDL	is	assumed	to	be	that	

of	the	GCS	model,	colloid-inherent	background	electrolyte	of	the	colloidal	suspension	is	included	

in	the	code,	the	Stern	layer	capacitance	constrained	as	per	Brown	et	al.7	and	the	ec	is	constrained	

to	the	stated	value,	that	does	not	vary	with	added	NaCl.	
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Table	4.1.	Potentiometric	titration	based	surface	charge	densities	of	5	wt.%	Ludox	SM	colloidal	

silica	in	different	concentrations	of	added	NaCl	electrolyte.	

pH	 σsurf	[C	m−2]	

+10	mM	

NaCl	

σsurf	[C	m−2]	

+25	mM	

NaCl	

σsurf	[C	m−2]	

+40	mM	

NaCl	

σsurf	[C	m−2]	

+50	mM	

NaCl	

σsurf	[C	m−2]	

+75	mM	

NaCl	

σsurf	[C	m−2]	

+100	mM	

NaCl	

3	 0	 0	 0	 0	 0	 0	

4	 −0.005	 −0.005	 −0.004	 −0.005	 −0.005	 −0.005	

5	 −0.011	 −0.011	 −0.012	 −0.012	 −0.012	 −0.013	

6	 −0.022	 −0.025	 −0.025	 −0.026	 −0.027	 −0.028	

7	 −0.043	 −0.049	 −0.047	 −0.052	 −0.053	 −0.055	

8	 −0.072	 −0.079	 −0.078	 −0.085	 −0.087	 −0.091	

9	 −0.108	 −0.119	 −0.118	 −0.124	 −0.129	 −0.136	

10	 −0.156	 −0.168	 −0.170	 −0.174	 −0.182	 −0.190	

We	are	now	in	a	position	to	simulate	the	SCD	as	a	function	of	pH	using	a	

surface	 complexation	 model.	 Three	 assumptions	 enter	 into	 these	 calculations	

that	we	outline	here.	First,	we	use	the	1-pKa	GCS	model	within	the	SCM.13-14	The	

1-pKa	model	 is	 well	 accepted	 for	 SCM	 based	 treatment	 of	 titration	 data	 for	

colloidal	silica.1,	8,	15	Second,	we	assume	that	the	silanol	surface	site	density	is	an	

intrinsic	 property	 of	 amorphous	 silica,	 independent	 of	 pH	 and	 electrolyte	

concentration,	and	is	4.75	OH	sites/nm2.16-17	Third,	we	constrain	the	Stern	layer	

capacitance	to	the	experimentally	determined	values	for	10	mM,	50	mM	and	100	

mM	added	NaCl.6-7	At	all	other	concentrations	we	assume	a	linear	interpolation	

between	the	three	experimental	values	(Table	4.2).	With	this	approach	the	only	

two	 variables	 that	 remain	 free	 in	 the	 SCM	 are	 ec	 and	 pKa.	 These	 values	 are	
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optimized	based	on	a	 least	 squares	 fitting	approach	 that	minimizes	 the	 sum	of	

the	 squares	 of	 the	 residuals	 between	 the	 experimentally	 determined	 pH	

dependence	of	 the	 SCD	 (results	 of	Fig.	4.2)	 and	 the	predicted	 values.	 In	 short,	

both	ec	and	pKa	are	determined	by	fitting	the	SCD	curves.	

Table	4.2	Stern	layer	capacitance	values	from	experiment	at	10,	50	and	100	mM	added	NaCl	7	are	

used	 to	 constrain	 the	 GCS	 fits	 of	 Fig.	 4.2.	 Linear	 interpolation	 between	 10	 mM	 and	 100	 mM	

added	NaCl	allowed	us	to	guess	nominal	Stern	layer	capacitance	values	at	25	mM,	40	mM	and	75	

mM	added	NaCl.	

4.3.3	Estimation	of	surface	complexation	constants	

Parameter	 estimation	 with	 SCMs	 may	 often	 end	 in	 a	 local	 and	 not	 the	

sought	global	minima.	Because	this	limitation	is	well	known,18	initial	guesses	of	

ec	and	pKa	must	be	close	to	the	optimized	final	value.	To	ensure	our	simulations	

do	 not	 find	 a	 local	 minimum	 we	 decided	 to	 systematically	 vary	 ec	 (at	 fixed	

values)	while	providing	 initial	guesses	 to	pKa	 that	span	a	range	 from	pKa	=4	to	

Added	NaCl	

[mM]	

Stern	layer	capacitance	

[F	m−2]	

10	mM	 0.42a	

25	mM	 0.45b	

40	mM	 0.49b	

50	mM	 0.51a	

75	mM	 0.57b	

100	mM	 0.62a	

aFrom	reference.7	

bInterpolated	value.	
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9.5,	in	intervals	of	0.5.	Typically,	but	not	always,	initial	guesses	of	pKa	between	5-

