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Abstract

The removal of nanoparticles (NPs) from waters is a serious challenge in the water treatment
field owing to the high stability and colloidal nature of particles. This study is devoted to
develop effective flotation processes for NP separation. The investigation is firstly conducted
to get a good knowledge of features and colloidal behaviors of NPs in suspension. Surface
modification tests and adsorption-aggregation experiments are then carried out to understand
the interaction mechanisms between NPs and flotation assisting reagents. Two types of
flotation (dissolved air flotation (DAF) and colloidal gas aphrons (CGAs) involved flotation)
were specially focused on: the former aims at using air bubbles to remove NP aggregates with
the assistance of humic acid (HA), while the later employs the surface functionalized
microbubbles, CGAs, to enhance the interaction of NP-bubble for the sake of high treating
efficiency.

Results show that, on mixing with the highly basic HA solution (pH12.9), the surface charge

of TNPs is primarily neutralized by OH™ and then screened by polyanions of HA. When the

pH of TNP-HA suspension is lower than 3 by adding HA stock solutions at pH4.0~9.0, the
electrostatic attraction between TNPs and anions becomes insufficient but the aggregation of
TNPs-colloidal HA occurs. In continuous DAF trials, the appropriate pH of HA stock
solution (pH = 9) and optimum HA concentration (11.1 mg/L DOC) for high TNP removals
(> 95 %) are determined. The residual HA concentration remained in a low level even when
HA is overdosed. When the pH of the TNP-HA suspension is highly acidic, most HA
molecules are not really soluble and uncharged, and they may aggregate themselves and form
hydrophobic colloidal precipitates to minimize the contact with the aqueous environment. As
for the study of CGAs, the characterization results denote that introducing air flow during the
CGA generation process can slow down the liquid drainage speed and may facilitate the
particle separation performance; the stirring speed is a crucial parameter to create micron
scale bubbles, and CGAs can be positively or negatively surface charged by using different
surfactants. Different SiO, NP (SNPs) can be efficiently separated from aqueous suspensions
by the continuous CGA generation-flotation process with the highest SNP removal close to
100 %. The comparison tests between CGA-flotation and DAF denote that the former take
the greater advantage because of its better treating effect and less surfactant demand.

Keywords: Nanoparticle removal, Dissolved air flotation, Humic acid; Colloidal gas aphrons,

Adsorption-aggregation, Interaction mechanisms






Resume

La séaration de nanoparticules (NPs) contenues dans des milieux aqueux est un séieux
challenge pour le traitement des eaux acause de la grande stabilitéet de la nature collo'dale
de ces particules. Ce travail concerne le développement de procé&lé& efficaces de flottation
pour la séparation de nanoparticules. La premiée partie du travail est conduite pour obtenir
une connaissance plus éroite de la nature et du comportement collodal des nanoparticules en
suspension. Des tests de modifications de leur surface et des expé&iences
d’adsorption-agrégation sont ensuite menés pour comprendre les mécanismes d’interactions
entre les NPs et des réactifs d’aide a la flottation. Deux type des techniques de flottation (la
flottation aair dissout (DAF) et la flottation par des aphrons collodaux (CGAs)) sont utilisés :
le premier type a ici pour objectif de séparer les nanoparticules par des bulles d’air avec
I’aide d’acides humiques (HA), alors que le second utilise des microbulles dont la surface est
fonctionnalisée par des tensioactifs (CGAs), dans 1’objectif d’accroitre I’efficacité de
séparation. Les résultats montrent que, par méange avec une solution basique de HA (pH
12.9), la charge de surface de nanoparticules de TiO, (TNPs) est d’abord neutralisée par des
ions OH" et ensuite €&ranté& par les polyanions de HA. Quand le pH des suspensions
TNPs-HA est en dessous de 3 par ajout de solution me&e de HA de pH 4.9-9.0, I’attraction
éectrostatique entre les TNPs et les anions est insuffisante, mais on observe quand méne
I’agrégation entre TNPs et la part colloidale de I’HA. Par des essais de DAF en continu, le pH
optimal de la solution me&e de HA (pH= 9) et la concentration optimale en HA (11.1 mg/L
COD) permettent d’éliminer plus de 95% des nanoparticules. La concentration résiduelle de
HA reste a un treés bas niveau méme quand 1’acide humique est surdosé. Quand le pH des
suspensions TNPs-HA est trés acide, la plupart des molécules d’acides humiques ne sont pas
solubles et ne sont pas chargées. Elles peuvent s’agréger entre-elles et former un pre&ipité
collodal hydrophobe pour minimiser leur contact avec le milieu aqueux. En ce qui concerne
les CGAs, leur caractérisation montre que la vitesse d’agitation est un paramere crucial pour
créer des aphrons de I’ordre de la dizaine de micrometres. Les CGAs peuvent étre chargés
né&yativement ou positivement en utilisant des tensioactifs adaptés. Diffé&entes nanoparticules
de SiO, (SNPs) peuvent é&re efficacement (pres de 100%) séaréss de suspensions aqueuses
par le proc&lécontinu de flottation par CGAs. La comparaison entre flottation par CGAs et
DAF montre I’avantage du premier procédé plus efficace avec une moindre quantité de

surfactant.

Mots-clé: Séparation de nanoparticules, Flottation &air dissout, Acides humiques, Aphrons collo'daux,

Adsorption-agrégation, Mécanismes d’interaction
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Introduction

La flottation est une combinaison complexe de chimie des surfaces, de dynamique des films
minces et de mécanique des fluides. Le principal objectif de ce travail est d’utiliser la
flottation pour séparer des nanoparticules (NPs) de I’eau. Comme il a été déja montré, les
collisions entre bulles et nanoparticules dues au mouvement Brownien et I’attachement des

NPs a la surface des bulles sont difficiles, causes d’une efficacité de séparation toujours

faible.

Deux méhodes sont proposées dans ce travail pour @iminer effectivement les NPs de
suspensions aqueuses : (i) former de larges agrégats a I’aide d’un réctif assistant de flottation
(collecteur de NPs) de maniére a ce que le mécanisme d’interception devienne le mécanisme
de collision pré&lominant entre bulles et nanoparticules ; (ii) utiliser des microbulles dont la
surface est fonctionnalisée afin d’accroitre les interactions électrostatiques et 1’attraction

hydrophobe entre NPs et les bulles.

Deux type de NPs communes, d’oxydes de titane (TNP) et de silice (SNP), ont été choisis
comme cibles aéiminer. Aprés une revue gené&ale sur les dangers des effets des NPs dans
I’environnement aqueux et sur la faisabilité¢ de la séparation par flottation présentés dans le
chapitre 1, les propriétés et le comportement colloidal des NPs ainsi qu’une premicre analyse
des caracté&istiques des réctifs assistants de flottation sont éudié dans le chapitre 2, &
travers leur distribution de taille et leur potentiel z&a en fonctions du pH et de la force
ionique. L’objectif de ces analyses est de comprendre les mécanismes interfaciaux entre les
NPs et les collecteurs afin de mieux comprendre et/ou méme de prélire les processus

interfaciaux observés ensuite dans le travail sur la flottation.

Dans le 3a@me chapitre, la flottation aair dissout (DAF) est utilisée pour séparer des TNPs

avec l’assistance d’acide humique (HA) et/ou I’ajustement du pH. Au préalable, des
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expé&iences de modification des propriées de surface des NPs par des solutions alcalines de
HA sont menées dans 1’objectif de rechercher leurs mécanismes d’interaction. Grace a la
déermination de la taille des agregats, ades mesures de potentiel zéa, aune analyse FT-IR, &
celle de la DOC résiduelle, il a été confirmé que l’interaction entre TNPs et HA est
principalement le résultat d’une neutralisation des charges de surface accompagnée d’un
&hange de ligands, et d’autres mécanismes comme la formation d’une couche de HA sur la
surface des nanoparticules. Des tests d’adsorption et d’agrégation ont ensuite ét€ menés en
contrdlant le pH des solutions de HA, montrant un mécanisme d’interaction entre HA et
TNPs de type agglomération des TNPs avec de I’HA colloidale précipitée. Ensuite, des essais
de flottation continue ont &érélisé avec un pilote de laboratoire construit sp&ialement,
sous difféentes conditions physicochimiques (pH et concentration en HA) et opé&atoires
(débits de suspension, d’eau pressurisée et d’effluent). Le pH de la suspension dans le
flottateur est le paramétre essentiel, car il conditionne le comportement collodal des TNPs.
La valeur appropriée du pH de la solution de HA et sa concentration optimale pour une
grande efficacitéde séparation des NPs et un faible ré&idu en HA ont &&déerminées. Le
pr&ipitéde HA pourrait &re consid&éécomme un filet dans lequel les TNPs pourraient &re
piégées ou attrapées, I’ensemble étant ensuite capturé par les bulles, favorisant ainsi la

flottation.

La deuxiéne partie de ce travail consiste autiliser un syst@me de microbulles (aphrons
gazeux collodaux, CGAs) pour faciliter la séaration de SNPs par flottation (chapitre 4). Un
généateur de CGAs de laboratoire a @é&imaginéet construit sur la base de la proposition de
Flex et Sebba en 1985. Les propriéé& des CGAs produits ont &é& déerminées en mode

discontinu, ainsi qu’en mode continu, €¢galement mis en ceuvre pour les tests de flottation. Le
temps de demi-vie des CGAs 7, a @e&mesuréppour montrer la stabilitédes CGAs ; les
résultats expérimentaux sont lissés par I’équation de Hill permettant de représenter la
cinéique de drainage des suspensions de CGAs. La taille des CGAs est mesuré par

diffraction laser. Différents parametres (vitesse d’agitation, débit et concentration d’air, et

dévit de solution de tensio-actifs) ont é&eétestés pour déerminer des conditions optimales de

VI
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production des CGAs. De plus, leur potentiel z&a a &é& mesuré pour vé&ifier la
fonctionnalisation de la surface des bulles, ceci avec deux tensio-actifs (CTAB et SDS). Le
mécanisme d’interaction entre les molécules de tensio-actif et les SNPs, conduisant a
I’adsorption et/ou a ’agrégation a été étudié. Diffé&ents meésanismes de flottation sont mis en
exergue. Les SNPs sont séarees des suspensions aqueuses par le proc&léde flottation avec
production continue de CGAs. Les effets sur les performances de flottation de la
concentration en tensio-actifs dans la cellule de flottation, de la concentration et de la taille
des SNPs dans le courant d’alimentation et du pH sont examinés. Les mécanismes conduisant
ala flottation par CGAs sont explorés. Ensuite, une comparaison entre la flottation par CGAs
et la flottation par DAF est proposeée pour des conditions identiques de concentration de
tensio-actifs et de débits de suspension d’alimentation. Enfin, dans le dernier chapitre, des

conclusions principales sont proposées ainsi que des perspectives pour ce travail.

Conclusion

Le traitement d’eaux usées polluées par des nanoparticules est un séricux challenge dGaleur
taille réluite (< 100 nm), ala stabilitédes suspensions, et aleur comportement collodal. La
flottation est un procélé de séparation liquide-particules reposant sur I’attachement ou
I’adsorption des particules a la surface de bulles traversant la suspension. Ce travail a éé&
dédi¢ a ’amélioration de la séparation de nanoparticules par flottation. Or, il a été largement
reporté dans la litt&ature que la flottation de nanoparticules est due & un meéanisme
prédominant de transport des nanoparticules jusqu’a la surface des bulles par diffusion

Brownienne.

Deux idées ont donc &€& poursuivies pour réliser cet objectif : (1) accroitre la taille des
particules de I’échelle nano a 1’échelle micro de sorte que les NPs puissent étre flottées
comme des agréyats traditionnels microniques ; (2) diminuer la taille des bulles et
fonctionnaliser leur surface afin de renforcer I’effet de la diffusion Brownienne et les

interactions colloidales entre bulles et NPs, et ainsi augmenter 1’efficacité de capture des NPs.
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Pour ce faire, deux éudes exp&imentales ont &&menees. Dans un premier temps, des essais
ont é&é&poursuivis pour effectuer la séaration des NPs par flottation &air dissout (DAF).
Dans cette partie, les TNPs ont &é& choisies comme NPs cibles, et une matiée organique
dissoute, HA, a été sélectionnée comme agent assistant de flottation. Une série d’expériences
d’agglomération a été menée suite a celle de flottation pour comprendre les mé&anismes
d’interaction entre TNPs et HA, et aussi pour tester la faisabilité de 1’'usage de HA pour la
séparation des nanoparticules. Les résultats montrent la formation d’agrégats pendant la mise
en contact réultant, aprés sé&limentation, en un liquide surnageant le plus clair 29.15 mg/L

DOC, le dosage optimal de HA é&ant 7.8~9.15 mg/L. La neutralisation des charges entre

OH"™ et les TNPs joue le role principal induisant 1’agglomération vraie des TNPs, alors
que les autres anions (i.e. Cl~, poly anions de moleules de HA) avec une densitéde charges

plus faible que OH™ aident &é&ranter les effets des charges de surface. Pour des valeurs de

pH a I’équilibre inférieures a3, les molé€eules de HA sont peu dissociées et un pr&ipité
collodal de HA est observé& qui ne produit pas une attraction éectrostatique suffisante entre
les poly anions de HA et les TNPs, mais conduit &une co-agglomé&ation des TNPs et des

pr&ipité&s collodaux de HA. Une analyse de la dimension fractale des agréats obtenus

confirme que les agreégats de TNP-OH™ - poly anions de HA issus principalement du

meésanisme de neutralisation sont de conformation compacte alors que ceux issus des

interactions entre TNPs et collodes de HA sont plus ouverts.

Les proc&lé& de flottation DAF par ajustement du pH et par ajour de HA ont éétesté& et
comparés. L’ajustement du pH peut aider a ¢€liminer les TNPs mais le rendement
d’élimination n’a pas dépassé 65%. Un rendement d’environ 99% a été obtenu avec 1’aide de
HA quand le H de la solution de HA éait entre 4.7 et 6.2.Cependant, avec des solutions
basiques de HA, le rendement de flottation dé&roit méne au dosage optimum. Un ratio devé
AJS peut am@iorer la performance du proc&léde flottation en fournissant une surface de
capture plus importante a 1’attachement des nanoparticules sur les bulles. Quand le pH final

de la suspension flotté est sup&ieur a4, la neutralisation des charges entre TNPs et OH- est

X
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le mécanisme dominant de la formation des agrégats de TNPs. De plus, d’autres mécanismes
peuvent intervenir dans 1’¢élimination des TNP : I’échange de ligands, la création de liaisons
entre HA et la surface des TNPs, des attractions hydrophobes accrues entre TNPs
potentiellement dues a 1’adsorption de HA sur la surface des TNP. Pour des pH de la
suspension inférieurs a 4, la plupart des molécules d’HA ne sont pas réellement solubles et ne
sont donc pas chargées. Elles peuvent former des agglomé&sats qui preipitent sous forme
collodale pour minimiser leur interaction avec le milieu aqueux environnant. Le preeipité
collo'dal de HA peut agir comme un ré&eau collo'dal qui entraine les TNPs, résultant en flocs
dont I’efficacité d’attachement sur les bulles est meilleure et plus stable. Il est important de
noter, que ce soit par aggregation ou par flottation, une faible quantitéréiduelle en DOC de
HA est toujours associée aune séparation efficace des TNPs. Ceci contribue aaffirmer la
participation des HAs au proc&léde flottation des TNPs, conditionné pas la formation des
agré&jats TNP-HA-Bulles. L’élimination efficace de la DOC indique également que le rejet
des effluents du procédé DAF dans I’environnement aquatique ne causerait pas un probléme

environnemental.

La seconde partie du travail a été dédiée a 1’utilisation, pour la flottation de nanoparticules, de
microbulles dont la surface a ¢ét¢ modifice (CGAs). Les CGAs ont été créés a partir d’un
tensio-actif cationique (CTAB) et d’un tensio-actif anionique (SDS), gr&e aun géé&ateur de
CGA a I’échelle de la paillasse élaboré¢ en s’inspirant des propositions de Felix Sebba en 1985.

La morphologie des CGAs a é&&observé& au microscope optique. Leur temps de demi-vie

7, a é@eutilisépour éaluer leur stabilit€ il a @emesuréentre 80 et 150s en fonction des

diffé&entes conditions genéees. Un drainage en deux éapes a &ée&observédans toutes les
configurations de CGAs. La taille des CGAs a @é€émesuré par diffraction laser. La vitesse de
rotation de D’agitateur influence fortement la taille. Une vitesse de 8000 rpm a été
sélectionnée dans la suite de I’étude comme meilleur compromis entre une demande en bulles
de petite taille et une consommation énergeique limité. Dans la plupart des cas, la taille
moyenne des CTAB-CGAs a é&émesuré entre 35 et 45 um, et celle des SDS-CGA entre 40

et 50 um en mode continu alors qu’en mode discontinu, le diamétre moyen pour les deux

Xl
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tensio-actifs est de 1’ordre de 20 a 30um. Augmenter la concentration et le débit de
tensio-actif, ou le débit d’air diminue la taille des CGAs de fagn tres limité. La
modification de la charge de surface des bulles a é&&confirmeé par la mesure du potentiel
zéa des CGAs. Les mesures de potentiel zéa des CGAs confirment la modification des
charges de surface. Les CGAs sont chargés positivement ou négativement en utilisant des
tensio-actifs différents, ce qui peut conduire a renforcer I’attraction électrostatique entre
bulles et particules de charges opposées pour la flottation. Les mécanismes d’interaction entre
les SNPs et les molé&ules de tensio-actif ont été étudiés par des isothermes d’adsorption.
Comparéavec le modée de Langmuir, les modées de Freundlich and de Langmuir-Freunlich
permettent de mieux lisser les données exp&imentales, en particulier le dernier modée qui

prélit la capacité maximale d’adsorption.

Suite aces mesures pré&iminaires, la séaration de nanoparticules a @&mené par flottation
alimentée en micro-bulles CGAs. Trois types de SNPs de diffé&entes tailles et chares de
surface ont &é& sé@ectionné& comme particules modées. A la concentration optimale en
tensio-actif, quasiment 99% des SNPs ont pu &re diminé. Les influences de la concentration
en tensio-actifs, de la taille des SNPs, de leur concentration et de leur pH sur les
performances de flottation ont &&examinées. Les ré&ultats montrent que de hautes efficacités
d’¢élimination peuvent étre obtenues pour des concentratons de tensio-actifs méne infé&ieures
a0.02mmol/L. De meilleurs résultats ont é&é& obtenus avec une plus grande concentration
initiale en SNP et avec des particules de plus petite taille. Un pH neutre ou basique de la
suspension intitiale de SNP donne de meilleurs réultats pour la flottation avec le CTAB,
alors qu’un pH autour de 3.5 peut résulter en une faible élimination des SNPs. Les CGAS
obtenus avec le SDS ont permis d’obtenir de hautes valeurs d’efficacité pour tous les pHs
considérés. L’effet d’attraction hydrophobe surpasse certainement celui de ’attraction
éectrostatique dans ce procé&lé de flottation avec des CGAs. La comparaison entre la
flottation par CGAs et le proc&léclassique DAF a ééfaite dans les conditions de flottation
optimale déerminees par les exp&iences pr&alentes en flottation continue avec des CGAs.
Les CGAs peuvent diminer les SNPs plus efficacement que la flottation DAF. Par rapport au
procédé DAF dont I’efficacité dépend de 1’hydrophobisation de la surface des particules par
Xl
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les tensio-actifs, la flottation par CGAs peut agir €jalement en absence de tensio-actifs
adsorbés, par interaction avec ceux adsorbés sur la surface des bulles, ce qui au final né&essite

une quantitémoins importante de tensio-actif pour une efficacité&yuivalente.

Perspectives

Les résultats obtenus dans cette étude ont montré 1’efficacit¢é des HA comme assistant de
flottation des nanoparticules et la capacité des CGAs pour 1’¢élimination des NPs. Toutefois,
plusieurs domaines demandent encore que des recherches soient poursuivies sur la base des
résultats acquis dans ce travail :

o Des matiees organiques naturelles comme les substances humiques extraites
directement des sols ou des ressources aquatiques, du chitosane, et des substances
polymé&iques extracellulaires (EPS) issues des usines de traitement biologique de
I’eau, pourraient étre utilisées pour faciliter la flottation des nanoparticules. Par
I’attachement ou I’adsorption matiéres organiques-NPs et leur dimination par les
bulles, les séparations simultanés des NPs et des matiées organiques des eaux
polluées pourraient &re ré&lisées, autorisant ainsi le développement de procé&lé plus
respectueux de I’environnement ;

o Des polyéectrolytes (par exemple des chlorures de polyaluminium) sont des additifs
qui pourraient &re combinés avec des tensio-actifs classiques pour la géné&ation de
CGAs afin de crér des aphrons avec des surfaces multi-fonctionnalisées. Il serait
alors possible de traiter des eaux pollués contenant plusieurs types de
nanoparticules ;

o La caracté&isation in-situ des agreémats de flottation en termes de taille et de
morphologie est toujours un probleme di a I’existence de fines bulles a I’intérieur des
flocs qui les rendent instables. Une é&ude dynamique des flocs de flottation né&sessite
d’étre mieux explorée par I’application de techniques différentes, comme la
diffraction laser avec un maté&iel de type Sparytec ou Mastersizer, ou la diffraction de
rayons X, etc... Les conditions de mesure restent a étre déterminées et optimisées ;

o Utiliser la flottation par CGAs a I’échelle pilote puis industrielle reste a développer.

X1
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Ce procédé peut s’avérer économe en capital investi par r apport ala flottation DAF
avec une haute efficacité a condition d’améliorer le dimensionnement du générateur
de CGAs, de choisir ou de synthé&iser des tensio-actifs pour fonctionnaliser les bulles,

et d’optimiser les conditions de flottation.

o Using CGAs involved flotation in pilot- and plant- scale applications still remains to
be developed. A capital-saving and high efficient process with CGAs needs to be
worked out by improving the design of CGA generator, selecting or synthesizing

functionalized surfactant, and optimizing flotation conditions.
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Nomenclature

Latin letters

B The constant related to the heat of adsorption (-)
b The Temkin constant (J/mol)
b, The Langmuir bonding term related to interaction energies (L/mg)

b, - The Langmuir-Freundlich bonding term related to interaction energies (L/mg)
C, The TNP concentration of influent (mg/L)

Cos The initial concentration of surfactant solution (mg/L)

Cow The volume concentration of influent (TNP suspension) (%)

C, The TNP concentration of effluent (mg/L)

C, The HA concentration of effluent (mg/L DOC)

Co The TNP concentration due to the water dilution (mg/L)

o The HA concentration due to the water dilution (mg/L DOC)

Cpooc The dissolved organic matter existing in the TNP suspension (mg/L)

C. The equilibrium concentration of surfactant solution (mg/L)

C.x.  The Langmuir maximum capacity (mg/g)

C.x._e The Langmuir-Freundlich maximum capacity (mg/g)

Ciin, The initial HA concentration before HA-TNP interaction (mg/L DOC)

Ciawec  The HA concentrations of HA stock solution (mg/L DOC)

Ciin The final HA concentration of TNP-HA mixed suspension at equilibrium (mg/L

DOC)



Nomenclature

C,
CSDS

CSNP

CCTAB

The amount of HA adsorbed on TNPs (mg/L DOC)
The SDS concentration in the CGA generator (mmol/L)
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The mean free energy of adsorption (KJ/mol)
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The rate of change in size in the DLA regime (nm s %)
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The thickness of dark layer in the optic microscopic image of CGA (m)
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The mass of air (Kg)

The mass of TNPs (Kg)

The bubble number per unit time (s™)

The nanoparticle number per unit time (s™)

The number of particles captured by one rising bubble (-)

The sigmoidal character of the Hill equation curve (-)

The refractive index of air (-)

The Freundlich linearity constant (-)

The Langmuir-Freundlich linearity constant (-)
The refractive index of the suspending medium (-)
The refractive index of water (-)

The pressure for dissolving air (atm)

The laser wavenumber, the difference between the incident and scattered wave
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Ol
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generator

\Y

max

VTN Ps
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The flow rate of flotation assisting reagent (mL/min)

The flow rate of air in CGA generation (mL/min)

The flow rate of bubbles (mL/min)

The flow rate of CGA suspension (equals to Q. ) (mL/min)

The flow rate of HA stock solution (mL/min)
The flow rate of surfactant solution (equals to Q.g,) (ML/min)
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The theoretical monolayer sorption capacity (mol/g)

The reduction of surfactant usage (%)

The radius of CGAs (um)

The surface area of one bubble (m?)

The projected area of one nanoparticle (m?)

The Temperature (K or <C)

The Krafft temperature (K or <C)
The CGA transporting time from generator to flotation cell (s)

The relative velocity between water and a bubble (m/s)

The volume of surfactant-SNP mixed suspension (mL)

The volume of CGA generator (mL)

The maximum volume of drained liquid (mL)
The volume of TNP suspension (mL)
The volume of TNP-HA mixed suspension (mL)

The volume of drained liquid at time t (mL)

The stability ratio (-)
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The activity coefficient related to mean adsorption energy (mol?/J?)

The aggregation rate in the RLA regime (particle/s)
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The Polanyi potential (-)

The NP removal efficiency (%)

The scattering angle (9
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The half life (s)

The measured half life (s)

The predicted half life (s)
The viscosity of water (m?/s)

The volume ratio between CGA suspension and dionized water (-)

The package rate of attached particles at the bubble surface (-)
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| ntroduction

Flotation is a complex combination of surface chemistry, thin-film dynamics, and fluid
mechanics. The main objective of the current study is using the flotation technique to separate
nanoparticles (NPs) from water. As has been previously recognized that the NP-bubble
collision caused by Brownian motion and attachment are difficult, hence the NP removal
efficiency is always poor. Two methods were proposed in this study to effectively remove
NPs from agueous suspension: (i) forming large aggregates by using flotation assisting
reagent (NP collector) so that the interception can be the predominant collision mechanism
between particles and bubbles; (ii) using surface functionalized microbubbles to enhance the
electrostatic and hydrophobic attraction between NPs and bubbles in the flotation process.

Herein, two types of commonly seen NPs, titania (TNP) and silica (SNP), were chosen as
representative treating targets. After a general review of the threat of NPs in the agueous
environment and the feasibility of particle separation by flotation in Chapter 1, properties and
colloidal behaviors of NPs and characteristics of flotation assisting reagents were primarily
studied in Chapter 2 via the analysis of particle size, zeta potential, pH value, and turbidity
under different physiochemical conditions such as NP concentration, pH and additional ionic
strength. Through this investigation, the understanding of interfacial mechanisms between
NPs and collectors in the following interfacial processes could be better understood or even
predicted.

In the 3" chapter, dissolved air flotation (DAF) was employed to remove TNPs with the
assistance of humic acid (HA) and/or pH adjustment. Before flotation, surface modification
experiments were firstly conducted between TNPs and alkaline HA solution for the sake of
their interaction mechanisms. Through aggregate size determination, zeta potentia
measurement, FT-IR analysis, and residua DOC detection, the interaction of TNP-HA was
confirmed to be the result of mainly charge neutralization accompanied with ligand exchange,
and other mechanisms such as the formation of HA layer on the particle surface. The
adsorption-aggregation tests were then carried out controlling pH vaues of HA stock
solution, through which the agglomeration of TNPs with precipitated HA colloids was
declared for the TNP-HA interaction process. Thereafter, continuous flotation trials were
performed on the particularly designed laboratory scale apparatus under different

physiochemical conditions (pH and HA concentration) and operating conditions (flow rates of
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influent, pressurized water and effluent). The pH value of flotation suspension was found to
be significant in the flotation process by changing the colloida behavior of TNPs. The
appropriate pH value of HA stock solution and optimum HA concentrations for high TNP
removals and low residual HA concentration were determined. The colloidal precipitate of
HA might be considered as an extended fishnet where TNPs could be enmeshed or trapped,
and hence the bubble capture in DAF was reinforced.

The other direction in thiswork isto employ a system of microbubbles (colloidal gas aphrons,
CGAY) into flotation to facilitate the SNP separation (Chapter 4). A laboratory scale CGA
generator was designed and fabricated based on the proposal of Flex Sebba in 1985. The
batch generation mode was specialy conducted for the study of CGA properties, and the
continuous CGA production mode was used in both CGA characterization and flotation

process. The half life 74 was measured to represent the stability of CGAs; experimental data

were fitted by the Hill equation which could figure out the drainage speed of CGAs. The
CGA size was measured by laser diffraction. Different factors (stirring speed of agitator, air
flow rate, and concentration and flow rate of surfactant solution) were tested to determine the
optimum condition for the CGA creation. Moreover, the zeta potential of CGAs was aso
measured by NanoZS to verify that the bubble surface was functionalized by using different
types of surfactant (CTAB and SDS in this study). Moreover, the interaction mechanism
between surfactant molecules and SNPs were studied by adsorption-aggregation. Combined
with different characteristics of SNP suspension, the specific interaction interpretation was

given. Different flotation mechanisms of CGA-flotation and DAF were highlighted.

SNPs were separated from aqueous suspensions by the continuous CGA generation-flotation
process. Surfactant concentration in the flotation cell, initial SNP concentration and sizein the
influent, and pH of SNP suspension were investigated for their effects on the flotation
performance and also the exploration of CGA-flotation mechanisms. Then, the comparison
between CGA-flotation and DAF at the same surfactant concentration and flow rate of
influent was conducted in terms of the SNP removal efficiency and surfactant demand.

Ultimately, main conclusions and prospects of this work are given in the last chapter.
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Chapter 1. General review of nanoparticle in waatewand relative separation techniques

Along with the growth of nanotechnology, materialscluding natural or manmade
nanoparticles (NPs) have become widely used. Thapter firstly reviews possible sources
of NPs in wastewater with respect to industriatsex; household commodities and effluents
of water treatment units. The specific environmehtzards and health threats of NPs in
waters and wastewaters are demonstrated; thereafisting separation processes of NPs
from aqueous suspensions and their treating efitoés are comparatively reviewed, in which
advantages of flotation, the essential techniquehia Ph.D. study, is outweighted. The
flotation separation mechanisms of NPs are depib&@in so as to propose strategies of
improving the NP removal efficiency: (a) decreadiing bubble size by using different bubble
generation methods, (b) increasing particle sizéh whe aid of flotation reagents, and (c)
combining (a) and (b) by modifying the bubble soefavith flotation reagents. Based on the
above principles, the design and application ded#nt flotation processes and techniques are

introduced.

1.1 Sour ces of nanoparticles (NPs) in the aqueous environment

Nanoscience involves the study of materials inrtheo scale level between approximately 1
and 100 nm. Due to the high reactivity, large djesurface area, and the tuneable nature of
nanomaterials, nanotechnology has widespread apipis from industrial sectors such as

energy, catalysts, pigments, electronics, remextiatiand fuel additives, to household

commodities such as food storage containers, eigasupplies, bandages, clothing, personal
care products, cosmetics, pharmaceutical formulatend washing machines (Ju-Nam and
Lead, 2008). It has been reported that the engideaanomaterials are currently used in
around 1628 commercially available consumer prajwetd analysts estimate that the market
for such products is currently around hundred difolbis of euro and possibly rises to one

trillion by 2015 (Groso et al., 2010; Chalew et aD13).

1.1.1 Classification of nanomaterials

The composition of nanomaterials differs accordmg¢heir formulation, and generally can be
classified into inorganics and organics as showrFign 1.1: metals, metal oxides and
guantum dots as semiconductors are consideredeafrimer whilst fullerenes and carbon
nanotubes belong to the latter (Peralta-Videa.e@al 1).



1.1. Sources of nanoparticles (NPs) in the aquenusonment

ENGINEERED NANOMATERIALS
ORGANIC INORGANIC
METAL METALS QUARNTUM
FULLERENES CARBON NANOTUBES o(DES | DoTS
| Au |
o o MULTI- SINGLE- Zn0, Ag Cdse
WALLED WALLED Ce0,

Fig. 1.1. Nanomaterial classification according to their cosipon. (Peralta-Videa et
al., 2011).

As suggested by Foss Hansen et al. (2007), nanombties should be categorized depending
on the location of the nanoscale structure in thstesn, which lead to a division of
nanoproducts into three categories (Fig. 1.2)b€ihg nanostructured in the bulk; (2) having
nanostructure on the surface; and (3) being predesgo nanostructured particles. 70 % of
consumer products are in category 3 (as partickdsigh includes nanoproducts in forms of
surface-bound nanomaterials, NPs suspended indigiNPs suspended in solids, and free
airborne particles. Therein, NPs suspended indguwvere used in 37% of the consumer
products (Bakker, 2012), and the current study Masched to figure out effective ways of
removing these NPs from aqueous systems in ordavdml relative environmental problems
caused by NPs.
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NANOMATERIALS

BULK

One phase ar Multi phase Structured surface, film and structured film

PARTICLES

Surface bound Suspended in liquids Suspended in solids Airborne
Fig. 1.2. The categorization framework for nanoproducts (Fdsssen et al., 2007).

1.1.2 NPs from domestic and industrial wastewater

Carbon, silver, silica, titania, zinc and ceriunoxdde are most commonly used among
different types of NPs (see in Fig. 1.3). It isvitable that those nanoscale products and their
by-products find one release route among otherstiit aquatic environment via domestic
and industrial wastewater discharges. Typicallgrehis a growing global demand on fuel
additives, lubricants, and catalysts because of #ranced performance achieved through
the infusion of nanoscale cerium oxide particleen&ally, these nanotechnologically fuel
additives, lubricants and catalysts are likely ¢odmitted through various waste streams into
the air, water or soil systems. Ultimately, theylvend up into the aquatic and terrestrial
environments through surface-runoffs, spillagesnduuse, and leakages from vehicles, or via
sewage drainage systems. This raises serious cenoedealing with nanowastes from both

point and non-point sources.
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w Carbon

w Silver
Silica

. Titanium (including
oxide)

w Zinc (including oxide)

Cerium oxide

30%
Fig. 1.3. Nanomaterials used in consumer products, 2006 (k&faym.d.).

Another instance is the cosmetics and personal sactor which constitute the largest
number of nanoproducts (> 50 %) currently availabléne global market (Musee, 2011). The
usage of nanomaterials is favoured for the follgnieasons: ability to absorb and reflect UV
light while remaining transparent (e.g. B)Qa better antioxidant than vitamin E (e.g.
fullerene), antibacterial properties (e.g. nanosAghd anti-aging skin properties (e.qg.
nanosomes and gold particles) (Yang et al., 20@nnBand Westerhoff, 2008; Labille et al.,
2010). Consequently, the waste streams contairamgmaterials will be introduced directly
to the aquatic environments at application phaskreugh the sewage systems as a result of
showering and washing process.

1.1.3 NPsfrom wastewater treatment plants (WWTPs) as second pollutants

Some metallic NPs may dissolve (e.g., silver-, zifvon- or copper-based) or biodegrade
(e.g., fullerenes) in wastewater, subsequently rddgo settable biomass, and finally
precipitate as inorganic solids or form stable agsecomplexes. Because of the dense
biological communities in WWTP unit processes, urtgipical conditions, more than 90 % of
the nanomaterials may attach to biomass and bevesinm wastewater treatment plants
(WWTPSs). Inclusion of membrane filtration to strémen gravity settling has the potential to
increase NP removal (Springer et al.,, 2013; Weseférét al., 2013). However, after the
biosolids are disposed to the land surface andadpie fields, landfills, or incineration, their
fate needs to be further considered. From thisdgt@int, municipal WWTPs are particularly
important sources of contaminant release into thdr@enment, as they provide potential
pathways of nanopollutants into surface waterslssa@nd air through treated effluent,

biosolids, and plant-generated aerosols (Kisel. ,€2@10).
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1.2 Threat of NPsto human beings and the aqueous environment

1.2.1 Pathways of NP entry into living bodies via the aqueous envir onment

As reported by Moore (2006), apart from the NP kgthay inhalation or ingestion which is
the major route in terrestrial organisms, in theeays environment there may be more routes
of entry such as direct passage across gill andr atkternal surface epithelia. Ultimately,
those NPs possibly accumulate in human bodies ghrailhe food chain. The natural
propensity for many NPs to bind transition metald arganic chemical pollutants is believed
to enhance the toxicity of some NPs; and the gbdftthose particles to penetrate the body
and cell (e.g. through fluid-phase endocytosis eadelae in Fig. 1.4) provides potential

routes for the delivery of NP-associated toxic yalhts to sites where they would not

normally go.

Potential Endocytotic Pathways for
Nanoparticle Entry into Cells

Caveolae-mediated

Endocytosis Endocytosis
Fluid Clathrin-

Lipid Lipid -
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Fig. 1.4. Pathways for endocytosis in the cell which couleekploited by manufactured
NPs. Endocytosis via clathrin-coated pits (receptediated) or uncoated pits (fluid
phase) transfers materials to the lysosomal detivadsompartment, while caveolar
endocytosis can result in translocation to the pradmnic reticulum (ER), Golgi or

through the cell by trancytosis (Moore, 2006).
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1.2.2 Hazard and toxicity of NPs

Any toxic effect of NPs will be very specific todin type of base material, size, substitute,
and coating. One of the earliest findings confirmkedt NPs (< 100 nm) showed greater
toxicity than fine particulates (< 2.5 pum) of tremee material on a mass basis. This has been
observed with different types of NPs, includin@nitum dioxide, aluminum trioxide, carbon
black, cobalt, and nickel (Hallock et al., 2009)r lexample, Oberdorster et al. (1994) found
that 21 nm titanium dioxide particles produced 8l fmore inflammation (as measured by
the influx of polymorphonuclear leucocytes, a tygfewhite blood cell, into the lung) than
250 nm particles based on the same mass instittecanimal lungs.

The impact of nanomaterials on living cells carbbeken down into the interactions between
nanomaterials and individual cell components. Themiwane interface is the first
interactional medium between a material and a(¥élesner and Bottero, 2007). Yang et al.
(2010) concluded that the long-term exposure (3&)Xaf low-level C60 caused significant
cellular damage, leading to cell dysfunction anlil lgsis or necrosis irdaphnia magna. The
very large surface area of ultra-small particlegl@dgesult in the direct generation of harmful
oxyradicals (ROS), causing cell injury by attackiDhA (Brown et al., 2001). Furthermore,
nanomaterials that interact with proteins migheralihe protein structure as well. Highly
selective protein adsorption on NPs added to thetFat particles were capable of reaching
subcellular locations, results in significant newtgmtial impacts for NPs on protein
interactions and cellular behaviours. The losseabsadary structure and consequent changes
in the activity of proteins upon binding to NPs kkbbe seen as a drawback or a potential

source of NP toxicity (Lynch and Dawson, 2008).

In short, the potential advantages of nanomateaés immense, however, so are their
potential dangers. Some of the dangers might becedl by the application of NPs in the
fields of medicine and personal care. In order weriathe risks, we must thoroughly
understand the nanomaterial properties, and theela® comprehensive plans to prevent
them. In the following part, we are going to discu®w to remove NPs from water. One
simple way to prevent the risks is also to prewdmst contamination by NPs, especially of

water resources.

10
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1.3 Techniques already applied in the NP wastewater treatment

1.3.1 Challengesin the NP wastewater treatment

The rapidly increasing production of engineered Nias created a demand for particle
removal from particularly industrial and communalstewater streams. It is challenging and
urgently necessary to develop effective techniqoesarify NP wastewaters considering their
physiochemical properties and environmental thoddfiPs. On the one hand, surfaces and
interfaces of particles are crucial characteristit®ano scale materials. As the particle size
decreases, the proportion of atoms found at tHasuirs magnified relative to the proportion
inside its volume, resulting in more reactive N8l @ossibly higher potential toxicity. On
the other hand, in the NP application, surfaceingatan be utilized to alter surface properties
SO as to prevent aggregation or agglomeration diffierent particle-types, and/or serve to
“passivate” the particle-type to mitigate their guatial hazard on health (Warheit et al., 2008).
Those well dispersed NP suspensions bring gredfeutties in the NP separation process.
Even if the surface-functionalized NPs are likaybe removed by water treatment processes
to sewage sludge (typically recycled to land), wted NPs will continue through the effluent
steam (Jarvie et al.,, 2009). The study of Hwanalet(2011) pointed out that agueous
engineered iron oxide NPs coated with a surfactBMP-..suy would be introduced into
environmental receptors and potentially impact thileraugh the treated effluent because they
could deteriorate the water quality with respectdtuble chemical oxygen demand, turbidity,
and apparent color. The large fractions of ENGscould also go into sludge management
processes, leading to the necessity of assesstogday impacts of ENR.s,son the sludge

stabilization, composting, and landfill disposal.

1.3.2 Water treatment application and case study of the NP removal from aqueous body

A growing number of study and trials on laboratand WWTP scales have been addressed
to the NP release into aquatic environment via rotliitg the treated effluent discharge;
meanwhile great efforts have been dedicated torgae terrestrial environment via sludge
disposal or application to land (Hwang et al., 20The efficient NP removal is particularly
important in view of preventing the considerable &ifétoxicity for a long-term persistence
and evidence. Herein, several typical attempts apglication on the NP wastewater
treatment have been summarized in Table. 1.1. floadi and improved techniques, such as

flotation, coagulation, filtration, adsorption, weused to deal with different kinds of NP

11
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suspensions or wastewater including chemical mechlamolishing effluent, municipal
sewage, etc, and high treating efficiencies andgfbklindications for further technical

development were obtained.

12



Chapter 1. General review of nanoparticle in waatewand relative separation techniques

Table. 1.1. Typical NP wastewater treatments.

Treating method Target NP Particle  Type of treating Key results/findings Reference
contaminant size water
Foam flotation Colloidal titanium 50 nm Simulated TiO, separation was almost complete in optim@&hen, 1998.
dioxide (TiQG,) wastewater conditions. The coulombic interaction between
charged TiQ surfaces and ionic collectors played a
dominant role. Foam flotation might find applicatio
in the separation of submicron TiQparticles in
suspend-photocatalyst systems.
Foam Flotation Colloidal silica  40-150  Simulated Four techniques were employed to assess the rateeofge et al.,
alumina particle nm wastewater true flotation and entrainment in the flotation gess. 2004.
The proportion of the colloidal particles recovetsd
true flotation was quite high due to the fine bbbl
size. A smaller bubble size had a smaller assatiate
wake and hence fewer particles were entrained into
the froth.
Electro-coagluation- Silica NP; 79.8 nm  Chemical The surfactant CTAB was employed as both frothieret al.,
flotation Dissolved silicon mechanical and collector in the process. Removal of turbidityg 2005.

polishing (CMP)

dissolved Si exceeded 90% given the charge loading

13
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wastewater

Dispersed air Silica NP 88.9 nm

flotation

Nano-bubble Silica NP; 106 nm  CMP wastewater
flotation technology Dissolved silica

(NBFT) NP and heavy

metals

14

applied over 2000 C*with 5mg-L* of CTAB. The
sludge volume and the settling time were signifiyan
less in the solution containing CTAB than in that
without CTAB. No CTAB pollution problem existed
after the ECF process.

CMP wastewater Very effective ogal of particles from wastewatdrien and Liu,

was found when cationic surfactant CTAB, was ug€d6.
as collector. Both the change of interface propsrti
and the aggregation of particles contributed to
flotation removal of particles. When n-dodecyl aein
chloride was used as collector, longer reactioretim
and higher dosage were needed owing to its relgtive
weak adsorption.

PACI/NaOl was the best coatioin

activator/collector, and its application in the NBR007.

of Tsai et al.,

with coagulation process increased the clarificatio
efficiency by 40 % compared with traditional
processes. High efficiencies were also observetdan

pilot-scale flotation experiments. Optimum treating
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Dissolved air

flotation

Biosorption

Biosorption

Silica NP 75 nm, 80Simulated

nm wastewater

Ceriumoxide NP 245nm  Simulated

wastewater
Nanosilver 10-500 Sock
nm manufacturing
wastewater

conditions were determined. The cost and
performance assessment reflected that the CMP
wastewater could be treated efficiently at a mimmu

cost using NBFT.

More than 99% of the nanosilica 30R50 can lba, 2010;
removed by flotation with the addition of CTAR.iu et al.,
Flotation without additives could not effectivelyrk 2012.
mainly due to the hydrophilic surface of silica
particles.

Certain part of the model cerium oxide was foundLimbach et
the exist stream. The NP surface charge and alhe2008.
stabilizing surfactants in the raw wastewater dyeat
influenced the treating effect. There were also
complex interactions between dissolved species and

NPs in the changing environment of the sludge.
The adsorption of nanosilvers to biomass was use8einn and

develop a model. The high silver concentration mig¥esterhoff,

limit the disposal of the biosolids as agricultuz008.

15
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fertilizer.
Biosorption Fullerene 3-100 nm Simulated Increasing the biomass concentration to which N&ser et al.,
Titanium dioxide wastewater were exposed increased the NP removal. NOM 2ad0.
Silver EPS had the most significant effect on fullerend an

biosorption, decreasing aqg-ggdemoval from water.

The specific sorption mechanisms were expecte@to b

uncovered.
Electrocoagulation  Fine oxide 100 nm  CMP wastewater Al/Fe (anode/cathode) wa®a glectrode pair irLai and Lin,
particles terms of overall performances. 99% copper could2663.

removed and 96.5% turbidity was reduced in less tha
100 min, with an effluent COD below 100 mg/l. The
wastewater quality exceeded the direct discharge

standard and the effluent can be considered f&ereu

Magnetic seeding  Silica NP 60 nm CMP wastewater The turbidity of @dP wastewater was reduced Chin et al.,
aggregation from 110 NTU to 1 NTU in a magnetic field strengt2006.
higher than 800 G. Magnetic seeds used in thig/stud

could be directly reused for 3 times.

16
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Coagulation- Silica NP 2-90 nm  Industrial
sedimentation wastewater
Flocculation- Silica NP 110 nm Domestic
sedimentation with iron oxide wastewater

core

Electrically assisted Synthetic nano- 200 nm  Aqueous

cross-flow filtration sized aluminay  for vy-
Al,03) and silica Al ,Og;
particles (SiQ)

suspension

84 nm for
Sio,

NPs were not effectively removed by the existi@pang et al.,
coagulation-sedimentation unit with PACI 2807.
coagulant. NPs agglomerated in approximately linear
aggregates of sizes 100-300 nm. Prolonged contact
between residual PACI and the nano-particles

generated large aggregates.

The surface-functionalized Si®Ps were likely to belarvie et al.,
removed by sedimentation to sewage sludge; THi¥gO.
uncoated continue through the effluent stream. This

study shows new potential for exploiting surface
functionalization of NPs to modify their

environmental pathways.

The pH value played an important role $8ungetal.,
electrofiltration; meanwhile the conductivity prinig 2007.
controlled the critical current via linearly comébn.

Addition of salt to increase the conductivity could
enhance the separation efficiency through incrgasin

the cirtical current difference. Particles of diffat

surface charges could be separated completely wtitho
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1.3. Techniques already applied in the NP wastaeviisgatment

Membrane filtration Fullerol 252+132 Simulated
NCeo for wastewater
Fullerol;

160+64
for nGso

Ultrafiltration Silica NP 78 nm Simulated

wastewater

conductivity adjustment.