7	result	in	the	global	minimum.	Fig.	4.3	shows	the	residual	in	the	fit	to	the	SCD	

curves	 as	 a	 function	 of	 the	 fixed	 value	 of	 ec.	 The	 best	 fit	 to	 the	 experimental	

results	is	obtained	with	an	ec	of	0.25	(see	inset	of	Fig.	4.3).	The	fits	to	the	SCD	at	

ec=0.25	are	shown	as	solid	lines	in	Fig.	4.2.	Allowing	for	a	finite	error	of	5%	in	

the	residuals	yields	a	range	of	ec,	0 ≤ ec ≤ 0.6.	At	10%	error	the	range	increases	

to	−0.10 ≤ ec ≤ 0.75.	

Fig.	4.3	The	total	error	(residual)	of	 fits	 for	each	simulation	set	at	different	ec	values	 is	shown.	

Each	 data	 point	 represents	 a	 simulation	 set,	 for	 which	 the	 Stern	 layer	 capacitance	 was	

constrained	 from	 experiment,7	 the	 ec	 was	 constrained	 to	 the	 respective	 abscissa	 and	 pKa	was	

estimated	by	the	algorithm.	Inset:	shows	that	the	absolute	minimum	in	residuals	is	obtained	at	

ec	=	0.25.	A	spread	of	5%	and	10%	on	either	side	of	the	minimum	(indicated	by	red	dotted	lines	

and	blue	dashed	lines,	respectively)	are	shown.		
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With	the	ec	constrained	the	only	remaining	variable	 in	 the	SCM	is	 the	pKa.	Fig.	

4.4	 shows	 the	 optimized	 pKa	 for	 fixed	 values	 of	 ec.	 At	 ec=0.25,	 the	 optimized	

value	of	ec	based	on	the	results	of	Fig.	4.3,	the	pKa	is	6.74.	Allowing	for	a	finite	

error	of	5%	in	the	residuals	yields	a	range,	6.56	≤	pKa	≤	7.01.	At	10%	error	the	

range	increases	to	6.50	≤	pKa	≤	7.10	(see	inset	of	Fig.	4.4).	

	

	

Fig.	4.4	Predicted	pKa	values	for	different	ec	values.	Each	data	point	represents	a	simulation	set,	

for	 which	 the	 Stern	 layer	 capacitance	 was	 constrained	 from	 experiment7	 and	 the	 ec	 was	

constrained	to	the	respective	abscissa.	Inset:	shows	the	range	of	values	close	to	the	best	fit	at	ec	

=	0.25.	A	spread	of	5%	and	10%	on	either	side	of	the	best	fit	(indicated	by	red	dotted	lines	and	

blue	dashed	lines,	respectively)	are	shown.	
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4.4	Discussions	

The	 effect	 of	 electrolyte	 concentration	 on	 the	 SCD	 of	 colloidal	 silica	 has	

already	been	discussed	in	Chapter	3.2.	Therefore,	only	the	estimation	of	the	surface	

complexation	fits	is	discussed.	

Determination	 of	 pKa	 for	 silanols	 is	 not	 trivial	 and	 has	 prompted	

researchers	 to	 explore	 techniques	 such	 as	 double-extrapolation,11,	 19-20	

spectroscopy,21-24	 or	 ab-initio	 molecular	 dynamics25-26	 to	 estimate	 it.	 We	 used	

surface	 complexation	modeling	 to	 estimate	 a	 pKa	 =	 6.74	 for	 surface	 silanols	 of	

Ludox	SM	colloidal	silica	by	fitting	a	surface	chemical	model	(1	–	pKa-GCS	model)	

to	titration	data.	Others	have	argued	the	existence	of	more	than	1	pKa	for	silica.27-

30	 This	 often	 relates	 to	 the	 1	 –	 pKa	 and	 2	 –	 pKa	 model	 definitions	 for	 the	

protonation/deprotonation	 reactions	 of	 silanols.	 The	 2	 –	 pKa	 model	 describes	

two	protonation	reactions	for	Si-sites:31	

SiOH +	H( 	⇌ SiOH6(	, KB	

SiO; +	H( 	⇌ SiOH	, K6	

where	K1	refers	to	the	equilibrium	constants	describing	the	surface	adsorption	of	

H(.	In	contrast	to	this	the	1	–	pKa	model	discounts	the	protonation	of	the	neutral	

silanols.	 This	 is	 justified	because	 of	 the	 extremely	 low	value	 of	 logKB	(-1.8	 to	 -

1.0)29	that	renders	the	protonation	of	neutral	silanols	difficult,	if	not	impossible	

to	observe	in	typical	titration	pH	ranges.	Although	the	2	–	pKa	model	accurately	

describes	the	silica-water	 interface,	 it	adds	complexity	(by	defining	log	KB)	that	



Chapter	4	
	

91	

is	 not	 required	 when	 interpreting	 potentiometric	 titration	 data-based	 surface	

complexation	models.19	This	prompted	others,32	to	adapt	the	2	–	pKa	model	into	

a	1	–	pKa	model	for	the	estimation	of	log	K6.	Owing	to	its	simplicity	and	accuracy	

in	describing	 the	acid-base	reactions	 for	colloidal	 silica,13,	33	we	utilized	 the	1	–	

pKa	model	in	our	SCMs.	A	comparison	of	pKa	estimates	for	amorphous/colloidal	

silica	found	in	literature	is	shown	in	Table	4.3.		

	

Table	4.3.	Literature	comparison	of	estimated	1-pKa	values	for	amorphous/colloidal	silica.	

Sample	 pKa	 Reference:	

Amorphous	silica	 7.0	 Sverjensky,	D.	A.,	Geochim.	Cosmochim.	Acta,	65,	21,	2001	

Amorphous	silica	 6.57	 Zuyi,	T.,	Hongxia,	Z.,	J.	Coll.	and	Inter.	Sci.,	252,	15,	2002	

Colloidal	silica	 8.2	 Milonjic,	S.	K.,	Coll.	and	Surf.,	23,	301,	1987	

Colloidal	silica	 6.37	 Sonnefeld,	J.,	et	al.,	Coll.	and	Surf.	A,	195,	2001	

Colloidal	silica	 6.6	 Leroy,	P.,	et	al.,	J.	Coll.	and	Inter.	Sci.,	410,	2013	

Colloidal	silica	 6.74	 This	study	

Isolated	silanol	 7.2	 Hair,	M.	L.,	Hertl,	W.,	J.	Phys.	Chem.,	74,	1970	

Isolated	silanol	 7.2	 Marshal,	K.,	et	al.,	J.	Chem.	&	Ind.,	19,	1974	

Isolated	silanol	 7.5	 Hiemstra,	T.,	et	al.,	J.	of	Coll.	and	Inter.	Sci.,	133,	1989	

Silica	gel	 6-8	 Dugger,	D.	L.,	et	al.,	J.	Phys.	Chem.,	68,	4,	1964	

Silica	gel	 6.81	 Schindler,	P.,	Kamber,	H.	R.,	Helv.	Chim.	Acta,	51,	1968	

Silica	gel	 7.6	 Marmier,	N.,	et	al.,	J.	Coll.	and	Inter.	Sci.,	212,	228,	1999	

	

Our	predicted	pKa	=	6.74	 is	 in	close	agreement	to	most	reports	where	colloidal	

silica	was	studied.5,	19,	34-38	Some	studies	however,	report	a	pKa	in	the	range	of	8.0	

–	9.011,	25,	39-40	and	even	a	10%	variation	of	our	predicted	pKa	value	(i.e.	6.5	≤	pKa	
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≤	 7.1)	 does	 not	 agree	with	 them.	 This	 disparity	 can	 be	 argued	 on	 the	 basis	 of	

degree	of	crystallinity	of	the	various	silica	samples,	the	choice	of	the	silanol	site	

density	 and/or	 the	 formalization	 of	 protonation/deprotonation	 reactions	 of	

surface	silanols.41		

We	also	observe	that	the	simulations	describe	the	experimental	data	best	

when	ec	=	0.25.	Estimated	values	of	ec-+. 	in	literature	vary	from	–1.932	to	1.311	

and	 this	 association	 of	 counter-ion	 with	 the	 silica	 surface	 is	 described	 as	

electrostatic	 and/or	 chemical	 in	 nature.	 James	 et	 al.,42	 suggest	 that	 at	 low	

electrolyte	concentrations,	Na(and	K(	show	weak	surface	binding	such	as	in	the	

case	of	Abendroth’s	data,43	where	they	estimated	an	ec¿. 	=	0.5	for	K(	adsorption	

on	 pyrogenic	 silica.	 Sverjensky,29	 reported	 an	ec-+. 	of	 0.7	 for	 Ludox	 silica	

whereas	 Leroy	 and	 co-workers	 estimated	 a	 value	 of	 1.2	 for	 the	 sorption	 of	

sodium	 ions	 on	 silica.5	 The	 latter	 claim	 that	 their	 value	 (like	 Sverjensky’s)	 is	

representative	 of	 the	 fact	 that	 the	 sodium	 counter-ions	 may	 be	 located	 away	

from	 the	 silica	 surface	 (i.e.	 outer-sphere	 adsorption).	 Our	 group’s	 recent	

deductions	from	liquid-jet-XPS	based	surface	potential	measurements	estimated	

the	average	width	of	the	Stern	layer	thickness	for	Ludox	SM	colloidal	silica	NP-

electrolyte	water	 interface.	We	 found	a	Stern	 layer	 thickness	of	6.2	Å	 for	 silica	