The molecular interactions that determine intedadassby et al.,
tension may play a key role to the bond streng@iO.
between fullerol molecules in an aggregate. Beyand

critical pressure, ties between fullerol molecules

might be weakened, allowing for aggregate
deformation or break-up, and possible passage
through the membrane. Electrolytes that favor
stronger bonds in aggregates will exhibit greater

removal by membranes.

The 10 kDa cellulose membrane gave rise to $meinger et
highest process efficiency under stirred conditi@hs 2013.
with the associated retention rate greater thaé 99.

The 10 kDa membrane was subject to almost
completely reversible fouling according to the

unstirred filtration experiments.

Full scale wastewateflitanium 4-30 nm  Municipal sewage More than 96 % of theufit titanium could béNesterhoff et

treatment plant nanomaterial

removed. It appeared that microfiltration-treatad, 2011.

18



Chapter 1. General review of nanoparticle in waatewand relative separation techniques

wastewaters contain fewer NPs than conventionally

settled wastewater.
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1.4. Flotation in the NP separation from water

Among all the NP separation methods mentioned glitatation is focused as the essential
technique in the current study to purify the NP Iyed water, and high NP removal

efficiencies are expected through the process abaid/or the device improvement. Previous
research studies in our laboratory concerning @néigbe-bubble interaction mechanism and
NP aggregation led this dissertation to extendatloh as a clarification technology for

removing NP from water, and relative details wél deepicted in the following section.

1.4 Flotation in the NP separation from water

Flotation, the water purification process basedhenadsorption or attachment of materials on
the surface of gas bubble passing through a salutio suspension, has always been
considered among the most effective techniquesirtige separation (Ramirez et al., 1999).
Its great potential on the NP and submicron partremoval from wastewaters has been
proved via the successful application of carri@taflion, agglomerate flotation, emulsion
flotation and oil-in-water flotation in increasirftptation rates of ultrafines (George et al.,
2004). In our research group, work has been desdlicat the NP separation by flotation and
aggregation. Liu et al (2010, 2012, 2013) developédaboratory scale flotation apparatus for
NP separation from liquid media, and also studiesl interaction between silica NPs and
additives (AIC} and CTAB, respectively) by means of kinetics am@rimodynamics
aggregation researches. Flotation tests in thenabsand presence of additives highlighted
the importance of flotation assisting reagents cmeving high NP removal efficiencies. It
was found that the charge neutralization dominatedhanism for the agglomeration of NP
suspension in the presence of either AlG CTAB. Besides, for the Alglinvolved NP
aggregation, a possible “hair layer” for NP at thgh ionic strength and sweep flocculation
based on the precipitation of Al(OH)xould play leading roles at the thermodynamic
equilibrium. For the NP-surfactant (CTAB) aggregati“depletion flocculation” or “volume-
restriction” was proposed to explain the aggregatd nanosilica at high zeta potential
conditions apart from the electrostatic interacti@ritical coagulation concentrations of

additive reagents were determined and high NP ratad» 99 %) were obtained.
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Chapter 1. General review of nanoparticle in waatewand relative separation techniques

1.4.1 Flotation mechanisms of the NP separ ation by flotation

1.4.1.1 General mechenisms of particleinvolved flotation process

It is extensively recognized that the key of flaiat process is the bubble-particle capture
which is the consequence of i) bubble particleisiolh, ii) particle attachment to the bubble

and iii) the stabilization of particle-bubble aggatesE_, = E, E,,E4,,, WhereE, is the

coll

collision efficiency, E_, is the attachment efficiency arkl,_ the stability efficiency of the

particle-bubble aggregates (Huang et al., 2011¢. ffdnsport of particles towards the bubble
surface is shown schematically in Fig. 1.5. Withtags of generality, three predominant
transport mechanisms are considered, includingrdepgion, gravity (sedimentation) and
Brownian diffusion. The transport of particles Inyarception is due to the liquid flow, which
carries the particles along the liquid streamlinBse particles come into contact with the
bubbles because of their finite size. Transportgbgvity is significant for solid particles
which have a density greater than that of watee ihfluence of inertial forces and gravity on
the particle transport is insignificant for NPsgamansport by Brownian diffusion is then the
most important mechanism. The combination of tlieeee transport mechanisms allows the
determination of the transition between the Browndaffusion and hydrodynamic-gravity

collection mechanisms (A. V. Nguyen et al., 2006).

\ "". ! { /
|I | I| IIII
|

|1 |
Fig. 1.5. Schematics of the (1) interception (2) gravity BBpwnian transport
mechanisms for fine particles towards a rising lbelba rotationally symmetrical
coordinate system (6). The thick lines describe the particle trajectatyile the thin
lines describe the liquid streamlines (A. V. Ngugtml., 2006).

In previous studies of our research group, muabreffas been devoted to the bubble capture

behavior and efficiency of microparticles in thet#ition process. Sarrot et al. (2005) found
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1.4. Flotation in the NP separation from water

that the collision efficiency increased with theyRelds number and significantly decreased
with the level of bubble surface contamination; ébean and fully contaminated spherical

bubbles, the efficiency evolved as/d, and (dp/db)z, respectively, whatever the bubble

Reynolds number and the particle size, whereaspéotially contaminated bubbles, the

efficiency could be scaled withd, /d, or (dp/db)z depending on both the level of

contamination and the particle size (Legendre ¢t24l09). In accordance with this direct
numerical simulation (DNS), the capture efficiermlymicroparticles was then determined
using a single bubble experimental device develapetie laboratory (Sarrot et al., 2007),
demonstrating that the capture efficiency decreag#dthe bubble diameter at high bubble
Reynolds number but increased with the bubble diamet low bubble Reynolds number,
and the particle hydrophobicity facilitated thelisodn of particle-bubble. Huang et al. (2011)
continued this investigation and emphasized thatmieasuring the evolution of bubble’s
rising velocity, the surface coverage could be mheiteed, and the number of particle collected
and carried by the bubble could be deduced. Diftefrem the classical counting techniques,
this technique based on measuring the bubble vgloa@s easy to be implemented, and its
results could agree well with others. It has alsserb confirmed that the interface
contamination impacted greatly the collision e#fiicy between bubbles and inertial particles;
meanwhile, one model was proposed to describesmmoili efficiency for any clean or

contaminated bubble, inertial or non-inertial pdes (Huang et al., 2012).

1.4.1.2 Flotation of NPs

In the case of NPs and submicron particles invollet@tion, in contrast to large particles,

the aggregate of a particle with a bubble is stéBlg, =1) since both the hydrodynamic and

gravity forces are now negligible compared with thehesion force. Thus the capture

efficiency can be reduced 6, E_, . The attachment efficiencl,, takes values from O to 1,

att -
reaching the maximum when the energy barrier betveteracting bubbles and particles is
lower than the energy of thermal moti&h . When the energy barrier is higher than the
energy of the thermal motion, the analysis of pletattachment becomes more complicated
because the probability of overcoming the barigea ifunction of surface forces and particle
diffusivity (Mishchuk et al., 2012).
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Chapter 1. General review of nanoparticle in waatewand relative separation techniques

In the case oE_, =1, the capture efficiency is further reduced @ ¢bllision efficiencyE

ol -
As aforementioned, for NPs that approach large cutde dimensions, Brownian diffusion is
the main collision operative mechanism. Diffusignan effective mass transfer mechanism,
and the loss of inertia associated with fine pbasianay enhance the collection by bubbles
and thus becomes a positive advantage in Brown@iom Spiclman and Goren (1970) were
probably the first to consider the influence of lbahe colloidal interaction and the
microhydrodynamic interaction on the depositiorBobwnian particles as found in filtration.
The flotation recovery of nano and submicron pbasiavas primarily qualitatively explained
by Reay and Ratcliff (1973) who determined theeslbn efficiency by including Brownian
diffusion using a formulation of Levich. Howevehet Levich theory failed to consider the
microhydrodynamic interaction between a particld anbubble surface at close approach,
which changed the Stokes drag force.

The study and practice of NP involved flotation ggsses have established that the recovery
of particles by flotation is most successful in i§e-200 um size range (Ahmed and Jameson,
1985). The poor collection of NPs from aqueous saosjpns has become a significant
challenge of flotation due to the significant des® in the collision rate and encounter
efficiency as the particle size decreases (A. Vuyén et al., 2006; Tatu Miettinen et al.,
2010). Reay and Ratcliff (1973) found that the extibn efficiency have a minimum at a
particle size in the order of 100 nm; with a sinealler than the transition size, Brownian
diffusion and colloidal forces (electrical doublsr and non-DLVO hydrophobic forces)
controlled the particle collection, whereas theeiliogéption and collision mechanisms
predominate with larger particles (Nguyen et &d0& T. Miettinen et al., 2010; Mishchuk et
al., 2012). It indicates that the separating edficly of NPs can be improved via using small
bubbles so as to enhance Brownian diffusion and the collision efficiency, and/or
reinforcing colloidal forces between NPs and bubble order to increase the attachment
efficiency. Additionally, it is worth noting thain addition to treating the NP wastewater, the
research of NP involved flotation can also be iath@ in the collection and purification of
NPs after preparation (Chungchamroenkit et al. 8200

1.4.2 Approaches of improving the NP removal efficiency in flotation

To increase the bubble capture efficiency of NPs dmereby improve the flotation

performance, flotation techniques have been deeelofrom two approaches, either
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1.4. Flotation in the NP separation from water

decreasing bubble size or increasing apparentcfgadize by NP surface modification. The
specific description is given down below.

1.4.2.1 Decreasing the bubble size

Smaller bubbles are preferred in treatment teclesiglue to both their high surface area-to-
volume ratio and their increased bubble volumetibacat a fixed flow rate due to lower
rising velocity. Compared with large bubbles, tHew rise velocity allows long residence
time in the flotation column, which enhances th&actment between particles/flocs and
bubbles. Additionally, as the gas in the microbekhilissolves into the treated water, their
zeta potential increases rapidly because of a tiedtuof the bubble surface area (Wen et al.,
2011). A large number of mechanical and physiochahmapproaches have been employed
for tiny bubble (microbubble and nanobubble) prdauncso as to improve the NP collection

efficacy in flotation:

(1) Generation of microbubbles

For the generation of micro-sized bubbles with diters on the order of several tens of
microns, a large body of mechanical approaches baem used, including improving the
design of flotation cells (i.e., the shape of thtor and stator) and the gap size between the
rotor and stator so that the gas bubbles produteldeabottom of the flotation cell can be
dispersed into smaller bubble sizes. The ventgetynicrobubble generator has also been
widely accepted in use (Terasaka et al., 2011ha#t the advantages of compact size, low
pump power and high-density bubble generation nthyméath a mean diameter below 100
um. The venturi-type generator consists of threennpairts, i.e. inflow, tubule and tapered
outflow (Agarwal et al., 2011). Morever, a micropos material can be used at the bottom of
the cell, through which the gas bubbles are prodludames Hanotu, et al.(2012) used the
fluidic oscillation for microbubble generation, whi converted continuous air supply into

oscillatory flow with a regular frequency to gerteraubbles (around 50 um) of the exit pore.

In addition to those mechanical production of mitriobles, different physiochemical
methods, typically dissolved gas flotation (DAF)daslectroflotation (EF), are extensively
applied. DAF is the technique to generate smalbblagoand improve the floatability of fine
particles. The most common dissolved gas is airckvhs also one of the main flotation
approaches in this Ph.D. study. DAF is based omryeiaw, where the solubility of air in an
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Chapter 1. General review of nanoparticle in waatewand relative separation techniques

agueous solution is proportional to the partiakptge of air at constant temperature. Bubbles
are formed by a reduction in pressure of watersaterated with air at pressures higher than
atmospheric. The air-supersaturated water is fotoego through needle-valves or special

orifices, and clouds of bubbles with average di@mef 30~100 pum (60~70 pm in our case)

are then produced in the down stream of the catisini. The schematics can be seen in Fig.
1.6.

Flotation
Cell

Floeculation

% Treated
=D —»  Water

Floated
Recycle

Saturation
Vessel

Fig. 1.6. The conventional DAF unit, with water recycle te $aturator (Rubio et al.,
2002).

EF is based on the use of hydrogen and oxygen esitfbtmed by the electrolysis of water.
Oxygen is formed at the anode, Eg. (1.1), and lyelmas formed at the cathode, Eq. (1.2).
These two gases may be used either separatelgeth&y, or in combination with air bubbles

in electroflotation.

H,O < 2H" +%02(g)+2e‘ Anode (+) (1.1)
2H,0+2e" « 20H™ +H,(g) Cathode (-) (1.2)

In most cases “electrolytic oxygen and hydrogew’ bt have any specific effect on the
surface of minerals and their flotation rate degemdinly on the bubble size (Chen, 2004).
The effective EF obtained is primarily attributenl the generation of uniform and tiny
bubbles. The sizes of the bubbles generated by &E feund to be log-normally distributed
with over 90% of the bubbles in the range of 15~45 for titanium-based DSA anode
(Chen et al., 2002). In contrast, typical bubbiesirange from 30 to 100 um for DAF.
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1.4. Flotation in the NP separation from water

(2) Generation of nanobubbles

As for nanobubbles, their interface consists ofifardrogen bonds similar to those found in
ice and gas hydrates, leading to reduced diffusiwhich helps to maintain adequate kinetic
balance against high internal pressure of bubb@sgéki et al., 2010). Compared with
microbubbles that tend to gradually decrease ia aizd subsequently collapse due to long
stagnation and dissolution of interior gases ih@ $urrounding water, nanobubbles remain
stable in water (Zimmerman et al., 2011). The fdroma growth and collapse of nanobubbles
in solution are often referred to cavitation whican be defined as the formation of tiny
bubbles filled with vapour/gas or their mixture aheé subsequent activities such as growth,
collapse and rebound in liquids (Fan et al., 20B@sed on the mode of generation, cavitation
is broadly classified into four categories, i.edifodynamic, acoustic, optical and particle
cavitation (Agarwal et al., 2011b). Hydrodynamicvitation can provide a simple and
practical method to create tiny bubbles in situflagtation systems by way of mechanical
agitation or fast liquid flow (Zhou et al., 2009}avitation occurs when decreasing static
pressure of the pressurized fluid entering a tulpaleé (Agarwal et al., 2011b). It has been
reported that nanobubbles with a mean diameter G8~400 nm could be created by
ultrasonication of a mixed surfactant solution witinstant purging using a steady gas stream
(Oeffinger and Wheatley, 2004). Cavitations alsn ba achieved in nature by local energy
deposit: either by photons of laser light (opticalitation) or by other elementary particles
(e.g. protons in a bubble chamber, particle cadwitat(Fan et al., 2010). The bubbles
generated on a patrticle surface by cavitation afijuattach to the particle, eliminating the
collision and attachment process which is alwasgsr#tte-determining step for flotation (Tatu
Miettinen et al., 2010).

It has to be noted that the use of small bubblgs @mvolves disadvantages. Due to the low
rising velocity of rather small bubbles with attadhparticles, very long flotation times result
and hence require a substantial residence timétatibn circuits. Another disadvantage is
that the lifting force of small bubbles may be ttmw to ensure process selectivity.
Furthermore, it has been observed that tiny bublviag cause high water recovery which

increases the entrainment of gangue minerals (Sehaval Grano, 2005).
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1.4.2.2 Enhancing the particle-bubbleinteraction
(1) NP aggr egation

For fine particles, it has been clear that theation rate increases with increasing particle size
(Duan et al., 2003; Pyke et al.,, 2003). Many teghes have been developed to increase
particle size and mass, and to decrease the swefargy. Fine particles are thereby induced
to form flocs or aggregates. Depending on the nm@she of aggregate formation, these
techniques can be divided into three classes: tsgdedlocculation, coagulation and
hydrophobic aggregation.

In the selective flocculation, flocs are formedotigh the bridging ability of long-chain
polymer molecules or ions. These polymers firstodalsonto mineral surfaces by the
electrostatic attraction, specific chemical intéiat and/or hydrogen bonds followed by
bridging other mineral particles and forming lodees (Gregory and O’Melia, 1989). It has
often been claimed that the selective flocculai®m@ promising technique for fine mineral
particles. However, it is yet to find general apation because the entrapment of gangue still

remains as a major issue.

Coagulation is a much more widely used techniquahim water purification where no
selectivity is required. Coagulation of tiny paleg can be achieved by the addition of
electrolyte which decreases the electrostatic sipulbetween charged particles. The hybrid
system of the coagulation and flotation processesbe very effective when the system is
correctly conditioned with respect to gas flow rapgH value and chemical addition
(Painmanakul et al., 2010). The different chemaggnts (coagulants, flocculants, polymers,
surfactants, etc.) have been studied in batch mygsie order to analyze the optimum dosage,
pH value and operation time for mixing and settl{hggn and Liu, 2006).

With the hydrophobic aggregation, tiny particles aelectively hydrophobised, similar to the
conventional froth flotation. In order for the palés to be held together by the hydrophobic
force, they need to be in very close proximity agkd by intense agitation. Non-polar oils
are often added into the solution to increase ttength of the aggregates. The hydrophobic
aggregation can be further divided into shear fldettion, emulsion flotation, carrier flotation,
oil extended flotation, spherical agglomeration amd-liquid extraction (Subrahmanyam and
Forssberg, 1990; Rao, 1997).
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1.4. Flotation in the NP separation from water

In all those particle aggregation processes, ihteresting to introduce less hazardous and
more ambient-friendly reagents, and the naturalamigy matter (NOM) such as humic
substances (HS) is among the potential choiceswiBrand black biopolymers associated
with soil, sediment, and particles suspended irewya@nd consisting of material derived from
the degradation of animals and plants, are refeagdHS; and HS involved interfacial
processes are drawing more and more attention §psgéhet al., 1981; Rebhun et al., 1998;
Gai et al., 2011). Humic acid (HA), one of the maamponents of HS, is apt to interact with
nano-oxides (Yang et al., 2009): firstly, the lasyeface area of nano-oxides provides space
for HA adsorption; secondly, low hydrophilicity efanoparticles allows HA molecules to
approach to their surfaces; moreover, HA is comgppagfea large number of aromatic rings
linked together by long alkyl chains of differeengths, resulting in a flexible skeleton that
can help making bridges between NPs or NP-bubbfases. The structure of HA is shown
in Fig. 1.7. Strong interactions such as the ebstitic attraction and the ligand exchange

between HA and nano-oxide surfaces will induceHAeadsorption.

® -

‘ Hydrogen

Sulfur

& Magnesium

Fig. 1.7. Portion of the propsed “type” structure of HA (Wansizka, 2000).

The study of Dos Santos and Oliveira (2007) suggeshat HA could be used as an
alternative for starch in the iron ore flotationopess and obtain a higher floatability of

hematite and quartz. Reyes-Bozo et al. (2011a)ddkat biosolids that contains both HA and
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phosphorus compounds could interact with coppéidsubres surfaces through a complex
mechanism involving both inner and outer-spherkages; the film flotation tests showed
that biosolids adsorbed on the surface of coppdfidsuores and changed their
hydrophobicity. The research of this group alsoidattd that HA has more affinity for
copper-containing mineral species and could be asethoth collector and frother in the
sulphide mineral concentration process by frothtation, compared with biosolids and
traditional surfactants (Lorenzo Reyes-Bozo et 2011). Nevertheless, the mechanisms
involved have not been completely understood yeitiqularly with reference to the

phenomena observed in alkaline media (Kumpulaineh,e2008).

(2) Bubble surface modification/ functionalization

To reinforce the bubble-NP interaction and imprdke flotation process, bubble surface
modification is also a promising way. Gas bubbles r@ported to be generally negatively
charged in pure water and in solutions of inorgaatéctrolytes. One objective is to reverse
the surface charge of bubbles aiming for the captdimegatively surface charged particles.
Li C. and Somasundaran P. (1991; 1992; 1993) fabatbubbles can be positively charged
in electrolyte solutions of multivalent salts (inding metal ions solutions) depending on the
concentration of the dissolved species, which in will depend on the salt concentration and
solution pH. With a prior knowledge of the specdistribution, bubbles can be made to
acquire the desired sign and magnitude of surfaeege by adding the required amounts of
appropriate salts. The other approach is to craatenctionalized bubble surface using a
chemical additive dosed into the bubble generdpecifically, positively charged bubble
surfaces can be produced which are able to attregatively charged NPs without the
requirement for particle agglomeration — a techeidpeing termed as PosiDAF. Although
many studies have investigated the charge of babioéated with a variety of chemicals
including cationic surfactants (Cho et al., 200%gtal coagulants (Li and Somasundaran,
1992), very few of them have actually been applredAF for the particle removal: for
instance, .Rita K. Henderson (2009, 2010, 2014y ysdyDADMAC as PosiDAF chemical
to achieve high algae cell removals. The flotatperformance could be attributed to the
bubble surface modification through which positsriees were created as bridge between the

bubble and cell surface and thereby the attacheféotency increased.

29



1.4. Flotation in the NP separation from water

In the present study, a system of microbubbledoical gas aphrons (CGAS), is proposed to
facilitate the flotation efficiency. CGAs, firstiyefined by F. Sebba (1982), can be described
as a system of microbubbles (10-100 um) with cddbproperties. The structure of CGAs
(seen in Fig. 1.8) consists of a gas core coveged multi-layer of surfactant though the
conclusive evidence of structural confirmationtil seeded (Waters et al., 2008; Hashim et
al., 2012).

-

TR QD -? e Inner surface
L atl ?f’;oPQ ..~ ofshell
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Electrical of shell
double layer

Fig. 1.8. Proposed CGA structure by F. Sebba (Platz, 1989).

The classical CGA generation (shown in Fig. 1.9joisstir the surfactant solution at high
speed (> 4000 rpm) in a baffled vessel (Sebba, )198&ny other methods have also been
employed in the production of microbubbles (Haskinal., 2012), such as sonication (Xu et
al., 2008), dispersed air flotation (Ahmed and Jsone 1985), electroflotation (Ketkar et al.,
1991), dissolved air flotation (Henderson et al01@), etc. Depending on the type of
surfactant used for generation, CGAs can be etadiyisurface charged or uncharged. CGAs
possess unique properties which may facilitate ftb&ation separation of NPs: (i) high
interfacial area for particle-bubble contact; @iectrostatic attraction between bubbles and
particles with opposite surface charges; (iii) lojhobic bubble surface facilitating the NP
adhesion; (iv) high stability comparing with contienal foams; (v) allowing to be pumped
from the generation point to the point of use withtmss of their original structure (Hashim
and Gupta, 1998; Spigno et al., 2014).
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Fig. 1.9. Typical CGA 'gfé)HJehraors: (a) Spinning disc generhtoF. Sebba (1985); (b)
generator designed by Chaphalkar et al. (1993;)1994

The application of CGAs in the flotation process baen reported in the field of fine particle
separation. Hashim, M.A. and Gupta, B.S. (1998)vered up to 70 % fine pulp fibers (with
the average size of around 1.7 pm) as foamate tinenpaper mill wastewater by CGAs. The
oxygen demand and the sludge volume in the treginogess could be reduced, and the
application of CGAs was found to be inexpensive &eakible. The study of Mansur et al.
(2006) showed that the high removal of fine pagsctould be obtained at the surfactant
concentration close to the critical micelle concatdn (CMC); since small bubbles were not
able to provide sufficient buoyancy to lift largelid particles, there should be optimum
particle and bubble sizes, individually, to achiengh removal efficiencies for particular
separation problems. Waters et al. (2008) found tthe attraction between CGAs and fine
particles was initially caused by electrostatierattion, suggesting the potential of CGAs for
the selective separation of fine mineral feedstoelsvever, to the authors' knowledge, there
have not been any scientific reports concerningrémeoval of NPs (the average size < 100

nm) by CGA involved flotation.
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1.5 Conclusions

This chapter provides a general scope of NP poliuith the aqueous environment, necessity
of treating the NP contaminated water, and teclesqgapplied in relative water treatment

units; the significance of flotation in separatiBs from water is specifically highlighted.