NP-water	 interface	 in	 the	 presence	 of	 100	mM	NaCl.7	 This	 qualitatively	 agrees	

with	 Leroy’s	 argument	 that	 the	 sodium	 counterions	may	 be	 located	 at	 a	 finite	

distance	 away	 from	 the	 silica	 surface.	 Considering	 a	 5%	 deviation	 in	 the	 ec	

values	 (i.e.	0 ≤ ec ≤ 0.6)	 and	 the	previous	 results,	we	 infer	 that	Na(adsorption	

on	the	silica	surface	is	either	weak	or	does	not	take	place,	at	least	for	the	range	of	

NaCl	concentration	studied	in	this	paper.	 	
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4.5	Conclusions	

Using	potentiometric	titrations,	we	have	determined	the	SCD	for	colloidal	

silica	in	a	range	of	added	NaCl.	Surface	complexation	modeling	is	carried	out	to	

fit	the	titration	data	using	the	Gouy-Chapman-Stern	model	of	the	EDL.	To	obtain	

proper	 fits,	 the	 colloid-inherent	 salt	 is	 acknowledged	 in	 the	model	 calculations	

(i.e.	total	Na(	is	the	sum	of	colloid-inherent	Na(	and	added	NaCl).	The	equations	

describing	the	GCS	model	within	our	SCM	code	involve	a	priori	four	unknowns	–	

(a)	Stern	layer	capacitance,	(b)	pKa,	(c)	ec	and	(d)	the	silanol	site	density.	In	our	

GCS	model,	we	 fixed	 site	density	 (=	4.75	OH	sites/nm2)2,	17	 and	 the	Stern	 layer	

capacitance	at	predetermined	values.7	This	 leaves	ec	and	pKa	as	 free	variables.	

Multiple	simulations	were	done	where	ec	was	systematically	constrained	at	fixed	

values	 in	addition	 to	 the	 constraints	on	 the	aforementioned	parameters.	These	

simulations	allowed	us	to	estimate	an	optimum	range	of	ec	where	the	predicted	

GCS	 fits	 complement	 the	 experimental	 data	 well.	 At	 ec	 =	 0.25,	 the	 total	 error	

(residuals)	 in	 fits	 had	 a	 global	 minimum.	 A	 5%	margin	 on	 either	 side	 of	 this	

minimum	fit	the	experimental	data	sufficiently	well.	This	results	in	an	ec	range	of	

0	–	0.6	and	a	corresponding	pKa	range	of	6.56	to	7.01	with	a	pKa	of	6.74	at	the	

point	 of	minima.	Based	on	previous	 literature,5,	29,	42-43	 and	our	 own	XPS-based	

findings,7	we	 adjudge	 that	Na(adsorption	 on	 the	 surface	 of	 Ludox	 SM	 colloidal	

silica	 is	 either	 extremely	 weak	 or	 non-existent	 for	 the	 concentration	 regime	

investigated	 in	 this	 paper.	 Our	 range	 of	 estimated	 pKa	values	 (6.56	 to	 7.01)	 is	

lower	than	Hiemstra’s	empirical	estimate	of	7.5,1	which	was	often	considered	as	

an	 initial	 input	 value	 for	 different	 studies.33,	 44	 This	 chapter	 shows	 how	

physicochemical	 quantities,	 such	 as	 the	 Stern	 layer	 capacitance	 measured	 by	
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XPS,	 can	 be	 used	 for	 surface	 complexation	modeling	 for	 estimation	 of	 pKa	 and	

ec-+. 	for	 colloidal	 silica.	 Our	 predicted	 values	 for	 both	 pKa	 and	ec-+. 	are	

consistent	with	 others,	 thereby	 validating	 our	 liquid-jet	 XPS	 based	 Stern	 layer	

capacitance	findings.	
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Chapter	5:	

SCD	dependence	on	counterion	to	silanol	site	ratio2	

5.1	Overview	

Surfaces	of	metal	oxide	particles	have	a	tendency	to	be	charged	in	water	

due	 to	 spontaneous	 adsorption/dissociation	 at	 the	 solid-liquid	 interface.1	 The	

nature	and	magnitude	of	charge	on	and	around	the	particle	surface	is	affected	by	

pH,	 temperature	and	the	presence	of	electrolyte(s)	 in	 the	solution.2	The	charge	

on	the	particle	surface	is	generally	expressed	as	surface	charge	density	(SCD).	A	

long-standing	view	 in	 the	colloid	community	 is	 that	 the	nature,3-4	and	absolute	

concentration,5-6	 of	 the	 electrolyte	 controls	 the	 SCD	 of	 silica.	 Bolt,7	 claimed	 to	

have	observed	the	same	SCD	for	3,	10	and	30	wt.	%	silica	for	a	fixed	electrolyte	

concentration.	This	argument	is	revisited	in	this	chapter.	It	is	observed	that	the	

ratio	of	counterions	to	surface	silanol	groups	𝐑𝐍𝐚./𝐒𝐢𝐎𝐇	shows	a	strong	influence	

on	 the	 SCD	 and	 not	 just	 absolute	 electrolyte	 concentration.	 By	 varying	 the	

concentration	 of	 silica	 and	 background	 electrolyte,	 multiple	 systems	 with	

varying	 ratio	𝐑𝐍𝐚./𝐒𝐢𝐎𝐇	can	 be	 created.	 SCD	 of	 for	 these	 systems	 is	 measured	

using	 potentiometric	 titrations.	 It	 is	 shown	 that	 systems	 with	 the	 same	 ratio	

express	similar	SCD	irrespective	of	the	concentration	of	counterions.	The	results	

presented	here	suggest	that	there	is	a	direct	correlation	between	the	SCD	and	the	

aforementioned	ratio.		

2The	 results	 discussed	 in	 this	 chapter	 are	 part	 of	 a	 manuscript	 yet	 to	 be	
submitted.		
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5.2	Experimental	results	

5.2.1	SCD	dependence	on	electrolyte	concentration	

The	 effect	 of	 electrolyte	 concentration	 on	 the	 SCD	 of	 5	wt.%	 Ludox	 SM	

colloidal	 silica	 is	 already	 discussed	 in	Chapter	3.	 However,	 for	 consistency,	 the	

same	 effect	 was	 investigated	 for	 1	 wt.	 %	 Ludox	 SM.	 Fig.	 5.1	 shows	 the	

potentiometric	 titration-based	 SCD	 measurements	 for	 1	 wt.	 %	 Ludox	 SM	

colloidal	silica	in	different	electrolyte	concentrations.	The	error	bars	result	from	

a	 detailed	 calculation	 of	 all	 experimental	 uncertainties	 that	 is	 greater	 than	 the	

standard	deviation	of	 three	measurements.	Anions	do	not	 influence	the	surface	

charge	 density,8	 for	 (negatively	 charged)	 silica.	 Therefore,	 only	 a	 net	 Na+	

presence	(colloid	inherent	salt	and	added	background	electrolyte)	is	depicted	in	

the	SCD	plots.	

	

Fig.	5.1	SCD	of	1	wt.%	Ludox	SM	colloidal	silica	as	a	function	of	bulk	pH	in	varying	concentrations	

of	total	electrolyte.	
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The	 result	 shows	 that	 an	 increase	 in	 the	 electrolyte	 (NaCl)	 concentration	

translates	 to	 higher	 SCD	 for	 silica.	 This	 is	 expected	 and	 is	 well	 established	 in	

previous	 literature.3,	 6-7,	 9-10	 Increased	 counterion	 (Na+)	 concentration	 at	 the	

interface	 amplifies	 the	 efficiency	 of	 charge	 screened	 at	 the	 surface,	 forcing	 the	

silica	 surface	 to	 deprotonate	 more.	 At	 the	 highest	 value	 of	 measured	 SCD		

(=	 –0.26	 C/m2)	 at	 pH	 9.5	 (olive	 trace,	 Fig.	 5.1),	 the	 silica	 surface	 is	 34%	

deprotonated	considering	a	silanol	site	density	of	4.75	OH/nm2.	11-13	

	

5.2.2	SCD	dependence	on	silica	concentration		

As	shown	in	Fig.	5.1,	an	increase	in	SCD	is	often	attributed	to	an	absolute	

increase	 in	 the	 concentration	 of	 a	 background	 electrolyte.	 However,	 multiple	

inconsistencies	 in	 SCD	 values	 for	 silica	 at	 the	 same	 electrolyte	 concentration	

have	 been	 reported	 in	 literature.7,	 14	 These	 may	 result	 due	 to	 different	 silica	

samples	 or	 different	 measurement	 techniques.	 However,	 there	 is	 little	 or	 no	

explanation	 for	 such	 irregularities.	 In	a	 trivial	way,	we	were	able	 to	 reproduce	

these	 inconsistent	 results	 for	Ludox	SM	colloidal	 silica.	Fig.	5.2	 shows	 the	SCD	

for	different	concentrations	of	silica	at	a	fixed	electrolyte	concentration.	
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Fig	5.2	SCD	of	varying	concentrations	of	Ludox	SM	colloidal	silica	as	a	 function	of	bulk	pH	 in	a	

fixed	electrolyte	concentration.	