The increasing usage of NPs inevitably leads to teéease into the aquatic environment and
causes the exposure to living organisms. Researdiare shown some relations between
NPs and the health hazard which is resulted fraimeaphysiochemical properties of NPs. By
now, a wide number of water treatment techniquesjuding adsorption, coagulation,
filtration and as well as those improved and/oegnated processes, has been applied in
different types of NP contaminated water, suchhesyical mechanical polishing wastewater
and municipal sewage, etc. Nano sized Ag,.T®0,, CeQ and carbon tube are among the

most commonly seen NPs during those separatiopuariiication processes.

Flotation is drawing increasing attention in the Mioval owing to its advantage upon fine
particle separation. Mechanisms concerning the dleation efficiency have been studied in
1960s. In practice, the flotation of NPs can bermupd by either reducing the bubble size so
as to enhance the impact of Brownian diffusionaoming large NP aggregates for the greater
collision efficiency of bubble-particle; moreovehe bubble surface modification has also
been studied to reinforce the colloidal force (gearneutralization) and non-DLVO

(hydrophobic attraction) between bubbles and NPs.

Considering the development of flotation separaibNPs aforementioned and as well as the
research advantage in our team, this Ph.D. studgnéally works on increasing the NP
removal by means of flotation. After the investigatof NP properties and the colloidal
behaviour of NPs in suspension (Chapter 2), asefievork is carried out from two aspects:
(i) the NP aggregation by way of changing the pigisemical condition of suspensions (pH
adjustment and/or organic matter assistance) amdetmoval of NP aggregates using DAF;
experimental methods and results will be preseméthapter 3; (ii) the production of surface
modified microbubbles (CGAS) including the designbabble generator, the application of
those microbubbles in NP separation from aqueouwsy,bihe comparison of NP flotation
efficiency between CGA-flotation and DAF, and theahanistic exploration of NP-surfactant;

relative experiments and result analysis will bevatin Chapter 4.
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Chapter 2. Properties of NP suspensions and fbotassisting reagents

This study examines the flotation removal efficierand separation performance of two
commercial NPs in dispersion (Ti@nd SiQ, shortly named as TNPs and SNPs, respectively)
with the assistance of flotation reagents (so-dafletation assisting reagents or collectors).
The former is used in the HA assisted flotationeskpents so as to investigate the effect of
organic matter on the aggregation and flotatiorcg@ss, and relative results are presented and
discussed in Chapter 3. As for the latter, threel&iof SNPs (30R50, 30R25 and 30CAL50)
with either similar size but opposite surface clkar@B0R50 and 30CAL50) or same surface
charge but different particle diameter (30R50 aBBRZ%) are chosen in all the CGA involved
trials such that the influence of NP features onACd® interactions can be completely
studied and understood; corresponding experimemslilts are shown and analyzed in
Chapter 4.

For the sake of specific interpretation of NP-ooiibe interaction in the following
experimental sections, it is quite necessary tarégout the characteristics and colloidal
behaviors of NPs in suspension as well as the piiepeof flotation assisting reagents (i.e.

HA and surfactants), which is the main objectivehié chapter.

2.1 An overview of characterization techniques

A series of tests were conducted upon NPs witheasip particle size, zeta potential, mass
content, morphology, turbidity, pH value, and coctiity. Thereafter, influences of NP
concentration, pH value and additional ionic stten()S) on NP suspensions were then
investigated. The initial NP suspension was soedtdbr 15 min in an ultrasonic bath
(Branson ultrasonic) and allowed to cool to roonmperature for 30 min prior to
measurement or experiment. The sample suspensitimslifferent NP concentrations or pH
values or additional NaCl concentrations were \agsty mixed on the vortex mixer (Fisher
Scientific FB15024, UK) for 1 min and then kepti24or equilibrium. The duration has been
confirmed to be sufficient by French et al. (20@83 Keller et al. (2010) in their studies of
the NP suspension stability with the effect of I&l gH. Besides, properties of HA solution
and surfactant solution were also examined. Teclasiqused herein are listed as follows.
Principles and procedures of all analytical techagabove (excluding ICP-AES and ICP-
MS) have been specifically described in Chaptef 2ws Ph.D. dissertation (2010).
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2.1. An overview of characterization techniques

» Particle size and size distribution were analyzge@ither dynamic light scattering (DLS)
or laser diffraction scattering (LDS) considerimgit different measurement ranges. For
NPs and small aggregates, the Nanotrac NPA250 amtbxternal probe (Microtrac Inc.,
USA, the measurement range of 0.8~6500 nm) was fmethe size determination by
means of DLS; the Mastersizer 2000 (Malvern Instrnts Ltd, UK, the measurement
rang of 0.2~200@m) was used for greater particle size analysis ay of LDS.

» Zeta potential was determined by electrophoresis Zetasizer NanoZS (Malvern
Instruments Ltd, UK);

* Ti mass content (thus TNP mass concentration) d? ENspension Lot #1 was measured
by the inductively coupled plasma atomic emissipectroscopy (ICP-AES, Ultimaz2,
Jobin-Yvon Horiba, USA) which was undertaken by Mviarie-Line de Solan Bethmale
at Service Analyses & Procédés of Laboratoire dei€s€hemique de Toulouse. The Ti
detection limit was 0.78 ppb. As for Ti mass contehTNP suspension Lot #2 and Si
mass content (thus SNP mass concentration), theg measured via the inductively
coupled plasma mass spectrometry (ICP-MS, 770@$S&0P-MS, Agilent Technology,
USA) by Ms. Florence LERAY in LISBP of INSA de Taulse. The Ti and Si detection
limits were 4 ppt and 0.5 ppb, respectively.

* Transmission electron microscopy (TEM) was used TP morphology and size
estimation. A droplet of diluted suspension was @uia carbon coated copper grid dried
under vacuum before observation and then obseryetEiM JEOL 100CX and Philips
CM20 (200 kV);

e Turbidity was measured with a 2100N-IS Turbidimétéach, USA);

e pH value was measured by a pH-539 PH meter (WTWH aviSenTix 41 pH-electrode;

* Conductivity was measured with a LF 538 condudtiwiieter (WTW) and a Tetracon 325
probe which has 4-electrode cell with built-in tesrgture sensor;

» Dissolved organic carbon (DOC) was determined by TOC analyzer (Shimadzu
corporation, Japan) for the HA concentration;

» Surface tension of HA and surfactant solutions wesasured on Tensiometer (GBX,

France).

All chemicals used in this study were analyticalgent grade products. The deionized water

with conductivity lower than 1./iS/cm water was used for all experiments and pratibge
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Chapter 2. Properties of NP suspensions and fbotassisting reagents

an AQUASOURCE system, where water was filtered garticles larger than 1 um and
deionized through an ion exchange resin.

2.2 TNP suspension and HA solution

2.2.1 TNPsand TNP suspension
2.2.1.1 Characterization of TNPsin theinitial suspension

One commercial TNP water dispersion (Zj®utile, 5-30 nm, density 4.2 g.chat 20°C, 15
wt.%, Nanostructured & Amorphous Materials, Inc,A)Svas employed in the present work.
There were two series of TNP suspension with diffet.ot numbers: the one bought in 2010
(Lot #7102R-011110, briefly named as Lot #1 in fbowing text) was used in TNP-HA
agglomeration experiments and as well as prelingitdA assisted DAF tests; the other
ordered in 2012 (Lot #7102R-062212, briefly named L&t #2 hereafter) was used in
adsorption-aggregation experiments and the maingéatA assisted and pH adjusted DAF
trials.

The mean hydrodynamic diameters of TNP Lot #1 aod#2 are determined to be 41.6 nm
and 14.5 nm, respectively. As shown in Fig. 2.1g preaks (around 21.5 nm and 72.3 nm) of
the particle size distribution (PSD) curve denot@se TNP size populations in the TNP
suspension Lot #1 whilst the PSD of TNPs Lot #@daarly monomodal.
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2.2. TNP suspension and HA solution

81 2 —s— Lot #7102R-011110
[ —o— Lot #7102R-062212

Channel (%

1 10 100 100(
Particle size (nm)
Fig. 2.1. Particle size distributions of two TNP suspensi(utt #1 and Lot #2).

TEM images of TNP product Lot #1 exhibit the pdetimorphology; meanwhile the NP size
can be roughly estimated using the scale (Fig. ZI9Ps in the suspension are round in shape
with a coating layer which might result from centaidditives added during the suspension
producing process. The visual observation also icoaf TNPs of Lot #1 are not
monodispersed since two particle size populatisassaen: about 20~30 nm to 70~80 nm in

diameter, in accordance with the conclusion draswmfthe DLS measurement (Fig. 2.1).

Flg 2.2. TEM observation of TNP suspension Lot #1.
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Chapter 2. Properties of NP suspensions and fbotassisting reagents

Other results obtained in the laboratory and preditty producer are given in Table 2.1.
Comparing with the TNP suspension Lot #2, the TNBpsnsion Lot #1 is of higher
turbidity, TNP concentration and conductivity pddgidue to the quality variation caused by
the long-time storage, but of similar values ofzettential and pH because of the same TNP
material and producing method. Concentrations a€drelements (Si, Mg, Ca, and Pb)
provided by the producer are the same. In the Votlg investigation of suspension

properties, results obtained from the product Lbis#depicted as representative.

Table 2.1. Physicochemical characteristics of TNP suspeng@i$ wt.%).

Data from the laboratory analysis Data offered by the producer
ltem Lot #1 Lot #2 Lot #1 and Lot #2

Turbidity (NTU) 23.2 10.9 Si (ppm) <0.55

Zeta potential (mV) +42 +39.8 Mg (ppm) <0.45

pH (Temperature, °C) 2.96 (22.4) 2.88 (22.0) Car(pp <0.60
Conductivity (mS/cm) 0.832 0.701 Pb (ppm) <0.002

Ti (TiO2) mass content (ppm$44.0 (1406.7)703.5 (1172.5)

2.2.1.2 Colloid behaviors of TNP suspensions

Several physiochemical factors, including NP cotegion, pH value, additional salt
concentration, may greatly impact the NP propelisesh as particle size and zeta potential)
and hence influence interface behaviors of NP®ioesextent. In view of this consideration,
the colloid behaviors of suspension with a conglTNP concentration of 0.15 wt.% are

investigated.

(1) Effect of TNP concentration on suspension properties

Fig. 2.3 shows the variation of pH value, TNP siaed zeta potential versus the weight
concentration of TNP suspension. The pH of suspensiightly increased from 1.2 to 2.9
along with the dilution of TNP suspension from 16%to 0.15 wt.% (Fig. 2.3(a)). The zeta
potential of TNP suspensions remained around +38 wath small drift over the
concentration range, indicating the surface chdrgeg little affected by the dilution of
deionized water, as shown in Fig. 2.3(b). The staelta potential and pH value implied the
sound dispersion to the investigated dilution eixgerd no aggregation occurred. The particle
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2.2. TNP suspension and HA solution

size kept stable within the range of 0.1~0.75 wtédd slightly decreased when the TNP
concentration was higher than 1 wt.%. In the cotraéion of 0.1~0.75 wt.%, the particle
interaction can be neglected and the mean hydraodigndiameter is calculated by directly
applying the Stokes-Einstein law. The reductiopafticle size at higher TNP concentrations
can be attributed to the modification of the stnuak factor caused by the particle-particle
interaction and/or to the multi-scattering of ligimt the colloidal suspension (Xu, 2000;
Tourbin, 2006; Tourbin and Frances, 2007; Liu, 20Zherefore, it is inferred that good
results for the particle size determination by DisSin diluted conditions, and the TNP

concentration of 0.15 wt.% is used in all the falilog experiments.
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(b) particle size and zeta potential.

40



Chapter 2. Properties of NP suspensions and fbotassisting reagents

(2) Effect of pH value on zeta potential and particle size of TNPsin suspension

The pH-dependence of zeta potential and partizke can be seen in Fig. 2.4. As illustrated in
Table 2.1, the initial zeta potential and pH vadie).15 wt.% TNP suspension was around
+40 mV and 2.9, respectively. The pH was adjustedaddding NaOH solution (AR, Carl
ROTH, Germany). The zeta potential began to shadplsrease at pH higher than 4, and
remained at around -45 mV when the pH value waldrnighan 8. The isoelectric point (IEP)
was found to be at approximately pH 5.7.

The particle size grew along with the pH increaséen the pH was higher than 4, the
particle size jumped into the micron scale (> 20)ufar beyond the DLS detection limit.
Thereafter, the particle size was determined by ldbSViastersizer 2000. The patrticle size
kept 55+5um within pH5~10. The maximum particle size firstigpeared at IEP which could
be attributed to the charge neutralization on tHe $urface byOH™ : aggregates were
favorably formed since they did not appeal to ometlaer. At pH11, the particle size
decreased to about 25u5 possibly due to the fact that tlH ™ adsorbed on the NP surface

resulted in the re-stabilization of suspension legteostatic repulsion.
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Fig. 2.4. Zeta potential and particle size varying with pHues of TNP suspension.
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2.2. TNP suspension and HA solution

Since metal oxides such as Fiénd SiQ are well known to contain numerous surface MeOH
groups that favorably create hydrogen bonds wittewyghe charging behavior of those metal
oxides can be given as below so as to better ietpeir species variation at different pH

values:

at pH<IEP,Me-OH +H,0" = Me-OH, +H,O;

at pH>IEP,Me-OH +OH™ = Me-O" +H,0O.

When the pH of suspension gets close to IEP mdvorg acidic value to basic value, it turns

to beMe-OH, +OH™ = Me-OH +H,0.

(3) Effect of additional IS on TNP suspension

The IS of the initial dispersion product is not yided by producer. In the current study, an
additional salt effect was investigated by addiredfN(AR, Carl ROTH, Germany)-deionized
water solution in the suspension. The 0.15 wt.% T\Bpension was adjusted to different
additional NaCl concentrations (0, 0.005 mol/L,10:/@ol/L, 0.03 mol/L, 0.05 mol/L, 0.07
mol/L, and 0.10 mol/L, respectively) which wereaocordance with the concentration range
of other investigations concerning the IS effectiom TNP or NP aggregation process (Saleh
et al., 2008; French et al., 2009; Keller et &01@).

The conductivity, a cumulative parameter for theigoconcentration in water, may greatly
affect the stability of NP suspension. The more isah solution or suspension, the greater its
conductivity. The conductivity of initial TNP suspgon (0.15 wt.%) was around 0.701
mS/cm (Table 2.1), much higher than that of theaieed water (0.0017 mS/cm), confirming
the existence of certain ionic additive reagenth@ TNP suspension product. As shown in
Fig. 2.5, adding NaCl into the TNP suspension ted linearly increase of conductivity: from
0.701 mS/cm to 11.3 mS/cm when the additional Na@ktentration increased from 0 to 0.10

mol/L.
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Fig. 2.5. Conductivity of TNP suspension varying with diffetedditional IS.

TNP suspensions were not buffered, and there wigditite drift (from pH 2.79 to pH 2.82)

in investigated NaCl concentrations as shown in Ri§(a), revealing that NaCl did not
modify the pH of TNP suspension since no releasgitbérH* or OH™ should be observed
by adding this salt. It is presented in Fig. 2.6¢(bat, in the lower additional NaCl
concentration range<(0.03 mol/L), the DLS measurement did not denotg significant
aggregation, and the particle size centered arddns~15.5 nm, close to that of the initial
TNP suspension. In the medium additional NaCl cotregion range (from 0.05 mol/L to
0.07 mol/L), TNPs slightly agglomerated, forminggeggates with an average particle size of
20 nm. When the added NaCl reached 0.1 mol/L, #réigke size jumped into the micron
scale (about 22 um) that was far beyond the DL8atien limit, in which case the particle

size determination switched to LDS by MastersiZ#®
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2.2. TNP suspension and HA solution
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Fig. 2.6. Properties of TNP suspension varying with differadditional IS: (a) pH; (b)
particle size and zeta potential.

Since the pH value of TNP suspension remained appetely 2.8 (Fig. 2.6(a)), lower than
the pHep Of 5.7, particle surfaces were therefore bearingjitpe charges, compensated by
Cl™ ions in solution. At the additional K50.07 mol/L, the particle size increased from about
14.5 nm to 20 nm and zeta potential remained alm@sstant (fluctuating between +40 mV
to +36 mV), as the NaCl concentration rose. Thidatde interpreted by the classical DLVO
theory, which predicted that any increase in theofSthe electrolyte solution in which
particles are suspended should compress the difyge associated with the particles,
diminish interparticle repulsion, and thereforemuaote aggregation (French et al., 2009). The
slight increase of NP size attained by DLS at adde€! concentrations lower than 0.01

mmol/L might be caused by (i) the too low salt camication to give rise to large aggregates
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Chapter 2. Properties of NP suspensions and fbotassisting reagents

and (ii) the underestimation of smaller particldsDb.S analysis: according to Rayleigh’s

approximation, the intensity of light scattered yparticle (or aggregate) is proportional to
the sixth power of its diameter causing large phesito scatter far more light than small ones;
the software used to analyze the DLS data takésrdiftial scattering into account, but some
underestimation of small-size particles is sthely to occur (French et al., 2009). However,
as for the highest additional IS (0.10 mol/L), #ega potential rebound to approximately +40

mV while the largest particle size was obtained.

2.2.2 Properties of flotation assisting reagent -- HA
2.2.2.1 Preparation of HA solution

HA is the alkali soluble but acid insoluble fractiof humic substances (Hiraide et al., 1993).
A commercial sodium salt of HA (Carl ROTH, Germamygs used in this research. The HA
stock solution was prepared as follows: certain amql or 2 g) of HA powder was

dissolved in 1 L of 0.1 mol/L NaOH solution, stdréor 6 h to make sure it fully dissolved,

and finally filtered through 0.45 pm membrane tmoee residual non-dissolved HA powder.
The molecular weight of the HA used in this studyswneasured to be approximately 17.3
kDa (17300 g/mol) via high performance size exdnschromatography, and the relative

experimental protocol and results are shown in AppeA.

2.2.2.2 Characterization of HA and HA solution
(1) Deter mination of HA concentration

The amount of HA is related to its mass in gendraé milligram of either its carbon content
or the dried HA sample is usually used to givedbecentration of HA solution in mg/L unit
(Kretzschmar et al., 1998; Rebhun et al., 1998s|dind Tombéacz, 2006). In this experiment,
the HA concentration was determined by the TOCyaealwith regard to DOC, mg/L DOC.
The stock solution was diluted according to reqlifA concentrations in experiments. The
relationship between DOC and the dilution factosh®wn in Fig. 2.7, from which the HA
concentration of stock solution can be inferredthi@ present study, four HA stock solutions
were successively prepared in the same way asnaéoteoned in Section 2.2.2.1 and used in
the surface modification experiments and DAF triatsd their concentration were determined
to be 405.3 mg/L DOC, 586.9 mg/L DOC, 653.0 mg/L ®Q@vhen 1 g HA powder was
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2.2. TNP suspension and HA solution

dissolved during preparation) and 1084 mg/L DOCdwl2 g HA powder was dissolved

during preparation), respectively.
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Fig. 2.7. DOC as a function of HA concentration.
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(2) HA concentration as a function of pH

The effect of pH on the solubility of HA solutionaw tested by adding HCI (AR, Carl ROTH,
Germany) and then measuring the variation of HAceotration. It is shown in Fig. 2.8 that
the HA concentration remained around 52525 mg/LCD® a wide pH range of 4~13, and
only when the pH decreased to 3.3, the HA conceotraeduced to about 206.5 mg/L DOC
and the precipitates could be visually observethatbottom of the vessel. This decrease of
solubility as a function of pH value can be exptginthe extent of carboxylate groups of HA
molecules decrease along with the decrease of piH{heereby HA molecules exhibit weaker
repulsion between each other. Owing to the presehtieeir large hydrophobic moieties, HA
molecules will thus tend to aggregate so as toaedheir contact with the surrounding
aqueous phase, and finally the sediment can benebtaConsequently, in the highly acid
solution (pH lower than 4), it could be supposeat thil the HA molecules were not really

soluble.
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Fig. 2.8. HA concentration varying with pH value of HA solori.

(3) Verification of CMC

The surfactant properties of HA has been recogn{Zedhapek et al., 1981; Guetzloff and
Rice, 1994; Agarwal et al., 2010). As a surface ifiredof TNP and also flotation assist, HA

may spontaneously form micelles beyond a certanteotration and thus may not play the
role we expect in aggregation. For this reason,ctitecal micelle concentration (CMC) of

HA is verified by measuring the surface tensionn@iemeter, GBX, France) at the room
temperature of approximately 22 °C (295.15 K). A CMf 290+5 mg/L DOC can be

observed in Fig. 2.9, which is much lower than éasported elsewhere (4~40 g/L)
(Tschapek et al., 1981; Guetzloff and Rice, 199dnt€ and Piccolo, 2002), possibly due to
different representations of HA concentration @mt as well as different amounts ionogenic
and non-ionogenic molecules in the HA product cdusg the HA extraction process and

resulting in the HA nature variation.
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2.2. TNP suspension and HA solution
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Fig. 2.9. Determination of CMC by surface tension measurement
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(4) Characterization of HA solution

The particle size (determined by DLS, Nanotrac) a@mdidity curves at different HA
concentrations are shown in Fig. 2.10(a). Fig. @)Ldisplays representative PSD patterns of
HA from 0.54 mg/L DOC to almost 80 mg/L DOC, anadgk of TNPs are also presented as
comparison. It is worth noting that, at the HA centration lower than 10.5 mg/L DOC, the
particle size and turbidity measured in the HA soluwere about 1 nm and lower than 1
NTU, respectively, much lower than those valuesitd in TNP suspensions (see in Section
2.2.1.1), which could be considered to have notgnegact on the measurement size of TNP-
HA aggregates. When the HA concentration was highan 10.5 mg/L DOC, the particle
size and turbidity jumped sharply. The turbiditypkeising and reached close to 14 NTU at
the CMC of HA. The average “particle” size was apmately 176 nm at the HA
concentration of 80 mg/L DOC and kept around 16W#7 thereafter. As interpreted by
Tschapek et al. (1981), when the HA powder arelidiieated in water, théNa’-humate sol
forms which is soluble spontaneously colloidallydarvidently, molecularly (because it
lowers the surface tension of water). This soltpils known as “peptisation” with the

average sol size from one nanometer to hundredaradmeters. When the HA concentration

exceeds the CMC, it is inferred that tida" -humate sol contains both micelles and
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amphiphilic molecules. In the HA concentration rariggher than 10.5 mg/L DOC, the HA
sol is of close or much larger size than TNPs, tedeby the interfacial process between
TNPs and HA will not be recognized merely as HA etolles adsorbing toward the TNP
surface any more, but it is also necessary to denshe possible co-precipitation between
those TiQ and HA sol.
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Fig. 2.10. (a) Particle size and turbidity varying with HA aamtrations; (b) PSD patterns of
TNPs and HA.
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2.3. SNP suspensions and surfactant solutions

As presented in Fig. 2.11, the zeta potential flatdd around -15 mV at HA concentrations
lower than 10 mg/L DOC,; it greatly reduced to apmraately -40 mV within the HA
concentration range of 20~310 mg/L DOC. The pH eatiHA solution was also influenced
by HA concentration, decreasing from 11.6 ([HA]=118/L DOC) to 4.4 ([HA]=0.58 mg/L
DOC) along with dilution.

| | —=— Zeta potential
30+ © pH o
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Fig. 2.11. Zeta potential and pH value varying with HA concatibns.

2.3 SNP suspensions and surfactant solutions

2.3.1 SNPs and SNP suspensions
2.3.1.1 Characterization of SNPsin theinital suspension

SNPs, the main particulate component of chemicathaweical polishing wastewaters, have
drawn serious attention in the NP separation staglyeviewed in Chapter 1. Herein, three
kinds of commercial SNP suspensions were emplogdteating targets in the investigation
of CGA-flotation: the negatively surface chargedR80 and 30R25 with an average particle
size of approximately 80 nm and 30 nm, respectjvahd the positively surface charged
30CAL50 of around 77 nm in diameter. Their PSDs snead by Nanotrac are shown in Fig.
2.12, all of which are monomodal even though Liseslied two size populations for 30R50
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by TEM (Liu, 2010; Liu et al., 2012). Since Liu alsised the same 30R50 and 30R25
dispersions in her Ph.D. research, specific progeedf those two SNPs can be referred to the
relative dissertation and publications (Liu, 20L{y et al., 2012; Liu et al., 2012; Liu et al.,

2013). The characterization of SNP suspensionsmate and results attained are presented
in Table 2.2.

—=— 30R50
—e— 30CAL50
—— 30R25

20

Channel (%)
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Particle size (nm)
Fig. 2.12. Particle size distributions of different SNPs.

Table 2.2. Characteristics of three types of SNP suspensions.

SNP SNPconcentration _ o
. Zeta potential  Turbidity
Concentration by ICP-MS pH
(mV) (NTU)

(vol.%) (mg/L)

0.015 422.40 +53.3 23.1 4.9
30CAL50

0.005 133.84 +52.1 8.08 5.2

0.015 505.52 -27.6 32.8 6.4
30R50

0.005 155.40 -27.2 11.0 6.5
30R25 0.015 352.65 -29.6 1.41 6.8

" The SNP concentration is used in both flotatiod adsorption-aggregation experiments.
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2.3. SNP suspensions and surfactant solutions

2.3.1.2 Colloid behaviors of SNP suspensions

Similar to the investigation of colloidal characstics upon the TNP suspension, SNP
suspensions with a controlled concentration of Ovbb% were studied with respect to
impacts of NP concentration, pH value and addilicadt concentration on physiochemical

properties of SNPs.

(1) Effect of SNP concentration on SNP particle size measurement

The variation of particle size of 30R50 and 30R261% vol.%) along with the SNP
concentration has been extensively discussed is Bb.D. study (Fig. 2.13(b) and (c)) and
as well as the research of Tourbin (2006), and Rege2.13(a) gave supplementary data of
30CAL50 (0.15 vol.%).

As demonstrated by Tourbin (2006) and confirmedLioy(2010), at low SNP concentrations
([30R50] < 0.5 vol.% and [30R25] < 0.15 vol.%), theerage size determined by DLS
(Nanotrac) is almost independent of concentrati@tabse of the negligible particle
interaction, while above certain SNP concentratemge, the mean size decreases with silica
concentration increasing possibly due to a modificaof the structural factor caused by the
interaction between particles and/or by multi-sraty of light in the colloidal suspensions. It
was concluded that good results for the particte sietermination by DLS only be achieved
in diluted conditions. As for the case of 30CALH@e average particle size was measured to
be approximately 77 nm. No great size fluctuatiasviound in the SNP concentratierd.5
vol.%, agreeing well with the size variation of 3Rin diluted SNP concentrations. At
higher SNP concentrations (> 0.5 vol.%), the sizasnrement experienced small decrease,
as has been observed for other SNPs by Tourbir6j20@® Liu (2010).
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Fig. 2.13. Particle size varying with SNP concentration: (@LAL50 (measured in this
study), (b) 30R50 and (c) 30R25 (measured by LO1(D).

(2) Effect of pH on the particle size and zeta potential

Since the pH value of NP suspension can greatbcathe agglomeration behavior of NPs by
way of changing their surface charges due to gailoss protons i ), thus, zeta potential
and particle size as a function of pH value wasstigated herein. Certified analytical grade
sodium hydroxide (NaOH) solution (2 mol/L, free adrbonate, Fisher Scientific, UK) and
hydrochloric acid (HCI) solution (1 mol/L, Carl R®IT Germany) were diluted to 0.1 mol/L

and used as pH regulators.
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2.3. SNP suspensions and surfactant solutions

Liu (2010) reported that the commercial 30R50 adEZ5 SNP suspensions were of high and
negative zeta potential (< -30 mV). In the preseotk, the zeta potential of 0.15 vol.%
30CAL50 suspension was as high as +50 mV. It cowit the stability of those aqueous
suspension systems by electrostatic repulsion. IERs of 30R50 and 30R25 were around
pH1~1.5 whilst that of 30CAL50 was approximatelyP8i (Fig. 2.14). The absolute values
of zeta potential were higher than 30 mV at pH galbigher than 3 (30R50) and 6 (30R25)
or lower than 8 (30CAL50), revealing a moderateloed! stability of suspensions. The
pHiep=2 for 30R50 and 30R25 is expected for silica, vilthe pHep<9.8 for 30CAL50 may
stem from the presence of a grafted polycatiorhatsilica surface: Liu (2010) pointed out
that the stabilizer of Klebosol colloidal silica@AL50 is an Al derivative.

50+

40+

30 —=— 30R50

2ok —e— 30CAL50
i —a— 30R25

10

Zeta potential (mV)

Fig. 2.14. Zeta potential of suspensions varying with pH valtthe SNP concentration of
0.15 vol.%.

The variation of particle size of 30R50 and 30R2Z61% vol.%) along with pH was
demonstrated in Liu’'s Ph.D. study, and Fig. 2.8%resented here to offer the supplementary
data of 30CAL50 (0.15 vol.%). The average size8@R50 and 30R25 0.15 vol.% close to
their IEPs were about 90 nm and 37 nm, respectivelsnpared with approximately 80 nm
(30R50) and 30 nm (30R25) under other pH conditi@ns et al., 2012; Liu, 2010). The
particle size of 30CAL50 0.15 vol.% greatly incredso around 1um at IEP, and kept in the
range of 75~89 nm at pH values lower than 6. Thgelparticle size obtained at IEPs for all
the three types of SNPs was consistent with thetffeat the charge neutralization could lead

to the unstable colloid suspension and thus béodprm particle aggregates.
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(3) Effect of additional IS on the particle size and zeta potential

The specific information of additive reagents iroga commercial SNP suspensions is
unknown from the producer. Similar to Section 22(3), the additional salt concentration is
investigated here for its impact on the stabilityN® suspension by adding NaCl (AR, Carl
ROTH, Germany)-deionized water solution in suspmmsi within the additional NaCl
concentration (additional 1S) range between 0~2@tbifi. NaCl.

The initial conductivities of 0.15 vol.% 30R50, 3R and 30CAL50 suspensions were
measured to be 49.5, 45.6 and 1648/cm, respectively, by the conductivity meter
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2.3. SNP suspensions and surfactant solutions

mentioned in Table 2.2, whereas that of the deezhiwater was about 1p/S/cm, denoting
that the addition of ions into the initial susp@msduring the production process caused the IS
increase of suspension. The extra NaCl additioo the suspension could give rise to the
linearly increase of conductivity, and the resgtironductivities of the three SNP

suspensions were close at high NaCl concentrahigier than 5 mmol/L (Fig. 2.16).
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Fig. 2.16. Conductivity of SNP suspension varying with addiablS.

Particle size, zeta potential and pH versus aduitiéS are shown in Fig. 2.17, individually.
30R50 and 30R25 kept uniform particle size of 80rBvand 26~30 nm, individually, in the
investigated additional IS range. The particle sizZ80CAL50 0.15 vol.% was around 80 nm
at additional 1IS< 100 mmol/L; for a higher additional IS of 200 mthoNacCl, the particle
size rose to 106 nm. The interpretation of that¢ sicrease observed by DLS here could be
referred to Section 2.2.1.2(3).

The absolute values of zeta potential reduced thighincrease of NaCl concentration for all
the three types of SNPs as shown in Fig. 2.17¢opmng from around 40 mV to 19 mV for
30R50 0.15 vol.%, from about 32 mV to 16 mV for 28R0.15 vol.%, and from about 50 mV
to 31 mV for 30CAL50 0.15 vol.%, agreeing well withe trend found in the research of
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Saleh et al. (2008). As illustrated by Saleh et(2008), the particle-particle interaction

energy affected by IS could be approximated by DL¥@ory that assumed van der Waals
attractive and electrostatic repulsion: at low Eolv 10 mM, the energy barrier of particles
was difficult to overcome, whereas the electrostagpulsion would less effectively hinder

particles approaching to each other. The study atsi¥moto and Yoon (1993) also denoted
the interesting phenomena that NaCl destabilizezhssuspensions.

The pH values of 30R50, 30R25 and 30CAL50 suspessstayed always around 7.6+0.6,
8.2+0.6, and 4.5+0.1, respectively (Fig. 2.17(@)hat subtle drift in pH values could be

ascribed to no release &f" or OH™ by adding the salt NaCH " andOH ™~ are well known

as ions determining the zeta potential of partstiefaces due to their high charge density,

while CI™ and other anions can just screen the surface eharg
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Fig. 2.17. Effect of additional IS on properties of SNP suspem: (a) particle size, (b) zeta

potential; (c) pH value.

2.3.2 Properties of flotation assisting reagent -- surfactant

CGAs were generated using sodium dodecyl sulfaBS(SSigma-Aldrich, U.S.) and cetyl

trimethylammonium bromide (CTAB, Carl ROTH, German$DS, an anionic surfactant

(MW=288.37 g/mol), is a salt of an organosulfatesisting of a 12-carbon tail attached to a

sulfate group that gives the material the amphiphproperties (its structural formula is

shown in Fig. 2.18(a)). CTAB is a cationic surfadtavith a chain of 16 carbon atoms

(MW=364.45 g/mo
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Fig. 2.18. Structural formula of (a) SDS and (b) CTAB.

The CMCs of CTAB and SDS, above which micelles spoeously formed, were verified to
be approximately 0.98 mmol/L and 7.7 mmol/L, respety, by measuring the conductivity
and the surface tension at the room temperaturgppfoximately 25 °C (298.15 K) (Fig.
2.19): for the surface tension measurement, the €btsponded to the concentration above
which the surface tension remained constant; ®ictinductivity measurement, the CMC was
determined by the intersection of two straightdimelow and above the CMC. The CMCs of
CTAB and SDS obtained here agreed well with theieslin others’ reports (Kile and Chiou,
1989; Fuguet et al., 2005). Another important pai@m of surfactant is the Krafft
temperature T, ) below which the surfactant remains in crystallioen and even in aqueous
solution and micelles cannot form. Thg values of CTAB and SDS were found to be
approximately 25~26 °C and 14~16 °C, respectiv®licd and Lattes, 1986; Qian et al.,
2005). All experiments with CTAB and SDS were tligreonducted abovg, . Additionally,

the pH value of surfactant solutions kept stabléhm investigated concentration range (Fig.
2.20), fluctuating within 6.19~6.41 for SDS rangifrgm 0.01 mmol/L to 17 mmol/L and
varying around 6.15~6.37 for CTAB ranging from Or@fnol/L to 15 mmol/L.
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2.4 Conclusions

The features of NPs (TNP and SNP) and flotatiomstaisg reagents (HA, CTAB and SDS)
were explored in this chapter as fundamental shedgre the following flotation, aggregation
and adsorption experiments, such that specificrfad@l mechanisms between NPs and
collectors in those processes can be well explaiaed understood. Effects of NP
concentration, pH value, and IS on the colloiddidxeor of NP suspension were investigated
apart from the NP characterization. The preparatioitotation assisting reagent solution and
the particular properties were studied as well.alRet conclusions have been drawn down

below:

* TNP and TNP suspension:

The acidic commercial TNP suspension with the ayeegarticle diameter of 41.6 nm (Lot #1)
and 14.5 nm (Lot #2), respectively, was employethencurrent study. Over the investigated
TNP concentration range, the pH slightly increa@e@dH3) due to the dilution effect and the
zeta potential remained constant at around +38 Whé concentration of suspension was

fixed to be 0.15 wt.% in all the following experints.

Metal oxides such as Tgand SiQ are known to be representative hydrophilic sotidsng

to the presence of numerous surface MeOH groupdaharably create hydrogen bonds with
water. The TNP suspension was susceptible to thegpidtion: the zeta potential decreased
with increasing pH value from 3 to 11, the surfabarge reversing from positive to negative
at pHep (5.7). TNP aggregates formed due to the chargeralmation. The maximum
particle size firstly appeared at gHand the size kept 55486n within pH5~10; at pH11, the
particle size decreased to about 2&m® possibly resulting from the particle re-stabiliaa

by electrostatic repulsion.

Adding salt would give rise to large aggregatehi@ suspension without greatly changing the
zeta potential and the pH value, agreeing well whthclassical DLVO theory which leads to
the prediction that any increase in the IS of tleeteolyte solution in the particle suspension
will compress the diffuse layer associated with plaeticles, diminish interparticle repulsion,
and therefore promote aggregation.

e HA used as TNP collector and surface modifier
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2.4 Conclusions

The HA solution was prepared by dissolving the HAwder into the highly basic solution,
and the dissolved HA could keep the soluble stapdda 4. The CMC of HA was determined
to be 2905 mg/L DOC in this study. The HA solutianthe concentration lower than 10
mg/L DOC was of average particle size smaller thaim and turbidity lower than 1 NTU,
while for higher HA concentration, the particleesiand turbidity got sharp increase, which
might influence the interfacial mechanisms betwkEé@nand TNPs. In the following chapter,
HA concentrations below and above 10.5 mg/L DOCtested in surface modification and
adsorption-aggregation experiments, respectivelgeithe HA concentration is higher than
10.5 mg/L DOC, the TNP-HA interfacial process wilbt be recognized merely as HA
molecules adsorbing toward the TNP surface any jmreit is also necessary to take the
possible co-precipitation between those J#nd the colloidal precipitates of HA molecules

into account.

* SNP and SNP suspension

Three types of SNPs (30R50, 30R25 and 30CAL50) wemnployed in order to obtain the
completely understanding of NP properties on theQGA interaction in either flotation or
adsorption-aggregation which will be particularly Chapter 4. The negatively surface
charged 30R50 and 30R25 with an average partizéeddi approximately 80 nm and 30 nm,
respectively, and the positively surface charge@A®0 of around 77 nm in diameter.
Rather different from TNPs, all the SNPs were lgldssensitive over the pH range of 2~6
where the particle size fluctuated around theirage value. The IEPs of 30R50 and 30R25
were around pH1~1.5 whilst that of 30CAL50 was appnately pH9.8. Adding salt would
result in the slight reduction of absolute zeteepttl of all SNPs, and as well as the increase

of particle size for 30CAL50 whereas the other 8P kept constant.

* Surfactant (CTAB and SDS) used as SNP collectorGBA generating solution

The CMCs of CTAB and SDS were verified as approxetya0.98 mmol/L and 7.7 mmol/L,
respectively. The Krafft temperatufg, values of CTAB and SDS were found to be
approximately 25~26 °C and 14~16 °C, respectivBlicd and Lattes, 1986; Qian et al.,
2005), above which all experiments with CTAB andSSWere conducted. The pH value of

surfactant solutions kept stable in the investigia@ncentration range.

Based on the properties of NPs and relative caltedigured out in this chapter, successive

investigations of NP-collector interaction in therface modification and adsorption-
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aggregation processes will be focused on for thehar@cal interpretation of NP separation in
flotation, and the flotation removal efficiency MPs will be tested thereafter.
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Chapter 3. HA assisted DAF separation of TNPs

In search of environmentally-friendly reagentsstbhapter aims at evaluating the feasibility
of using HA as an assisting reagent to remove Ti#?B aqueous suspension. Experiments
are divided into three parts:

(1) Primary surface modification experiments of B\BY alkaline HA solution leaving the
pH of HA stock solution free. Specific tests areriea out for the sake of agglomeration
behaviors and interaction mechanisms of TNP-HA Itegsufrom both HA molecules and
OH".

(2) Adsorption-aggregation experiments with coditngl pH of HA stock solution.
Adsorption characteristics of HA molecules on théPTsurface are studied at different pH
values of HA stock solution and HA concentraticars] properties of resulting aggregates are
investigated in terms of particle size and fracflcture. Thus, interaction mechanisms
between TNPs and HA molecules can be further inyesd.

(3) Laboratory scaled continuous DAF of TNPs witlA lssistance and pH adjustment,
individually. The high TNP removal efficiency is mected to be attained and ways of

flotation condition optimization are then proposed.

3.1 TNP surface modification with alkaline HA solution

3.1.1 Experimental method

Before flotation tests, TNP surface modificatiopesiments with HA were firstly carried out
without controlling the pH value of HA stock soloi so as to explore the interaction between
TNPs and HA in water dispersion. Various amountalkéline HA stock solution was added
directly into the 0.15 wt.% TNP suspension (Lot,#d the TNP-HA suspension was then
vigorously mixed on the vortex mixer (Fisher Scient-B15024, UK) for 1 min, and then
kept 24 h to reach the complete adhesion of TNP-H#& reaction duration was confirmed to
be sufficient by relative studies dedicated toThd#° surface modification with NOM (Kim et
al., 2009; Zhao et al., 2012).

» Surface charge measurement was carried out tonobitai information on the state of
charge at the solid-liquid interface by ZetasizanbZS.
» Particle size and PSD of supernatant and sedimerd eharacterized by DLS (Nanotrac)

and LDS (Mastersizer 2000), respectively, due tiedint measurement ranges of the two
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3.1. TNP surface modification with alkaline HA stdtun

techniques and the various diameters of NPs argkrasggregates as mentioned in
Chapter 2.

* Functional groups of the modified TNP surface waxestigated by FT-IR performed on
TENSOR 27 FT-IR Spectrometer (Bruker Optics Corpora Germany) at Service
Analyses & Procédés of Laboratoire de Génie Cheenide Toulouse. The infrared
spectra were recorded from 4000 to 400*cmsing a 4 cil resolution. The samples were
pressed with dried KBr pellets at a ratio of appra¢ely 1:100 w/w.

* The small angle laser light scattering (SALLS) noeklnas been used in the determination
of aggregate fractal dimension. Particles in thrapa scatter light proportionally to their
size and at a constant angle independent of whachab the particle is hit by the beam.
Small particles scatter light at the high angleslavlarge particles scatter at low angles
(Jarvis et al., 2005). The Malvern Mastersizer 203 an array of photosensitive
detectors at different angles between 0.01° an@°48at detect the light scattered by the
sample. In the light scattering study, the totatsred intensity is a function of the

scattering vecto, whereQ is the difference between the incident and saadtevave

vectors of the radiation beam in the medium, winsaiven below:

Q:M 3.1)

where, n, is the refractive index of the suspending mediénis the scattering angle, and
A is the wavelength of the radiation in a vacuunhal$ been shown that for a mass fractal
aggregate, which satisfies conditions for RayldBfms-Debye (RGD) regime, its
scattered intensity is related toQ and the fractal dimension Y, :

1gQ™ (3.2)
On a log-log plot there is a linear region, witBlape of—D, (Bushell et al., 2002). This

relationship holds provided that the length scdlenweestigation is much larger than the
primary particles and much smaller that the agge=géGuan et al., 1998). This condition
is largely fulfilled in our case where the prim®f size is around 14.5 nm meanwhile the

floc size can be at least ufn.

3.1.2 Surface charge of TNP-HA aggr egates

The surface charge is of great importance to knmevdispersion characteristic of the TNP

system. The amount of charge on the surface caatelimany ultimate uses, as NPs are very
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reactive in aqueous suspension (Singh et al., 20183 effect of HA concentration on zeta
potential of TNPs was investigated for the surfaecmdification study. The HA (0.57~9.15

mg/L DOC) modified the TNP surface from positivéty negatively charged (Fig. 3.1), and
the zeta potential reverses near the HA conceotrati approximately 7.8 mg/L DOC, which

was considered to be the optimum HA dosage for TNE® aggregation. The pHs of

suspensions were not higher than 6.1 (when the ei#centration is 9.15 mg/L DOC). It

should be noted that, when the HA addition was l#sn 6.5 mg/L DOC and the

correspondingly pH value of the HA solution was éswhan 4, HA molecules were not
absolutely soluble as formerly demonstrated in iBe.2.2.2(2); hence, the polyanions of
HA molecules could not de-stabilize the TNP susjzens
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Fig. 3.1. Zeta potential and pH profiles of TNPs (0.15 wt&b}lifferent HA concentrations.

Since the HA solution used in this study was aralaik solution, the effect of pH on zeta
potential should also be considered in order téegihtiate it from the effect of HA and

clarify the surface interaction mechanism as wé&he pH-dependence of zeta potential
determined in the 0.15 wt.% TNP suspension withaitdout HA can be seen in Fig. 3.2. It
denoted that the IEP of the NaOH-adjusted curve atapH 5.9, while that of the HA-

adjusted curve was at pH 5.2, shifting to a lowdrwith the presence of HA. It was noting
that the zeta potential value of TNP suspensiothénabsence of HA was +24.1 mV at the
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pHiep (5.2) of suspension in the HA presence, implyimg tepulsive interparticle interaction.

In the process of TNP surface modification with ibadA, the OH™ from NaOH could
neutralize positive charges on TNP surface first] ¢hen the further adsorption of HA-
polyanions led to the over-compensation of positivarges on the oxide surface. Due to this
polyanionic coating layer on TNPs with HA additidhe measured values of zeta potential
became more negative than that at the:phh the absence of HA. It is worth noting that
OH" resulting from NaOH in the HA stock solution pldyéeading roles in the TNP
aggregation from the respect of electrostatic augon, and the polyanions of HA
contributed to the screening of TNP surface chargen HA molecules were ionized. Similar
explanation of humic substances on nanoaprtictaseircharge was given in the case of HA

adsorption and aggregation of magnetite NPs (#ie@s Tombacz, 2006).

N
o
IH

—a— pH changed by HA solution
—&— pH changed by NaOH solution

O8]
o
T T

= N
o o
L

o

Zeta potential (mV)

pH
Fig. 3.2. Zeta potential as a function of in the presenceiartde absence of HA.

As presented in Fig. 3.3, when adjusting the pHH#éf stock solution to different values
(pH4.6, 6.0, 8.2 and 12.7, in which the HA couldvil dissolved as illustrated in Section
2.2.2.2(2) of Chapter 2), the HA dosage for neitired the surface charge of TNPs greatly
increased, from 7.8 mg/L DOC for pH 12.7, to 62 ImBOC for pH 8.2, 98 mg/L DOC for
pH 6.0, and 105 mg/L DOC for pH 4.6.
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Fig. 3.3. Zeta potential as a function of HA concentratiodemdifferent pH conditions.