	

We	observe	that	over	a	range	of	0.1	wt.%	to	3	wt.%	of	Ludox	SM	silica,	the	SCD	

changes	considerably	even	when	the	total	counterion	concentration	remains	the	

same.	This	result	is	in	direct	contradiction	to	Bolt’s	results,7	where	he	claimed	to	

have	measured	the	same	SCD	for	different	concentrations	of	colloidal	silica	at	a	

fixed	electrolyte	 concentration.	When	 the	 silica	 concentration	changes,	 a	major	

physical	quantity	that	changes	along	with	it	is	the	total	number	of	surface	silanol	

groups.	 Naturally,	 as	 the	 silica	 concentration	 decreases,	 the	 total	 number	 of	

surface	silanol	sites	also	decreases.	At	the	same	time,	the	ratio	of	counterions	to	

silanol	 sites	𝐑𝐍𝐚./𝐒𝐢𝐎𝐇	may	 change.	 If	 the	 electrolyte	 concentration	 remains	

unchanged	(in	this	case	22	mM	Na(),	this	ratio	increases	from	0.32	to	9.76	as	the	

silica	concentration	changes	from	3	wt.	%	to	0.1	wt.%.	Higher	ratios	translate	to	

a	 relatively	 greater	 counterion	 concentration	 that	 may	 result	 in	 an	 increased	
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crowding	at	 the	 interface.	The	probability	of	deprotonation	 in	this	case	may	be	

higher	and	could	result	in	a	higher	SCD	value.		

	

5.2.3	Counterion	to	silanol	site	ratio		

	 To	 validate	 the	 dependency	 of	 SCD	 on	 the	 ratio	(𝐑𝐍𝐚./𝐒𝐢𝐎𝐇)	of	 total	

number	of	counterions	(Na+)	to	the	total	number	of	surface	silanol	sites,	different	

combinations	of	silica-electrolyte	mixtures	were	prepared	such	that	(𝐑𝐍𝐚./𝐒𝐢𝐎𝐇)	

is	 the	 same.	Fig.	5.3	 and	Fig.	5.4	are	 examples	 that	 show	 the	 SCD	of	 different	

systems	 with	 varied	 silica	 and	 electrolyte	 concentrations	 for	 which	 the	 ratio	

(𝐑𝐍𝐚./𝐒𝐢𝐎𝐇)	is	fixed	at	4.95	and	0.32	respectively.	

	

Fig	5.3	SCD	 of	 varying	 concentrations	 of	 Ludox	 SM	 colloidal	 silica	 as	 a	 function	 of	 bulk	 pH	 in	

varying	concentrations	of	added	electrolyte.	In	all	systems	the	ratio	𝐑𝐍𝐚./𝐒𝐢𝐎𝐇	=	4.95.		
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Fig	5.4	SCD	 of	 varying	 concentrations	 of	 Ludox	 SM	 colloidal	 silica	 as	 a	 function	 of	 bulk	 pH	 in	

varying	concentrations	of	added	electrolyte.	In	all	systems	the	ratio	𝐑𝐍𝐚./𝐒𝐢𝐎𝐇	=	0.32.		

	

Against	 conventional	 belief,	 we	 see	 that	 the	 proportionality	 between	 SCD	 and	

electrolyte	concentration	is	not	absolute	but	can	easily	be	influenced	by	the	ratio	

𝐑𝐍𝐚./𝐒𝐢𝐎𝐇.	Across	a	range	of	concentrations	we	see	that	the	SCD	values	in	Fig.	5.3	

and	Fig.	5.4,	 are	 (independently)	 similar	 as	 long	 as	𝐑𝐍𝐚./𝐒𝐢𝐎𝐇	is	 the	 same.	This	

influence	 of	 the	 ratio	 on	 the	 SCD	 allows	 for	 formulation	 of	 silica-electrolyte	

systems	where	the	SCD	decreases	with	 increase	 in	electrolyte	concentration.	 In	

Fig.	5.5,	the	concentrations	of	silica	and	the	electrolyte	are	chosen	such	that	the	

ratio	 of	 counterions	 to	 silanol	 sites	(𝐑𝐍𝐚./𝐒𝐢𝐎𝐇) 	increases	 with	 decreasing	

counterion	concentration.		
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Fig	5.5	SCD	 of	 varying	 concentrations	 of	 Ludox	 SM	 colloidal	 silica	 as	 a	 function	 of	 bulk	 pH	 in	

varying	concentrations	of	total	electrolyte.		