3.1.3 PSD pattern of TNP-HA suspension

Four HA concentrations close to the optimum HA dgseere chosen to compare and study
the PSD pattern of the TNP suspension. Fig. 3.4vshhotographs of the HA modified TNP
suspension, and size distributions of supernatamissediments are presented in Fig. 3.5. In
the investigated HA concentration range, the sldjdid stratification appeared, and
supernatants turned from clouded to clear, alorig thie increasing of the HA concentration.
The phenomenon agrees well with what is shown m Bi5: in Fig. 3.5(a), the average
particles sizes with HA concentrations of 6.10 mBAQC to 9.15 mg/L DOC were 237.5 nm,
228.2 nm, 197.4 nm, and 0.930 nm, individually, amd~ig. 3.5(b), the average sizes of
sediments were 8.6 um, 19.4 um, 26.1 um, and 136 respectively. The decrease of
particle size in supernatants and increasing digh@rsize in precipitants demonstrated that
that HA facilitated the formation of TNP-HA aggrégs Increasing the HA dosage, the TNP-
HA aggregates were apt to settle down becausewieey getting large, compact and dense.
The largest aggregates were obtained at 9.15 m@C Which was higher than the optimum
HA dosage (7.8 mg/L DOC) resulting from the zetéeptal investigation. Since both ligand
exchange and electrostatic interaction had beerogegb to explain the NOM adsorption by

nano-oxides (Gu et al., 1994; Yang et al., 2009), result illustrated that the interaction
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between the functional groups of HA and TNPs maN@4 difficult to re-stabilize, even if

zeta potential became more negative.

Fig. 3.4. Photos of surface modified TNP suspensions atréiftetHA concentration (The
number on the capsule stands for the HA conceairgng/L DOC).).
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Fig. 3.5. PSD of surface modified TNP suspensions: (a) s#banh by DLS; (b)
precipitates/flocs by LDS.

3.1.4FT-IR analysis

In order to verify the interaction type between ldAd TNPs, FT-IR studies were conducted
on samples of TNPs conditioned with HA. Fig. 3.60wh the FT-IR spectra of TNPs
modified by different concentrations of HA. For H#ke broad bands at around 3400"cm
could be assigned to OH stretching of the carboxghoups, phenolic, alcohol or bonded
water; the 1773 cthpeak could be attributed to the C=0O stretchind>6fOH groups (de
Moraes and Rezende, 2005); peaks around 160Dveene produced by stretching of C=C
linkages of the aromatic groups; the sharp banerebs at 1432 cthcorresponded to the O-
H bending vibrations of alcohols or carboxylic acideformation of carboxyl groups (De
Moraes and Rezende, 2005; Agarwal et al., 2010)TRPs, the major peaks (3277 ¢rand
1617 cnm') were retained but presented systematic frenquehiéts (red shifts) with stronger
intensity, revealing the strong interaction betwd@@iPs and HA due to adsorption of HA
molecules (Yang et al., 2009; lijima et al., 20@gh et al., 2012). The appearance of the
peak at around 1390 ¢hithe O-H bending vibration of alcohols or carbaxycids) in the
(TNP+HA) mixtures indicated the interaction of HAHQvith TNP surfaces.
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Fig. 3.6. FT-IR spectra of TNPs before and after surface fiecadion by HA with various

additive contents: (a) TNPs, (b) HA, (c) TNPs +HBmg/L DOC HA, (d) TNPs + 7.06
mg/L DOC HA, (e) TNPs + 8.02 mg/L DOC HA, (f) TNPL.15 mg/L DOC HA.

3.1.5 Residual DOC and turbidity in the TNP-HA suspension

Quantities of studies have proved that the DOC atumal water sources may react with
disinfectants to form disinfection by-products, aaduce the effectiveness of water treatment
by interfering with fouling membranes and adsorb€Kitis et al., 2001; Huang et al., 2012);
moreover, the dissolved HA may enhance the sotybdf some organic pollutants and
pesticides (Chiou et al.,, 1986). Therefore, thehhigA concentration will not be
environmentally friendly. The residual DOC and idity of TNP-HA suspension after a long
time (24 h) until the equilibrium are shown in F@.7. The 0.15 wt.% commercial TNP
suspension (Lot #1) used in this study had the @D&round 0.95 mg/L possibly caused by
the unknown organic additive for the good dispersithe residual DOC kept increasing until
the HA dosage was 6 mg/L DOC; thereatfter, it slyadacreased along with the increase of
HA concentration and maintained around 1 mg/L atHA dosage> 7.5 mg/L DOC. As for
the residual turbidity, it presented the worst heatithe HA concentration around 6.3 mg/L
DOC. That might be attributed to the aggregated -FMPparticles are not dense, compact
and large enough to settle down. When the HA canagon was higher than 7.5 mg/L DOC,
the residual turbidity in supernatants was closed tdiTU, matching well with the zeta

74



Chapter 3. HA assisted DAF separation of TNPs

potential (close to 0 mV at HA concentration of mg/L DOC). A transparent supernatant
with the highest adsorbing amount of HA on TNPsl@¢de obtained at the HA concentration
of 9.15 mg/L DOC. For the aim of low residual DOJaurbidity in the resulting suspension,
an optimum HA concentration range of 7.8~9.15 mBMQC was determined. In that HA
dosage range, almost all HA aggregated with TN&&syihg only little in the solution, which
was also confirmed by results presenting in Fig.&hd Fig. 3.5. Therefore, the residual HA

in water would not be a threat to the environment.
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Fig. 3.7. Residual HA and residual turbidity as functiondH# concentrations.

3.1.6 Discussion of the TNP surface modification with alkaline HA solution

The leading mechanisms of controlling NOM (suchH#g adsorption on metal oxides (i.e.
iron oxide) include electrostatic interactionsaligl exchange, hydrophobic interactions, and
van der Waals interactions (Gu et al., 1994; Aroiarand Keil, 2000; Yang et al., 2009 Ding
and Shang, 2010). Due to the heterogeneity and lexitypof NOM and adsorbent surfaces,
combinations of different adsorption mechanismsehia@en suggested to occur in reality. In
the basic HA solutionQH ~acts as ions neutralizing the surface charge ofsTdoiing to its

greater affinity with positively charged surfacesd the polyaions of HA molecules (i.e. —
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COQ) further compress the TNP surface charge. Besitiesfunctional groups of HA are
capable of interacting with metal species in solutor suspension. It is therefore possible that

TNPs may interact with either the polyanions oubté and ionized HA, or colloidal fraction

of HA, or both (Baek and Yang, 2005). It is wortbting that, when alkali treated, thé 2",

M3 -humates and HA becom®!; -humate, a colloidal and molecular water soluble

substance. Its surface activity is related to tbkowal part, although they are not surface

active themselves, however, through peptisationegge the surface active components.

Due to the presence of ionogenic (acids and tladis)sas well as non-ionogenic (alcohol
functional groups in HA) molecules, the Meumate is surface active, whereas due to the
presence of micelles it behaves as a colloid witipgerties such as coagulation, peptisation,

ion exchange, and coagel formation (Tschapek et18B81). Since the sodium hydroxide

solution is usually used for dissolving the comnarelA, the surface activéNa® -humate is

therefore easily formed in the HA alkali solutioand thereafter interacts with TNPs.

In the surface modification experiment, the HA s$iolu with a concentration lower than 10
mg/L DOC was applied. Flocs, which were easy taipiate when they were large, dense
and compact enough, formed with the increase ofddgage, resulting in clear supernatants.
Characterizations of zeta potential, PSD, FT-IR &h-TNP adhesion show that the
aggregation might be due to the electrostatic&ttm, ligand exchange, hydrophobic and van
der Waals interaction resulting from the additidrH&\ molecules and the existence of OH

An optimum dosage range of HA was determined t3.8€9.15 mg/L DOC.

3.2 TNP-HA adsor ption-aggr egation experimentswith controlling pH

Results in Section 3.1 clearly show that the irditoa between TNP and HA refers to the
total depletion of the latter from the bulk suspensand the pH value of TNP-HA mixed
suspension made great effect. Therefore, it is sseeg to further study the TNP-HA
interfacial process in view of both adsorption aadgregation (so-called adsorption-
aggregation) at controlled pHs of HA stock solutsomd the fixed pH of TNP suspension.

Therefore, this part of work focuses on (i) addorptisotherms being used to deeply

investigate the adhesion of HA on the TNP surfaaod, (ii) particle size and fractal dimension
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of aggregates formed during batch adsorption testsder to understand properties of NP-
collector aggregate which may give an indicatiomNBfinvolved interfacial processes.

3.2.1 Experimental procedure

A series of adsorption batch tests were carriedusitg 150 mL glass bottles with Teflon-
lined screw caps to avoid the undesirable surfacdsorption by container. 50 mL 0.3 wt.%
TNP suspension (Lot #2) was mixed with 50 mL HA cktosolutions of different

concentrations ranging from 1 mg/L DOC to 25 mg/lO® so as to give varying

concentrations in the bottle. The suspensions wexed by means of end-over-end rotation
(Reax 20/8, Heidolph Instrument GmbH & Co. KG, Gany) at the constant rotating speed
of 15 rpm. As indicated in former studies where é¢ailibrium could be reached within 18
hours under similar experimental conditions (Vermeeal., 1998; Vermeer and Koopal,
1998), the mixtures were agitated for 18 hourdhatroom temperature of approximately 22
°C (295.15 K) to ensure that the equilibrium wabieed. Thereafter, 30 mL supernatant
was carefully withdrawn and separated by centrifggat 8000 rpm for 20 min. The final

sample was analyzed by TOC analyzer for HA cone#iott. The amount of adsorbed HA

(9., ng DOC/g TNPs) at equilibrium were obtained by tbkoiving equation:

(COS B Ce )\/ (33)
m

where C,; and C, (mg/L DOC) are initial and equilibrium concentoats of HA,

respectivelyV (mL) is the volume of the TNP-HA mixed suspension{mg) is the weight
of TNPs. All samples were collected and measurettiénsame way described above for the
HA concentration after 72 hours of adsorption teStee concentration kept constant and no

desorption was found.

3.2.2 Adsor ption isotherms

It has been extensively known that HA remains iltsmn at pH> 2 and is composed of the
higher molecular weight fraction of the humic maiféermeer and Koopal, 1998). The HA
concentration remained constant at pH in the current investigation as aforementioned i
Chapter 2. Herein, the HA stock solution was preistdd into pH4.0, 6.3, 9.1 and 12.9,
individually, and then interacted with TNPs suchttthe pH influence of HA stock solution

on adsorption-aggregation could be particularhd®d. Experimental results were fitted by
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classical adsorption isotherm equations Langmuieufdlich, Langmuri-Freundlich (L-F)
and Temkin.

[ The Langmuir model assumes monolayer adsorptiom @hiomogeneous surface with

no interactions between the adsorbed moleculeseftb., 2002), and this classical isotherm

equation is:
q - bLQmaxL(:e (34)
° 1+pC,

whereb, represents the Langmuir bonding term related teraction energies (L/mg) and
Q... denotes the Langmuir maximum capacity (mg/qg).

o The Freundlich model is valid for non-ideal sorption a heterogeneous surface with
interaction between adsorbed molecules where tbgildition of sorption heat is non-

uniform. It assumes that the adsorption is morécdit as more and more binding sites are
occupied by adsorbates and multilayer adsorptiom @ecur (Jiang et al.,, 2013). The
Freundlich equation can be expressed as follows:

9. =K,CF (3.5)
where K, represents the Freundlich affinity coefficient (ff."g), indicating the
adsorption capacity of the adsorbent, amdis the Freundlich linearity constant related to
sorption intensity or surface heterogeneity. Rpr> 1 the adsorption is considered to be
poor; for n. between a value of 0.5 and 1, adsorption is défasemoderately difficult; with

n. values between 0.1 and 0.5, it shows favorableraten.

[ The L-F model is an empirical equation often usedléscribe chemisorption onto

heterogeneous surface.

q = bL—FQmaxL—FnCEeL_F (3.6)
1+ bL—FCeL ]

whereQ is the total amount of binding sites on the adsotisurfacep, _- is related to

maxL-F
the mean association consta€y (K, =b!"*), andn_. represents the heterogeneity index
of the binding site energy, as the value mf. approaches to 1, the adsorbent is

homogeneous and the L-F equation is reduced torhaimgsotherm. For a heterogeneous

material,n__- <1. When eithen__. or b__. is O, the L-F equation can reduced to Freundlih.
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Thereby, the L-F isotherm is able to model bothhoimogeneous and heterogeneous
adsorption systems (Jiang et al., 2013).

[ The Temkin isotherm assumes that the heat of atisorpf all the molecules in the
layer decreases linearly with coverage due to deésdradsorbate interactions, and that the
adsorption is characterized by a uniform distritof the binding energies, up to some
maximum binding energy (Ho et al., 2002). The Temkbtherm equation is applied in the
following form:

q, = BIn(K; [T,) (3.7)
where K; is the equilibrium binding constanB is related to the heat of adsorption, and can

be calculated frorB=RT/b; T is the absolute temperature in Kelvim;is the Temkin

constant (J/mol).

Based on the regression coefficienf)(Ponly Freundlich and L-F models exhibited gods fi
with R? situating within the range of 0.940~0.999, andcjzemodeling outcomes are shown
in Fig. 3.8 and Table 3.1. The low regression doeffit R obtained from the Langmuir
fitting suggested that the model was too simpleléecribe the adsorption of HA on TNPs,
and thus it could be inferred that both aggregatiad sorption probably involved in the
interplay between TNPs and HA (Abraham et al., 20T8e Freundlich isotherm equation

constantn. can be used to explore the favorability of adsorpprocess, and the favorable
adsorption happens when the value falls in 0~1. However, ali. vales were higher than 1

in the present study, showing the difficult and padsorption but probably indicating other
aggregation interaction process, rather than atlsarplayed the dominant role of TNP-HA
interaction. It could be inferred that the aggrematprocess of TNP-HA was led by
agglomeration of TNPs with precipitated HA particlelhe following DAF experimental
results of TNP separation with the HA assistanck fwither study whether both HA and
TNPs will be well removed by flotation. The goodregment between fitting results and
experimental data indicated that the heterogenenesaction between HA molecules and the
TNP surface. As for the L-F model, the paramégr,, - could predict the total amount of
binding sites on the adsorbent surface. As showhaisle 3.1, the binding sites on the TNP
surface decreased along with the pH value of HAutgm increasing. HA adsorption data
were not modeled well across the HA concentratiange and pH values of HA stock
solution by Temkin isotherm.
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Fig. 3.8. Experimental data and fitting curves of Freundbetd L-F adsorption results of
0.15 wt.% TNP+HA.
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Table 3.1. Fitting results from Langmuir, Freundlich, and L¥fedels.

Langmuir model Freundlich model Langmuir-Freundlich model Temkin model
Qmax Qmax - b
: b, R K, n. R b, n. R B K, R’
(no/9) (ng/9) (J/mol)
4.52E-
PHuA stoci=4.0  1.54E+08 07 0.716 1.1 2.715 0.950 6.72E+07 1.70E-082.716 0.950 470.49 0.428 5.27 0.587
2.20E-
PHuA stock=6.3  3.16E+08 07 0.607 0.5 3.398 0.995 2.38E+08 2.09E-093.398 0.995 418.32 0.458 5.93 0.525
4.68E-
PHuA stoc=9.1  1.07E+10 09 0.506 2.7E-06 8.409 0.940 1.91E+09 1.44E-158.408 0.940 301.22 0.470 8.23 0.413
2.96E-
PHuA stock=12.9 1.02E+08 07 0.876 1.9 1.989 0.999 6.43E+03 2.30E-042.110 0.999 276.38 0.343 8.97 0.773
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3.2.3 Properties of HA-TNP aggregates obtained from adsor ption-aggregation

3.2.3.1 Zeta potential and pH value

The electrophoretic mobility data for TNPs in thregence of HA is presented in Fig. 3.9. It
can be seen that the addition of HA with pH valoésround 4.0, 6.3 and 9.1 led to little
change in the absolute magnitude of pH and zetanpiat as a function of increasing HA
initial concentration. The pH of suspensions kaepistant significantly lower than 3 and thus
the ionization of HA molecules was weak, givingerito the fact that the electrostatic
attraction with the positively surface charged TNRas far from being enhanced. This
indicated no evidence for any charge neutralizabbrthe TNP surface for these cases.
However, on addition of highly basic HA solutiorHp12.9), the zeta potential of TNPs was
then considerably altered synchronously with pHugabf suspension especially at HA
equilibrium concentrations higher than about 7 m@OC. The zeta potential of TNPs
became zero when the equilibrium concentration arasind 10.8 mg/L DOC and the pH
value of suspension turned to be about 6.7. Thiemrealie surface charge reversed to negative

and the absolute value increased along with theegdilibrium concentration.

HA adsorption by nano-oxides depended on threeifa¢Yang et al., 2009): (1) large surface
area of nano-oxides, which provides space for Hgogation; (2) low hydrophilicity and few
negative charges on nano-oxide surface, allowingrii#lecules to approach to the particle
surface; and (3) strong interactions, such as relgeitic attraction and ligand exchange
between HA and nano-oxide surfaces, which induded HA adsorption. As studied by
Vermeer et al. (1998), on increasing the pH valdenoxture suspension, both the
hydrodynamic layer thickness of adsorbed HA andatisorbed amount decreased but the
reducing magnitude of the former was less than diidhe latter. That is the case of ypH
stock=12.9 in Fig. 3.9 when the pH of adsorption-aggtiegasuspension rose along with the

addition of HA solution.
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Fig. 3.9. Zeta potential and pH value of post-(adsorptionraggtion) suspension as a
function of initial HA concentration.

3.2.3.2 Aggregate size

Particle size of aggregates (in the sediment) fdrimgadsorption-aggregation was measured
by DLS (Nanotrac) or LDS (Mastersizer 2000) acaogdihe magnitude of their particle size.
Average particle size and PSD attained are showsign3.10(a). For different pH values of
HA solutions, the increasing HA addition could résa larger aggregates, and particularly,
the high basic HA solution (pid=12.9) lead to micron aggregates at HA concentnatf 9
and 13 mg/L DOC but the aggregates turned to bwanoscale at higher HA dosage due to
the re-stabilization of TNPs. With the stock HA wwn at pH 4.0, 6.3 and 9.1, the
equilibrium pH values of TNP-HA suspension was low®n 3 (Fig. 3.9) and the size of the
sediment fraction was always smaller thai (Fig. 3.10(a)), which might correspond to the
presence of colloidal precipitates of HA molecudesl as well as their adhesion with TNPs;
comparatively, TNP-HA aggregates in the presenceéidfstock solution at pH12.9 were
formed through the electrostatic interaction. Avést HA concentration of 1 mg/L DOC, the
PSD exhibited monomodal; as the HA concentratiarse,r multimodal could be obtained
(Fig. 3.10(b)~(e)).
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Fig. 3.10. Particle size measurement of TNP-HA aggregates aftsorption-aggregation: (a)
variation of particle size with initial HA conceation; PSD patterns at different pH
values of HA stock solution (b) plA=4.0, (c) pha=6.3, (d) pHia=9.1, (e)
pHHA=12-9-

3.2.3.3 Fractal structure

The morphological structure of aggregates couldableieved by SALLS via Mastersizer
2000, and herein, for the four different pH valoé$A solution, the fractal structure of four
TNP-HA aggregates were measured: TNPs formed aia9843 (G=25 mg/L DOC),
pPHuaA=9.1 (G=25 mg/L DOC), and pkh=12.9 (G=9 mg/L DOC and 13 mg/L DOC). It can
be seen from Fig. 3.11 that for the weakly acidid &asic HA solution, th®; of TNP-HA

aggregate were lower than 2, presenting an openlcas#® structure; when the pH of HA

solution reached as high as 12.9, compact and dENBeHA aggregates formed witD,

higher than 2 and even close to 3£C3 mg/L DOC). On the one hand, based on the asalys
in Section 3.2.3.1: TNP-HA aggregates at the doguuim pH lower than 3 (using the HA
stock solutions at pH 6.3 and 9.1, according to. B®) were formed probably by the
adhesion between HA colloidal precipitates and T,N#sereas those TNP-HA flocs at the
equilibrium pH higher than 5 (using the HA stockusion at pH12.9, according to Fig. 3.9)
was attained via the charge neutralization; theeddtoc gave rise to the firmer aggregate

configuration than the former which could be atitdd to the stronger TNP-HA combination
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through the electrostatic attraction. On the otieerd, at a given pH value, the HA molecules
might be flattened on the TNP surface after adsmmpThe adsorbed HA layer thickness was
largely determined by “tails” of the adsorbed HA lewules protruding into the solution. The
degree of flattening increases with increasing gldme parts of HA molecules protruded
relatively far into the solution (Vermeer et al99B) resulting in the formation of large
aggregates. At high pH a significant part of theatded molecule is in close contact with the
surface (Vermeer et al., 1998). As a consequeheeTNP-HA flocs at high pH of 12.9 were

of more compact morphology.
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Given the adsorption-aggregation analysis of thigisn and the HA sol obtained in Chapter
2, there could be three types of aggregates foiméute adsorption-aggregation: (i) TNP-HA
flocs resulted from agglomeration of TNPs with ppéated HA particles by interacting with
small HA molecules or large HA sols, (ii) TNP-TNRds, and (iii)) HA sols/colloids, all of
which had the potential of being separated by fiota Their flotation performance is about

to be tested in the following section.

3.3 Laboratory scale continuous DAF experiments

3.3.1 Experimental device, methods and procedure

3.3.1.1 Description of laboratory scale continuous DAF appar atus

Experiments were carried out in a continuous flotatlevice designed in our lab (Liu, 2010),
shown in Fig. 3.12. Before each experiment, th&afion device is totally cleaned with de-
ionized water. The TNP suspension is prepared e fded tank (b in Fig. 3.12) with
continuous agitation in order to well disperse TNRgen the DAF test starts, the TNP
suspension is pumped into the flotation cell anchmadhile the pressurized water is injected
into the cell from saturation tank (c in Fig. 3.1@)create bubbles. The flotation cell (a in Fig.
3.12) is divided into two zones, one for the NPpgusion being mixed with the tiny bubbles
and the other for the disengagement of bubbles.flotegion cell has glass windows in order
to visually follow the flotation process and thepamtion of bubbles from the clean water
exit, and to perform the in-situ bubble size measwant. Bubbles capture particle in the first
zone. When bubbles come to the surface, they megtefoam. The foam moves from first
zone to the second and can be recovered by dramfiing-or HA involved flotation
experiments, the HA stock solution was injectethatbottom of the first zone by peristaltic
pump. After the first zone of the flotation cellfidl, the peristaltic pump controlling the flow
rate of clarified water after flotation is switched. Clear water is recovered at the bottom of

the second cell (d in Fig. 3.12). The liquid floates of TNP wastewat€p,, pressurized
water Q, , effluent (the clarified waterf), and additive solutiorQ, (NaOH or HA) are

controlled for different operating conditions bythame type of peristaltic pump (Masterflex
L/S, with pump head, HV-7518-00, Cole-Parmer Instent Company, USA), individually.
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Chapter 3. HA assisted DAF separation of TNPs

Fig. 3.12. Schematic representation of the laboratory scadirmaous DAF device: (a)
Flotation cell (200x105x18 mi)) (b). Feed tank (40 L), (c) Saturation tank with
pressurized water (20 L, the maximum toleratedsunesis 7 bars), (d) Tank for clean
water (20 L), (e) Tank for foam (5 L), (f) Flaskrfine additive solution (500 mL).