	

Fig.	 5.5	 shows	 SCD	 for	 different	 silica-electrolyte	 systems	 where	 the	 SCD	

increases	 with	 decreasing	 electrolyte	 concentrations.	 The	 values	 closely	 follow	

each	other	but	there	is	a	marked	change	after	pH>7.5.	It	becomes	clear	that	SCD	

is	 inherently	correlated	 to	 the	ratio	(𝐑𝐍𝐚./𝐒𝐢𝐎𝐇)	and	defining	SCD	purely	on	 the	

basis	 of	 electrolyte	 dependence	 can	 be	 misleading.	 The	 silica-electrolyte	

concentrations	and	their	respective	ratios	of	(𝐑𝐍𝐚./𝐒𝐢𝐎𝐇)	is	shown	in	Table	5.1.	
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Table	5.1	The	total	number	of	silanols	and	counterions	for	each	system	that	are	used	to	estimate	

the	ratio	(R-+./0123).		

	

	

	 	

Conc.	of	Ludox	

SM	

(wt.	%)	

Total	number	

of	silanol	

sites	

CIS	Na(	

[mM]	

Added	

Na(	

[mM]	

Total	Na(	

[M]	

Total	

number	of	

Na+	

R-+./0123	

	 	 	 	 	 	 	

0.1	 0.67E+20	 0.7	 0	 0.0007	 0.22E+20	 0.32	

	 5	 0.012	 3.53E+20	 5.27	

	 15	 0.022	 6.54E+20	 9.76	

	 	 	 	 	 	 	

0.2	 0.68E+20	 1.4	 20.6	 0.022	 3.38E+20	 4.95	

	 	 	 	 	 	 	

0.5	 1.66E+20	 3.6	 0	 0.003	 0.53E+20	 0.32	

	 	 	 51.4	 0.055	 8.22E+20	 4.95	

	 	 	 	 	 	 	

1.0	 3.32E+20	 7.2	 14.8	 0.022	 3.34E+20	 1.01	

	 47.8	 0.055	 8.31E+20	 2.50	

	 101.8	 0.109	 16.4E+20	 4.95	

	 208.8	 0.216	 32.6E+20	 9.82	

	 	 	 	 	 	 	

2.0	 6.57E+20	 14.4	 7.6	 0.022	 3.30E+20	 0.50	

	 201.6	 0.216	 32.6E+20	 4.95	

	 	 	 	 	 	 	

3.0	 10.3E+20	 21.6	 0.4	 0.022	 3.25E+20	 0.32	

	 	 	 	 	 	 	

5.0	 16.2E+20	 36	 50	 0.086	 12.9E+20	 0.79	

	 	 	 	 	 	 	

10.0	 33.5E+20	 72	 100	 0.172	 25.9E+20	 0.77	
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5.3	Conclusions	

Conventionally	 established	 concept	 that	 electrolyte	 nature	 and	 their	

absolute	 concentration	 exclusively	 control	 the	 surface	 charge	 density	 is	

reexamined	 in	 this	 chapter.	We	 show	how	 the	 ratio	 of	 counter-ions	 to	 surface	

silanol	groups	𝐑𝐍𝐚./𝐒𝐢𝐎𝐇	and	not	just	the	electrolyte	(concentration)	regulate	the	

surface	charge	density	for	colloidal	silica	particles.	If	the	concentration	of	silica	is	

changed	 considerably,	 systems	with	 the	 same	 amount	 of	 electrolyte	 can	 show	

different	 SCD	 values	 (Fig	 5.2).	 This	 helps	 to	 deal	 with	 the	 discrepancy	 of	

different	SCD	values	in	literature	for	silica	at	the	same	electrolyte	concentration.	

By	varying	their	respective	concentrations,	multiple	systems	of	silica-electrolyte	

mixtures	 can	 be	 made.	We	 report	 that	 systems	 with	 the	 same	𝐑𝐍𝐚./𝐒𝐢𝐎𝐇	value	

result	 in	 similar	 SCD	 values.	 Our	 results	 are	 self-consistent	 in	 the	 range	 of	

concentrations	explored.	However,	we	do	not	discount	the	possibility	that	these	

results	can	be	extrapolated	to	a	wider	range	of	silica	concentrations.	
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Conclusions	and	Outlook:	

	

	

This	thesis	focuses	on	understanding	the	structure	of	the	electrical	double	

layer	 (EDL)	 at	 the	 silica	 nanoparticle-electrolyte	 water	 interface.	 One	 major	

constituent	 of	 the	 EDL	 is	 the	 charge	 on	 the	 particle	 surface.	 Potentiometric	

titrations	used	to	measure	the	surface	charge	density	(SCD)	of	colloidal	silica	in	

the	 presence	 of	 electrolytes	 show	 that	 cations	 (counterions)	 exhibit	 specific-

cation	effects	and	the	magnitude	of	SCD	follow	the	trend,	Cs( > K( > Na( > Li(.	