3.3.1.2 Bubble production

Air is dissolved into the deionized water inside saturation tank (c in Fig. 3.12) by adding
air under pressure. To ensure small bubbles, mesdifferences of 400 to 600 kPa are
recommended (Edzwald, 1995). Herein, a relativesqanee of 6 bars was set for all DAF
experiments in this study. Then, the pressurize@miow is injected through the valve at the
bottom entrance to the contact zone and microbshdnie produced. The small bubbles give
the water a milky appearance, and so the term widter is used to describe the bubble
suspension in the DAF tank (Edzwald, 2010). Thesueament by Laser Diffraction Sizing
(Malvern Spraytec) denotes that bubbles producedtigrsaturator have an average diameter

d,of about 70 pm (Liu, 2010). The zeta potential iofabbles was not characterized in this

work but it has been measured to be negative betpee2.0 and 12.0 in the DAF study of
Kubota et al. (1983), Li and Somasundaran (1993} &hd Dockko (1998), Han et al. (2004)
and Oliveira and Rubio (2011).
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3.3. Laboratory scale continuous DAF experiments

3.3.1.3 Capacity of the DAF system

The capacity of the DAF system in this study wasrested in the same way as Liu et al. did
(2012): the maximum relative velocity between wated a bubbléJ, was determined to be
14.4 m/h Re=U,d,/v, = 028) by solving the force balance on the bubble (#0 in
diameter) among the buoyancy, gravity and the doace in the Stokes regime; then, the
theoretical maximum effluent flow rat€, of 453.6 mL/min could be obtained by
multiplying the velocityU, with the cross-section area of the flotation dellthe DAF study

of Liu et al. (2012), the real maximu@, was also investigated by testing the maximum
experimental flow rate under which no bubble wapped in the exit flow. The maximum
experimentalQ, was found to be 440 mL/min, very close to the tegcal value showing

that the hydrodynamic effectiveness of this cordumiDAF cell is quite good for a so small

system.

Liquid flow rates in the DAF process satisfy EB:3.
Q+Q,+Q, =Q; +Q, (3.8)
where Q, represents the float-liquid flow rate whose minimualue can be figured out when

Q. Q,andQ, are fixed, and the maximu, is already known.

3.3.1.4 Deter mination of hydraulic retention time (HRT)

Preliminary flotation tests were carried out to lexg the variation of water quality along with
flotation time and determine the HRT of DAF in thmvestigation. DAF experiments were
conducted as described in Section 3.3.1.1, andhtrgrarticles subjected to flotation was a
mean to identify the steady state, whereas traomegt substances (ions) was used to
determine the HRT. Thereby, turbidity and conduttiof clarified water were measured at
different time intervals. These two parameters vodi@sen as representatives of treated water
properties because of their instant availabilitytie working scene. Results in Fig. 3.13
showed that the effluent could reach a steady stfise 4.5 min. Accordingly, samples of

clarified water were taken 5 min after DAF starsedas to evaluate the flotation performance.
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Fig. 3.13. Residual turbidity and residual conductivity varywith the flotation time.

3.3.1.5 Evaluation of DAF performance

The Ti content in the effluent and influent waslgped by ICP-AES or ICP-MS for the TNP

removal efficiencyr; zeta potential, pH and residual DOC concentratvere also measured

to characterize the water quality before and di&F.

(a) TNP removal efficiency

This parameter was figured out in the same wayia%tal. (2012) and Zhang and Guiraud
(2013), in which the dilution effect caused by prewzed water was excluded:

n :(CD S _C3XQ3JX100%:{1_ C,x(Q+Q+Qu) |, 1009 (3.9)
CoxQ, CoxQ

where C, and C, are TNP concentrations of the influent and efftugaspectively.C, is

considered to be the TNP concentration absoluteljulted from the dilution of the

pressurized water, and can be calculated as follows

=G XQ (3.10)

CD
Q+Q,+Q,
(b) HA removaln'
HA is expected to facilitate the TNP removal pracdsy forming TNP-HA-bubble

aggregates, and thereby the residual HA in the Bfleent should be as little as possible.
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3.3. Laboratory scale continuous DAF experiments

Besides, considering that HA may complex with metals, leading to unexpected metal
transport and release in waters and soils (Zoubaatlial., 2003; Brum and Oliveira, 2007),
the excess HA-release along with wastewater caordi@ematic. In this study;y i$ used to
estimate the amount of HA removed from the stoditim by flotation.

O.:(C'Dng—C;ng _C,x(Q+Q,+Q,)
CD XQS HAstockXQa

jXIOC%= {1 }XIOC% (3.11)

whereC,,,..... and C, are HA concentrations of the HA stock solution #mel DAF effluent,
respectively.C, is the HA concentration caused by the dilutioretf

o= CHAstock>< Qa (312)
Q+Q+Q,

3.3.2 Tentative theoretical deter mination of operating conditions

The performance of DAF unit mainly depends on #ierof the amount of gas to the amount
of suspended solids applied to the unit (Wang.e28D5). Injection of the pressurized water
stream into the flotation cell causes air bubblesé released. The bubble flow rade

affects particle-bubble collisions, particle sepiaraand removal, and thus is an important
design and operating parameter (Edzwald, 1995; Bld#z\2010). In this study, the mass ratio

of air to solids (Air-to-Solids ratio, A/S) can b&pressed as:

A/S= my;, — Pair ><Vair = Pair be (313)
My P XVTNP Prnp X Ql X COV

where o, =1.21 kgm®, p,,=4.2 gcm® (20 °C, 1 atm); the flow rat€, and the volume

concentrationC,, of the simulated TNP wastewater have been predeted to be 70

mL/min and 0.04 % (being converted from the weigbtcentage 0.15 %, assuming that the
volume change of the mixed suspension can be niglgljg respectively. A theoretical A/S
value, under which condition all TNPs could be efeely captured by bubbles, is decided by

Q.-

A crude hypothesis is used here, assuming thafuthyeefficient collision and attachment of
NPs on the bubble surface occurs and leads toubklé surface completely covered by one

single layer of NPs. Accordingly, the bubble floate Q, has to provide a sufficient area of

air-liquid interface to capture all the particles.
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The NP number per unit time can be calculated hy3Eqt,

N - Ql X COV
p i 53
dp

6
where C,, =0.04 % andd, =41.6 nm (TNP Lot #1) or 14.5 nm (TNP Lot #2) as

(3.14)

aforementioned in Chapter 2.

The bubble number per unit time can be evaluateidhy8.15:

NP
N, = (3.15)
Np/b

if the number of particles captured by one risinplidle N, is known. Since the maximum

number of NPs captured by one bubble still remtorise studied, here we only try to roughly

assess this number by assuming that each bubbtesésed with a NP monolayeN ,, can

then be calculated by Eq. 3.16:

N, :¢;_,So (3.16)
d,f
4

p
is the projected area of NPs ad= 71(d, )* is the surface area of one
bubble.¢ stands for the effect of the highly packed arramgat of the attached particles at

where S’p =

the bubble surface, and has been experimentalgrmdeted in the study of micro-particles in
flotation by Huang et al., and it could reach 8@H4ang et al., 2011). This value is kept and
applied in our case.

Q, (mL/min) can be then calculated as follows:
3
Q, =N, xn(L;) (3.17)

The pressurized water flow ra@, (mL/min) is calculated from the bubble flow ra@g by

Henry's Law which states that the solubility of @asgn a liquid is directly proportional to the

partial pressure of the gas above the liquid arstant temperature:
Q, =K, X pxQ, (3.18)
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3.3. Laboratory scale continuous DAF experiments

whereK, is the Henry constant (18 nil:atri', 20 °C) (Blazy and Jdid, 2000 is the

relative pressure between the applied pressureéhendtmospheric pressure for dissolving air
(6 bars in this study).

3.3.3 Preliminary DAF tests (using Lot #1)

Results of surface modification and adsorption-aggtion experiments have shown that
TNPs interact with HA by forming aggregates, andPENare not easy to re-stabilize in the
entire HA dosage studied. To validate that thidemér interaction can help to improve the
efficiency of removing TNPs in DAF process, the D#dst was carried out to quantify the
effect of different HA concentrations on the fldatsly of TNPs. Considering the optimum

HA dosage range obtained from surface modificaggperiments, four HA concentrations
(4.5, 6.5, 8.5 and 10.5 mg/L DOC) were chosen vestigate the DAF process with the HA

assistance.

Q, was pre-determined to be 70 mL/min, and basedertentative theoretical calculation in
Section 3.3.2, flow rates of DAF experiments wegeiried out as followsQ, was 166.7 or

250 mL/min, andQ, was 100 or 200 mL/min, an@,,, varied according to investigating HA
concentrations. The initial TNP concentratiOp was fixed to be 0.15 wt.% (equally 1406.7

mg/L TNP by ICP-AES). Table 3.2 and Fig. 3.14 pnedbe TNP removal of DAF tests by
ICP-AES. In Table 3.2, positive values of TNP remdcefficiencys demonstrate that DAF

could effectively eliminate TNPs in the suspens@mihjgher value ofy representing a higher

DAF efficiency, while the sign “-” denotes ineffect DAF treatment.

It can be found that, without the HA addition, DARs poorly effective in the investigating
Q, and Q, ranges. For low pressurized water flow r@e=166.7 mL/min, higher HA
dosages X 7.9 mg/L DOC) could better improve the TNP remowahd the maximum
removal efficiency of 91.4 % was achieved wi@pn =9.3 mg/L DOC. For high pressurized
water flow rateQ, =250 mL/min, the DAF failed to have any treatingeet when HA

concentration was lower than 6.3 mg/L DOC; buttfer HA concentration of 7.9 mg/L DOC,
better TNPs removal efficiency of higher than 70n#re obtained. Table 3.2 and Fig. 3.14
denotes that high efficiencies of 91.4 % and 86.4véfe obtained at points of HA dosages
7.9 and 9.3 mg/L DOC, whereas their pressurizeeem@dw rates and effluent flow rates
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were quite different, indicating that the effecttth outweighed that of bubble flow rat€)y(,
and thus alsd@,) and also effluent flow velocity @,).Therefore, higher TNP removal

efficiencies could be obtained by applying highesages of HA (increasin@,,, ). From the
respect of higher TNP removal and lower dilutiofeef, the optimum operational condition
for TNPs removal by DAF process in this study watednmined to be@,,=7.9~9.3 mg/L

DOC, Q,=166.7 mL/min andQ,=100 mL/min).

Table 3.2. TNP removal by ICP-AES (TNP Lot #1).

Q2=166.7 mL/min, @100 mL/min Q,=166.7 mL/min, @200 mL/min
Cua(mg/LDOC) 0.0 45 6.3 79 93 00 45 63 79 93

Cs (mg/L DOC) 443.3300.0 363.3 203.3 33.3 373.3/ 310.0 216.7 263.3
Co (mg/L DOC) 416.0402.8 397.2 391.7 386.4 416.0 402.8 397.2 391.7 386.4
n (%) - 255 85 481 914 103 / 219 447 318

Q2>=250 mL/min, Q=100 mL/min Q=250 mL/min, Q=200 mL/min
Cua (mg/L DOC) 0.0 4.5 6.3 7.9 9.3 0.0 45 6.3 7.9 9.3

Cs (Mg/L DOC) 353.3336.7 210.0 86.7 166.7 326.7 316.7 326.7 40  176.7
Cp (Mg/L DOC) 307.7 300.4 297.3 294.2 291.2 307.7 300.4 297.3 294.2 291.2
7 (%) - - 204 705 428 - - - 86.4 39.3

/- Ti (TNPs) concentration that was not detected@R-AES;

-1 ineffective DAF treatment.

95



3.3. Laboratory scale continuous DAF experiments

100

—=— Q,=166.7 mL/min, Q=100 mL/min
80 —e— Q,=166.7 mL/min, Q=200 mL/min
—4— Q=250 mL/min, Q=100 mL/min
—v— Q,=250 mL/min, Q=200 mL/min

60 -

n (%)

40 |

20

0 1 2 3 4 5 6 7 8 9

HA concentration (mg/L DOC)
Fig. 3.14. Effect of HA concentration on TNP removal efficignc

Zeta potential of the effluent was also measuregetaa complete comprehension of the effect
of HA on TNP removal efficiency (Fig. 3.15). It d@es that the zeta potential of the flotation
suspension kept highly positive when HA dosage leaser than around 6.3 mg/L DOC.
With the increasing of HA concentration (> 6.3 m@IOC), this stability was undermined,
and the TNP removal correspondingly increased. itn B.14, the removal exhibited a

deceasing trend when the HA dosage was higher Th@mimg/L DOC (for @, =166.7
mL/min, Q,=200 mL/min), Q,=250 mL/min,Q,=100 mL/min), Q,=250 mL/min,Q,=200

mL/min)), which might result from particles re-sil@ation due to the formation of

negatively charged small flocs.
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Fig. 3.15. Effect of HA concentration on zeta potential ofatexd TNP suspensions.

Based on data of Table 3.2 and the measuremertieofréated suspension, the flotation
performance is also expressed as Fig. 3.16. hdgative that the TNP removal was only
around 40 % at the zeta potential of 0 mV, and lggher than 60 % even when zeta
potentials were negative. This was because TNP vahadficiency was achieved due to not
only the electrostatic attraction between negapweé/anions of HA, bubbles and surface
positive TNPs, but also the hydrophobic interactadnTNP-HA. The assistance of HA to
TNP removal efficiencies in the DAF process couddumderstood from the physiochemical
interaction among TNPs, HA and bubbles. Accordmghe discussion in Section 3.1, TNPs
and HA were able to form flocs because of chargatrakzation, ligand exchange,
hydrophobic interaction, and van der Waals intésast when they contacted each other. In
the DAF process, air bubbles with negative surfdwrges and small size (approximately 70
pum) were introduced (Edzwald, 2007; Oliveira andi@u2011), and subsequently, bubble-
TNP-HA or bubble-TNP aggregates were generatedaltlee collision of bubbles, TNPs and
HA.
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Fig. 3.16. Relationship between TNP removal efficiency and pettential of the flotation
suspension. (Negative efficiencies are omitted.)

3.3.4 Expanded DAF tests (using L ot #2)

The preliminary trials in Section 3.3.3 confirmée teffectiveness of TNP separation by DAF
with the assistance of dissolved HA (using the lalkaHA stock solution). However, it also

pointed out the fact that the pH significantly affethe TNP aggregation behavior in the
highly acidic TNP suspension (< pH3) by changing #eta potential of TNPs. Studies of
Guzman et al (2006), Pettibone et al. (2008), ammhé¢h et al. (2009) denoted that the pH
significantly could influence the stability, therface adsorption and reactivity of the TNP
suspension. Hence, it's of great importance tostigate the role of pH in the TNP flotation

in the absence of HA. Hence, further investigatbmght to be conducted to figure out the
DAF performance on the TNP removal in the absendepaesence of HA with pH controlled,
which is the objective of Section 3.3.4.

In this part of experiment€), was firstly fixed to be 70 mL/min, and thereQy andQ,

were derived to be 17.8 mL/min and 167 mL/min, eespely. According to Eq. 3.13, a
“theoretical” A/S value is then calculated to b&8).That is to say, when the bubble surface is

completely covered by NPs, in order to captureTBIPs in the influent, the A/S value ought
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to be 0.18. As shown in Table 3.3, the three ingastd A/S values were determined to be no
higher than 0.18, leaving the possibility of enhagcthe DAF efficiency by improving
physiochemical conditions (pH and DAF assistinggesd). Using an assisting reagent
increases the size of the particles by coagulatmlecreases the necessary quantity of air-

water interface.

Table 3.3. A/S values in DAF experiments (TNP Lot #2).

* *%

No. Q Q, Q/Q Q Q Q; oS
(mL/min) (mL/min) (%) (mL/min) (9/min) (mL/min)

1 70 167 238.6 17.8 0.0214 100 0.18

2 70 100 142.9 10.7 0.0129 60 0.11

3 140 100 714 10.7 0.0129 100 0.06

* The relationship betwee®, andQ, obeys Henry's Law in Eq. 3.18.
**at 20 °C and 1.013 bar.

3.3.4.1 DAF of TNPswith pH adjustment

The operating condition No. 2 in Table 3.3 (A/S=0.0Q,=70 mL/min, Q,=100 mL/min,

Q,=60 mL/min) was used to examine this effect. Expents were performed at different pH
values (from 3.2 to 9.9) by adding the pH reguldtéaOH solution) into the contact cell
during the experiment process. Flow rates of Na@H)(were determined by required pH

values. Results obtained are depicted in Fig. 3.17.

The TNP removal efficiency increased with the increase of pH, and high rersoweere

achieved at pH values of approximately 5.5 and(638 % with the zeta potential of +34.5
mV and 56.5 % with the zeta potential of -11.8 m&pectively); theny got a decreasing

trend as pH values continued to rise. The remolfeliency stayed above 10 % within the
tested pH range. Simultaneously, the variatiorhefZeta potential went through three stages:
(i) keeping positive at around +40mV and even shgincreasing from pH 3.2 to 4.6, (ii)
sharply dropping and encountering a reversal frétd® to 8.8, and (iii) finally staying at an
average level of approximately -38 mV from pH &8&t9. The IEP occurring at around pH
6.1 was just in Stage ii where about 60 % TNP cdwddremoved, pointing out that the

addition of OH ™ destabilized the positively surface charged TNRbably by neutralizing
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the surface charge: when there was no more repulsiteraction between TNPs, the
formation of aggregates would be enhanced, ancethesulting large aggregates were thus
more easily captured by bubbles. The specific naishas will be further discussed later
(Section 3.3.4.3).
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Fig. 3.17. TNP removal efficiency and zeta potential varyingwpH of effluent.

3.3.4.2 DAF of TNPswith HA assistance
(1) Effect of the HA concentration

The influence of HA on the DAF performance (TNP oxal efficiency, HA removal, zeta
potential and pH of flotation effluent) was studiedder the same operating condition
mentioned in Section 3.3.4.1. The HA dosage ranfyjimg 0 to 21 mg/L DOC was controlled
by changing the flow rate of HA stock solution. &rpH has great influence on the flotation
efficiency according to the experimental resultsSettion 3.3.4.1, HA stock solutions were
adjusted to 4.7, 6.2, 8.9 and 12.1, respectively,HEI solution before adding into the

flotation aqueous system.

As described in Fig. 3.18, it is worth noting thatien phla stock Was 4.7, the TNP removal
efficiency in excess of 92 % was achievable atHAedosage higher than 11.1 mg/L DOC.
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With a maximum TNP removal of 99.6 %, using appmately 20.8 mg/L DOC of HA, 94.2
% of HA was also separated; meanwhile, the zetanpial of flotation aggregates was -14.5
mV, and pH of flotation suspension was around 3Fs8. pHia stoci=6.2, When dosing more
than 11 mg/L DOC of HA, TNP and HA removals kepiward 99 % and 91 %, respectively,
with the zeta potential declining from +18.5 mV-82.7 mV and pH slightly rising from 3.6
to 4.1. When further increasing the pH value of stAck solution to alkaline range (8.9 and
12.1), optimum TNP removals fell to 72.7 % @@Hwa=6.2, HA dosage=11.1 mg/L DOC)
and 40.4 % (pHa stoci=12.1, HA dosage= 8.7 mg/L DOC), respectively, &l removals
were around 85.7 % and 93.3 %, correspondinglyptheralue of effluent rose considerably
with the increasing dosage of HA, from acid to bake to the addition of alkaline HA stock
solutions. Obviously, increasing pH of HA stock ud@n decreased the TNP removal
efficiency, though it reduced the HA demand for tdpgimum TNP removal. As denoted in
Fig. 3.17, TNPs would be negatively surface charfjite pH of the flotation suspension was
higher than 6.1 (IEP). On using the basic HA steakitions, the electrostatic repulsion could
occur between TNPs and polyanions of HA when theopthe flotation suspension increased

to IEP (Fig. 3.18), corresponding to the unfavoeaddgregation and thus DAF performance.

The favorable HA removals obtained from experimestgealed the participation of HA in

the DAF process. That was in agreement with whatfowed in the previous study of the
TNP surface modification by HA, which confirmed teigong interaction between TNPs and
HA molecules via the analysis of FT-IR, aggregare slistribution, and HA adsorption on

TNPs (Zhang and Guiraud, 2013). The removal of TB\’BAF was therefore yielded by the
formation of TNP-HA-bubble aggregates. The high eeai of DOC also indicated that the
release of those DAF effluents into aqueous enwem would not be an environmental

problem. More systematical analysis will be giverSection 3.3.4.3.
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Fig. 3.18. Flotation behavior varying with HA dosage (The p&lue of HA stock solution
was adjusted to 4.7, 6.2, 8.9 and 12.1, respeygjiv@) TNP removal efficiency, (b)
HA removal, (c) zeta potential, and (d) pH of edif.

(2) Effect of A/Sratio

DAF tests were conducted at three A/S values (MQK, and 0.18 in Table 3.3) in order to
investigate the influence of operating conditiomstie flotation efficiency. In this series of
DAF tests, the pH of HA stock solution was determxiio be approximately 12.1 because of
the lowest TNP removal efficiency obtained in tlituation (aforementioned in Section
3.3.4.2(1)) and thereby a great “space” for theicieficy improvement. The DAF
performance as a function of HA dosage for each &kSdisplayed in Fig. 3.19, indicating
that, for A/S values of 0.06, 0.11 and 0.18, (B tise of DAF assisting reagents is necessary
because, without the HA addition, TNP removal éficies were as low as 4.5 %, 13.6 %
and 17.7 %, respectively; (2) optimum HA concemrad for these three A/S values were
11.8, 8.7, and 6.8 mg/L DOC, respectively. Fig98a) (b) and (c) clearly showed that all the
optimum HA dosages for both high TNPs and HA renewaere attained at the zeta potential
close to 0 mV and the pH value between 5~7, comifignthat the charge neutralization
predominantly decided the separation efficiency mvheing highly alkaline HA solution in
the DAF process. The TNP-HA flotation suspensioruddbe re-stabilized at higher HA

concentrations.
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Fig. 3.19. Comparison of DAF performance under different Ad8as: (a)TNP removal
efficiency; (b) residual DOC,; (c) zeta potential) pH values.

Subsequently, DAF performances are compared ae ttiese optimum HA dosages (Fig.
3.20). The TNP removal efficiency grew from lesartt83 % (A/S=0.06) to almost 68.1 %
(A/S=0.18). For A/S of 0.06 and 0.11, pH valuedhd# flotation system were 4.9 and 5.8,
respectively, and both of their zeta potentialsrapphed zero. It demonstrated that, when the
quantity of air bubbles was at a low level, thecelestatic attraction might play a leading role
in the formation of TNP-HAOH ~ aggregates by heterocoagulation betwen TNPs an(bHA
TNPs and HAOH™ ). When the air input further increased (A/S=0.18)greater TNP
removal was obtained since more air bubbles werednced into the DAF system which
gave rise to a greater bubble surface area avaifablcollecting TNPs. In this case, the zeta
potential exhibited a highly negative value of 281V, revealing that other mechanisms also
contributed to the TNP removal in addition to thecwostatic interaction. Further discussion

is given in the following section.
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3.3.4.3 Discussion of flotation mechanisms
(1) Interaction mechanismsin DAF processes

Photos of the separation zone at pH 4.6, 5.9 a®dn8Fig. 3.21(a), (b) and (c) were taken
immediately after DAF tests and are shown as reptasive of those three stages: for the
either low or high pH, no obvious flocs were obselin the flotation suspension; whereas for
the optimal pH value of 5.9, the TNP-bubble aggregidormed and floated on the surface of
the suspension. The flotation phenomena in the eppes of HA at different HA
concentrations (pkh=12.1) are presented in Fig. 3.21(d), (e) andSinilarly, brown TNP-
HA-bubble aggregates could be found at the optinlitndosage, and for the below and
above concentrations, there were no large flocstduthe stability and re-stability of the

flotation suspension. Specific explanations andibs mechanisms will be discussed below.

Flotation
suspension

| Adr
Interface

Flotation
suspension

Fig. 3.21. Represéntative photos of the contact zone undesgémting condition 0Q,=70
mL/min, Q,=100 mL/min,Q,=60 mL/min, at different pH values, (a) pH =4.6) (b

pH=5.9, (c) pH=8.8, at different HA concentratiohs|ow (d), around (e), and above
(f) the optimum concentration.