Specific-cation	effects	can	be	interpreted	on	the	basis	of	the	hydrated	size	of	the	

cations.	Smaller	ions	such	as	Cs(	are	capable	of	a	closer	approach	to	the	surface	

as	 compared	 to	 a	much	 larger	Li(ion.	 The	 close	 approach	 of	Cs(	increases	 the	

efficiency	of	charge	screened	at	the	 interface,	 thereby	easing	the	deprotonation	

of	 surface	 silanols.	 This	 is	 eventually	 measured	 as	 an	 increase	 in	 the	 SCD	 for	

colloidal	silica.	At	the	same	time,	SCD	is	found	to	be	independent	of	the	choice	of	

anions.	This	is	consistent	with	electrostatics	considering	that	the	surface	of	silica	

is	negatively	charged	at	pH	>	pH89:.	The	trend	of	 increase	 in	SCD	for	 the	alkali	

metal	 group	 may	 not	 be	 a	 universal	 trend	 as	 an	 inversion	 in	 this	 trend	 has	

already	been	reported	by	others	for	alkaline	earth	metal	group.	

It	is	also	found	that	the	SCD	of	colloidal	silica	increases	with	an	increase	in	

electrolyte	 (NaCl)	 concentration	 for	 the	 range	 of	 concentration	 investigated.	

Electrostatics	 can	 again	 be	 used	 to	 interpret	 the	 phenomena.	 As	 the	



	

114	

concentration	 of	 counterions	 increase,	 collectively	 the	 charge	 screened	 at	 the	

surface	 also	 increases.	 This	 assists	 deprotonation	 and	 results	 in	 an	 increase	 in	

SCD.	 The	 increase	 in	 SCD	 is	 quantified	 for	 silica	with	 incremental	 additions	 of	

NaCl	 (up	 to	300	mM).	At	added	NaCl	 concentrations	greater	 than	300	mM,	 the	

sample	(5	wt.	%	Ludox)	gels	and	the	SCD	cannot	be	determined.	This	limitation	

of	 the	system	is	overcome	by	changing	 the	concentration	of	silica.	Higher	SCDs	

for	Ludox	SM	colloidal	silica	are	reported	that	are	obtained	by	varying	the	silica	

concentration	 relative	 to	 the	 electrolyte	 concentration.	 Previous	 studies	 have	

indicated	 that	 the	 magnitude	 of	 SCD	 for	 silica	 depends	 directly	 on	 the	

concentration	of	 added	electrolyte.	However,	 it	 is	 shown	 in	 this	 thesis	 that	 the	

ratio	 of	 counterions	 to	 the	 number	 of	 surface	 silanols	R-+./0123	is	 a	 better	

parameter	to	describe	the	effect	of	electrolyte	concentration	on	SCD.	The	results	

show	 that	when	 the	 ratio	 (R-+./0123)	 remains	 fixed,	 the	 change	 in	 SCD	 across	

different	 samples	 (with	 different	 concentrations	 of	 silica	 and	 electrolyte)	 is	

negligible.	A	direct	dependence	of	SCD	on	the	ratio	(R-+./0123)	is	reported	that	is	

consistent	over	a	range	of	silica	concentrations.	The	implication	of	this	finding	is	

significant	 as	 it	 provides	 an	 inclusive	way	 to	 comprehend	 the	disparity	 in	 SCD	

values	 reported	 for	 silica	 at	 the	 same	 electrolyte	 concentration	 in	 multiple	

(previous)	studies.	Intuitively,	the	findings	indicate	the	possibility	of	a	universal	

relationship	describing	the	SCD	dependence	on	the	ratio	(R-+./0123).		

In	addition	to	the	SCD,	a	number	of	interfacial	physico-chemical	constants	

describe	the	EDL.	In	this	thesis,	surface	complexation	modeling	of	the	SCD	data	is	

performed	 to	 estimate	 the	 physico-chemical	 constants	 –	 electrolyte	 binding	

constant	and	pKa	of	surface	silanols.	Typical	SCMs	suffer	due	to	the	presence	of	

multiple	unconstrained	parameters,	which	 renders	 their	 results	 ambiguous.	By	
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constraining	 all	 but	 one	 variable,	 our	modeling	 approach	 is	 able	 to	 estimate	 a	

unique	solution	set.	One	of	 the	parameters	constrained	 in	the	SCM	(Stern	 layer	

capacitance)	was	previously	determined	by	our	group	using	 liquid-jet	based	x-

ray	 photoelectron	 spectroscopy	 (LJ-XPS).	 Using	 this	 as	 a	 constraint,	 SCM	

estimates	 a	pKa	of	 6.74	±	0.25	 for	 surface	 silanols	 that	 is	 consistent	with	other	

reports	pertaining	 to	 colloidal	 silica.	 SCM	estimations	 support	 the	 reliability	 of	

the	 LJ-XPS	 based	 measurements	 and	 show	 how	 multiple	 experimental	

techniques	 and	 a	 modeling	 approach	 is	 used	 symbiotically	 for	 a	 better	

understanding	of	the	EDL	and	the	in	turn	the	silica-water	interface.	
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