Given that the zeta potential relates to the degreeslectrostatic interaction between

suspended particles and other charged surfaceth@.@ubble surface) in the suspension, it is
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the main parameter determining the flotation efficaTo further understand possible
interaction mechanisms in both pH adjusted and Hgisted DAF processes, the flotation
performance was plotted as a function of zeta piatleof the flotation aqueous suspension
(Fig. 3.22).

Electrostatic forces When the zeta potential of flotation suspensmas around zero,
favorable TNP removals of all investigated flotatiprocesses were achieved (Fig. 3.22(a)),
so the charge neutralization may be one of thengaaygregation and flotation mechanisms.
The charge type determines the formation of NP eggges and particle-bubble aggregates;
the charge magnitude predominates the extent afehaeutralization: high absolute values
provide greater colloidal stability by way of ineseng electrostatic repulsion between
charged surfaces, while the lowest stability, appgan the IEP area, offers more chances of
TNP aggregation (Simate et al.,, 2012; Zhang andaddj 2013). The zeta potential of
positively surface-charged TNPs began to decredsmwheOH ~concentration was great
enough to neutralize the surface charge of TNRs) siwitched to negative values and turned
to be more negative with the dosage increase. @nother hand, the zeta potential of
negatively surface-charged bubbles went more negaecause of the “negative adsorption”
or “exclusion” of protons from the bubble interfa@¢ajafi et al., 2007).

Bonding action of HA on bubble surfaceApart from the IEP area, high TNP and HA
removals were also found when the flotation suspensas of incipient instability (10 mV

~ 30 mV) (Fig. 3.22(a) and (b)), indicating thiaételectrostatic interaction should not be the
only interaction mechanism. When acid or weak &tAdstock solutions were dosed, the zeta
potential of flotation suspension went from postio negative without greatly changing the
pH value (Fig. 3.22(c)), revealing that the vadatiof zeta potential was resulted from not
only OH ~ions but also HA molecules which helped to comptiesssurface charges of TNPs.
In the HA adjusted DAF, the ligand exchange, manmagulting from the HA phenolic OH
and COOH groups, could facilitate the adhesion Afriblecules onto TNP surfaces (Yang et
al., 2009; Zhang and Guiraud, 2013). It has beerfiroed that a HA layer could form on the
surface of mineral particles (Vermeer et al., 199&meer and Koopal, 1998). That HA layer
exerted influence in keeping the stability of paeibubble aggregates by the bonding action
of HA.
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Chapter 3. HA assisted DAF separation of TNPs

Hydrophobic attraction of TNP-bubbleAs stated by A. V. Nguyen et al. (2006), besitthes
electrical double-layer, the non-DLVO force is algpne of the principal colloidal forces
functioning in the particle flotation process. Th#ractive force between hydrophobic
surfaces is one of the non-DLVO forces relevarthobubble-particle collection interaction.
It is pretty worth noting that when the pH of tHetétion suspension was around 4 or less
(using HA stock solutions with pH 4.7 and 6.2),anber of HA molecules were not really
soluble and uncharged according to the analysiSantion 2.2.2.2(2), and they might
aggregate to form colloidal precipitates in ordemntinimize the contact with the surrounding
aqueous environment. Those colloidal precipitatespssing hydrophobic moieties could be
considered as an extended colloidal fishnet in WHAIBIPs were enmeshed or trapped. Their
structure might greatly enhance the bubble-parati@achment and stability in DAF since the
TNP and HA removal efficiencies higher than 95% evattained. Moreover, as for cases of
pH adjusted DAF and HA assisted DAF using the H¥lktsolutions with pH 8.9 and 12.1, it
is highly possible that the HA layer endowed thePT8urface with higher hydrophobicity,
and it could be anticipated that the hydrophobiagttation between TNPs and bubbles
occurred considering that the zeta potential ofiglas in dilute electrolyte was lower than
that of bubbles (Gochin and Solari, 1983; Paulsod &ugh, 1996). Meanwhile, the
aggregated TNPs would probably entrap air bubblesthe surface, aggregate/particle
bridging between two gas-nuclei might reinforcet tydrophobic effect and contribute to the

maximum flotation efficiency.

Additionally, it is worth noting that the HA soloth of stronger base caused worse TNP
removals whereas high HA removals were still redchtedenoted that overdos€H" ions
might hinder the adhesion of HA on the TNP surfdéloas prevent the formation of TNP-HA
aggregates, and as a result, stunt the collisitwdaa bubbles and particles; meanwhile, a

large amount of HA molecules were possibly collécad removed by bubbles.
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(c) 10k
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Fig. 3.22. Relationship between DAF performance and zeta piatef flotation suspension:
(a) TNP removal efficiency, (b) HA removal, and &) of effluent.

(2) Aggregate sizedistribution and fractal structure

It is well known that the aggregate (particle) seféects the collision efficiency in the
flotation process, and thus influences the reme¥tiency. The addition of HA oOH"
ions resulted in the formation of large TNP aggtegdd, varying from 19um to 136um, as
presented in Fig. 3.23). The aggregate size entaeethterception regime, and went beyond
nanoscale in which the Brownian diffusion motiomirolled the collision efficiency (Reay
and Ratcliff, 1973; Nguyen et al., 2006). Sincéas been established that the recovery of

particles by flotation is most successful in the-200 um size range, the flotation assisting

reagents (HA or pH regulator) used here coulditatd the TNP removal.
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Fig. 3.23. Aggregate size distribution under different corahis.

Fractal structure is among the crucial physicapprbes having impact on the efficiency of
unit processes in water treatment works (Chau, RODMP aggregates in the presence and
absence of HA generated in the DAF process wergraoed in terms of fractal dimension
D, (Fig. 3.24). Relationship between the scatterglt lintensity ( ) and wavenumberQ)
(Eq. 3.4) on a log-log scale for th®, determination is given in Fig. 3.24(Hd),, is restricted

to the same range @& values. For allD, calculations, the correlation coefficient of the
regression line was high tR0.99). Herein, it was evident that the flotatidocé under
investigation exhibited scattering behavior typichlmass fractal objects. THe, values
were in the region of 1.8~2.9. As a direct commarjsthe increase®, of flocs resulting

from the higher HA concentration (11.1 mg/L DOCyrsfied that more HA molecules

brought about more compact structurd3, & 2.65) possibly through increased attraction

between particles. Accordingly, under the same aip®y condition, flocs with close
conformation rather than loose flocs appearedye giore benefit in DAF from a combined

view of particle removal and floc structural chaesc

112



Chapter 3. HA assisted DAF separation of TNPs

100

[ D, without HA
D C,=11.1 mg/L DOC
D. G,,=6.8 mg/L DOC
—=— TNP removal efficiency

7

80

- 2.6L 7
60

40

(%) Kousiolys reAowal dNL

N
MO
NN\

+420
2.0+
18 : ‘J@ 0
PHcos= T PHug0a02 PH 0789 PHY, 4q 7121 PH=SS
without HA
(b) °
L 353888
4l & o
& IS e
3 - [ [ 0
+ >
oL
— 1 | -
(? without HA™ *
£ [lpH,=47 © C,=6.8mglDOC,pH, =33
0OH o C,=11.1 mg/L DOC, p! =34
HA uﬂuem
L|pH,=6.2 & C,=6.8 mg/LDOC, pH, =3.4
1 % C,=11.1mg/L DOC, pH,  =3.6
|oH,=89 = C,=6.8mg/LDOC, pH, =36
ol ¢ C,=11.1mg/L DOC, pH,  =5.2
pH,=121 b C,=6.8 mg/L DOC, pH, =56 2
I s C,=11.1 mg/L DOC, pH, =7.5 .
- 1 I 1 I 1 I 1 I N I " | " | " 1 "
60 55 50 45 40 -35 -30 -25 -20 -15

log Q (nn)
Fig. 3.24. (a) Comparison of fractal dimension values of fliota aggregates under different
conditions (corresponding to Fig. 3.23); (b) Stéitibt scattering plots of flotation
flocs formed in different physiochemical conditions

(3) Comparison between pH adjusted DAF and HA assisted DAF

The possible flotation interfacial process of phuated DAF can be summarized as Route (a)
in Fig. 3.25, where al and a2 depict the TNP agdreg and the bubble collection of TNPs,
individually. The optimal flotation removal effiaiey appears at the pH value close to IEP.
After that pH area, the repulsive force graduathersgthens due to more negative surface
charges of both TNPs and bubbles, resulting indghstabilization of TNPs. With the increase

of pH values, the positively charged TNP surfacedstralized byOH™ and the aggregation
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of TNPs is enhanced (al in Fig. 3.25), which ftatiéis the capture of TNPs by bubbles (a2 in

Fig. 3.25). As further increasing the pH value, e@®H "~ anions are apt to be adsorbed on
the TNP surface making them hydrophilic again, #mas the hydrophobic adhesion gets

weak.

As for the HA assisted DAF process, the TNP remefftiency is higher at the optimum
HA dosage when the pH value of the flotation susfenis about 3~4. HA molecules
probably precipitate as fibrous colloidal fishngtuwhich TNPs can be effectively enmeshed
and the TNP-HA aggregates are thereby formed (bEign 3.25). The adhesion of those
aggregates onto the hydrophobic air bubble surfatrengthened due to the existence of
hydrophobic portions of HA molecules (b2 in Fig.29. Moreover, the electrostatic
interaction also plays a key role in the TNP sejpamaby HA assisted DAF owing to the
attractive force between the positive surface ahdigPs and anions/polyanions of HA: The
ligand exchange, mainly resulting from the COOH phdnolic OH groups of HA, is another
significant effect proposed for adsorption of HAt@T NP surfaces. A HA layer formed on
the surface of NPs can exert influence in keepnegaubble-particle aggregate stability by the
bonding action of HA. It is worth noting that theparation efficiency of HA keeps high even
if the TNP removal decreases when using the ba8istdck solution, revealing that HA can

be eliminated by either agglomerating with TNPshar bubble capture.
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Fig. 3.25. Possible interaction schematic illustration betwpEradjusted and HA assisted
DAF processes (The scheme is drawn out of sizegptiop.).

3.4 Conclusions

This chapter specially dealt with the mechanismi@gtion of TNP-HA interactions and the
DAF separation efficiency and performance in theemoe and presence of HA under

different pH conditions.

In the study of TNP surface modification with alka HA solution, TNP-HA aggregates
were obtained and the optimum HA dosage range wesrdined to be 7.8~9.15 mg/L DOC
in which the clearest supernatant was achieveldeaiA concentration of 9.15 mg/L DOC. It
had been known that the pH value of TNP suspergieatly affected the TNP aggregation
process, and thereby adsorption-aggregation testgebn TNPs and HA were then conducted
at different pH values of HA stock solution. In tH& medium, the HA adsorption onto the
TNP surface was a heterogeneous and difficult poaegardless of adding HA stock
solutions at different pH, according to the modgliitting results of Langmuir, Freunlich and
L-F equations. The L-F prediction of the maximum ldésorption capacity implied that the

amount of adsorbed HA on the particle surface beckwer when the highly basic HA
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solution was used. The pH of post-(adsorption-agagien) suspension showed that the
equilibrium pH of TNP-HA mixture suspension was ayw lower than 3 when adding HA
stock solutions with pH values of approximately 4@. Under these conditions, the
ionization of HA molecules was weak and HA colldigeecipitates were present, resulting in
the insufficiently electrostatic attraction betwepnlyanions of HA and TNPs but the
aggregation between TNPs and colloidal HA. As far addition of highly basic HA solution

(pH 12.9) into the TNP suspension, the surfacegehaf particles was primarily neutralized
by OH™ and then screened by polyanions of HA. The fraditaknsion analysis corroborated

that aggregates of TNROH™ -HA polyanions being attained mainly by the charge
neutralization were of dense configuration whertes interaction between TNPs and HA

colloid was open in view of morphological structure

Thereafter, the feasibility of TNP removal from aqus suspensions with a small scale
continuous DAF apparatus was investigated. The plevof flotation suspension greatly
impacted the TNP removal efficiency because thetmlstatic interaction (represented by
zeta potential) was pH-dependent. It has been foimad a highest TNP removal of
approximately 64% could be obtained at pH5.5. Wh#ispect to higher TNP removal
efficiency, the addition of DAF activator is necaigs and HA was proofed to be a good
choice: the use of HA resulted in TNP removal éficies as high as 99 % and
simultaneously HA removals in excess of 90 % wlinenHA solution with low pH values (i.e.
4.7 and 6.2) was used. When the pH of the TNP-Hgpsnsion was no higher than 4, most
HA molecules were not really soluble and thus ungbd, and they might aggregate
themselves and form colloidal precipitates to mimeanthe contact with the surrounding
agueous environment by making their hydrophobic eties outwards. The colloidal
precipitate of HA could act as and extended co#ibfishnet where TNPs would be enmeshed
or trapped, then leading to a greater bubble-partattachment efficiency and stability.
Drinking water and natural water exhibits a pH muhgcause it contains dissolved minerals
and gases: surface waters typically range from @Ht® 8.5 while the groundwater ranges
from pH 6 to 8.5 (“What Is the pH of Water?,” n.dBy adding those waters into the highly
acidic TNP wastewater, the resulting water withofable pH values may be achieved.
Therefore, the surface water or groundwater comgiRA may be recommended to facilitate

the flotation separation of NPs.
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The DAF efficiency could also be improved by optimg the operating condition (A/S
ratio). The HA assisted DAF efficiency could be amted by applying a higher A/S
condition of 0.18 at phh stoc=12.1, which might be attributed to a greater babdurface
provided. Large TNP aggregates formed by the HAsta®ce or pH adjustment increased the
interception collision efficiency between bubblesl garticles, and therefore contributed to
the improvement of DAF performance. When the optrmUTNP removal efficiency was
achieved, flotation aggregates were of higher &ladimension under a fixed operating

condition, illustrating that flocs with close confeation were preferable in DAF.

Base on results of this chapter, the large amoumater introduced along with the inputting
of gas bubbles results in a considerably dilutidfeot. Thereby, it is imperative and
interesting to reduce the dilution effect resultingm Q, by changing the way of producing
bubbles and meanwhile further increasing the NPoxeefficiency, which will be the
essential goal in next chapter — the generation #athtion utilization of surface

functionalized microbubbles (CGASs).
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Chapter 4. CGA-flotation of SNPs

The fundamental reason for the low flotation rét&lBs is primary due to their low collision
(Brownian diffusion) efficiency with conventionaag bubbles at a given size and velocity, as
aforementioned in Chapter 1. In this work, the #ffdnave been dedicated on (i) increasing
the particle size by forming NP aggregates with #ssistance of HA such that the
interception becomes the leading particle-bubbl#iscan mechanism and the flotation
separation can be facilitated, which is the maijedive of Chapter 3; (2) enhancing the
bubble-NP interaction by way of using surface fioralized microbubbles, CGAs, so that
the electrostatic and hydrophobic attractions betw&Ps and bubbles can be greatly

reinforced, which is the principal goal of this pher.

Herein, a laboratory fabricated CGA generator ipleyed in the bubble generation, and the
created CGAs are characterized in view of morphglstability, size, and zeta potential for

the understanding of their properties and perfogean the following adsorption-aggregation

and flotation processes. Thereafter, as has beamiddChapter 3, the adsorption-aggregation
experiments were carried out in order to exploee dhrfactant-SNP interfacial mechanisms.
A series of CGAs involved flotation trials are theonducted aiming at evaluating the SNP
removal efficiency and preferable flotation comuhis, and a short mechanism discussion
follows. Finally, under the same collector dosage #ow rates, the comparison between
CGA-flotation and DAF are carried out with resperthe SNP removal, and the mechanism

difference between the two flotation approachesis®ussed.

4.1 CGA generation and characterization

4.1.1 Design of laboratory scaled CGA generator and CGA generation

Based on the method suggested by F. Sebba (1986, @was fabricated in our laboratory for
the continuous production of CGAs (A in Fig. 4.A)high-speed agitator (B in Fig. 4.1, T25
digital ULTRA-TURRAX® - IKA, Germany, the motor speed is in the rang8450~24000
rpm) is fitted on top of a cylindrical container@@ 230 mL) and goes through the center of
the lid. The generator, including the container #mel agitator, are well sealed to avoid any
liquid or gas leak. A gas inlet (3 in Fig. 4.1)sist at the center of the container to provide
sufficient gas during the CGA generation proces$se flat baffles (6 in Fig. 4.1) are fixed at
equal intervals to the inner wall of the contain@éthen rotated at very high speeds, the
agitator creates strong waves on the liquid surfébey strike the baffles, re-enter the water,

and entrain the gas in the form of very small babbMoreover, the baffles can reduce the
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4.1. CGA generation and characterization

tendency to form a vortex as gas entrained in @&exaends to form bubbles with a large
distribution of size, whereas CGAs are expectdaetas uniform as possible in size.

Fig. 4.1. Schematic diagram of the CGA generator and flotagetup. (A) CGA generator
(230 mL): 1, 5- inlets of surfactant solution, 25& outlet, 3- air inlet, 6- three
baffles; (B) high speed agitator; (C) flotationlsR00x105x18 mrhfor each zone):
a- influent (NP suspension) inlet, b- CGA inletctarified water outlet, d- float outlet.

The agitator schemes of CGA generators used instiidy and proposed by F. Sebba are
individually presented in Fig. 4.2. For the IKA T8%ital agitator presented as B in Fig. 4.1,
the surfactant solution to be processed is autaaibtidrawn axially into the dispersion head
and then forced radially through the slots in tben/stator arrangement at the high rotation

speed, as shown in Fig. 4.2@)and Fig. 4.2(c). The high velocities acting on siiefactant

solution can produce extremely strong shear angsthorces. In addition, high turbulence
occurs in the shear gap between rotor and statichwprovides the optimum mixing state.
The dispersion effectiveness is heavily dependarthe result of the shear gradient and the
time spent in the shear zone. The optimum rangetHercircumferential velocity of the
rotor/stator arrangement is 6~24 m/s. As suggebiedhe producer of the agitator, a
processing time of a few minutes is usually sugiiti A long processing time brings only an
insignificant improvement, and the energy expendmives merely to increase the
temperature of the medium. The speed is set bygutie differently adjusting wheel.
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Chapter 4. CGA-flotation of SNPs

Comparatively, the mixer used by F. Sebba (Fig{d)2Zomprised a thin solid disc of metal
approximately 5 cm diameter which was fixed to atieal shaft connected to an electric
motor capable of thousands of rpm. It could cr&EAs with diameters between 30~30,
rarely falling below 3@um (Chaphalkar et al., 1994).

(b) (P (d) ﬁ._l Stirring motor

3\-Litre beaker

b

Fig. 4.2. Schematic illustration of agitators: (a) photo, gepmetric graph@ - the drive
unit, @ - the dispersing elemer®) - the knurled screw) of the high-speed agitator in

this study, and (c) cross-sectional view®f (d) classical stirring motor fixed with
spinning disc (Sebba, 1985).

CGAs that were created from the CTAB or SDS sotutiere named as CTAB-CGA and
SDS-CGA, respectively. The pH of surfactant sohlutizvas stable in the investigated
concentration range (Fig. 2.20). Hence, the pH wfastant solution was not specially
controlled in this study. Container A (Fig. 4.1) svlilled with 200 mL surfactant solution

before agitation. The batch generation mode wasiape conducted for the study of CGA

properties (size, half life, zeta potential, optinacroscopic observation), during which the
uncovered generator was fiercely agitated for 1 and the CGA sample was obtained for
characterization as soon as CGAs were generatedcdritinuous CGA production mode was

used in both CGA characterization (size) and flomatIn that process, the whole generator
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4.1. CGA generation and characterization

are well sealed to avoid any liquid or gas leakerapre-agitating the surfactant solution for
1.5 min, the continuous generation started: the esaype of peristaltic pump as
aforementioned in Chapter 3 (Masterflex L/S, witmp head, HV-7518-00, Cole-Parmer
Instrument Company, USA) was used to inject théastant solution into Container A from
Inlet 1 and control the flow rate simultaneoushe tair flow governed by a gas flow meter
was input from the bottom center of the containede{ 3), and the generated CGA

suspension went out from Outlet 2. In this case, ftaw rate of surfactant solutioQ

surf

equals to that of CGA suspensiQQg, -

4.1.2 CGA characterization

The properties of CGAs were investigated in theenirstudy in terms of optic microscopic
visualization, half life, bubble size, and zetagmtal. The batch and continuous generation
modes were used and compared. The concentrationjaptl¢ and flow rate of surfactant
solution, and as well as air flow rate were alldstigated for their influences on CGA
characteristics. Results attained and relativeyarsaénd discussion are given in this part. Fig.
4.3 presents photos of CGA suspension during atet #fie generation process, clearly
showing a milky appearance as “white water” whishaften observed in the case of
microbbuble suspension with an average bubble dermef 10~100um in flotation
(Edzwald, 2010).

(a)

l\
4 I“

f CGA suspension (a) in the generationga®ndb) after being injected
into the measuring chamber from the bottom entrance

Fig.4.3. Photos

124



Chapter 4. CGA-flotation of SNPs

4.1.2.1 Visual observation

The visualization of CGAs was performed on an @ptimicroscope (Leica DM1000,

Germany) with a CCD camera (Guppy PRO, Allied Misibechnology, Germany) installed
on the phototube and linked to the computer. Th& G@Gspension was carefully collected by
plastic Pasteur pipette immediately after productmd dropped on the glass slide. Digital

images of CGAs were then obtained.

The visual observation was made for CTAB-CGAs amS$GAs produced at different
surfactant concentrations. Images in Fig. 4.4 sldothe morphology of CGAs immediately
after generation, and a rather similar CGA phots aiso obtained by Johnson et al. (2009)
using a conventional light microscope. Optic micagse photos of regular bubbles were also
given in Fig. 4.5 as comparison. For an ordinarg babble in water as Fig. 4.5(a) (€O
bubbles in a cola drink), it can be treated asvétycanclosed by water; as for a soap bubble,
any cavity introduced in water creates a waterigesface where surfactants are adsorbed
(Fig. 4.5(b)) (Chaphalkar, 1994). In the case ofAS(Gas suggested by Sebba, they should be
encapsulated by a layer of soapy shell. The soagljIsas an inner as well as an outer surface
and both of them have surfactant monolayers addodre them. The inner surface has
oriented surfactant molecules that are hydropipiimting inward and hydrophobic outward,
and the outer surface has surfactant molecules #nat hydrophobic outward. The
hydrophobic outer surface adsorbing surfactant fom® bulk water is electriferous to form
diffuse electrical double layers. If the cationigfactants are used to form CGAs, the outer
surface of the gas bubble may be positively chadyexito the ionization of surfactants (Dai
and Deng, 2003). According to the scale on the@hbe apparent diameters of CTAB-CGA
and SDS-CGA were in the range of 30~180 pm and @0~im, individually. The
microphotography could provide the morphology of A&&Gbut the microbubble might suffer
a distortion and the size possibly deviated fromttiath caused by the disturbance during the
bubble’s transportation from the generator to therescope. Thereby, in the following work,

it is necessary to use LDS to obtain the CGA sig&ildution.
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4.1. CGA generation and characterization

1 Y f - ".."'.'-.

Fig. 4.4. CGA images of_microscope obtained immediately ajearerated from (a) 0.6
mmol/L CTAB solution; (b) 1.0 mmol/L CTAB solutiori¢) 4 mmol/L SDS solution;
(d) 8 mmol/L SDS solution.

Fig. 4.5. Optic microsa)pe images of regular bubbles: (a) @@bles in a cola drink (“The
true colours of fizzy drinks,” n.d.), (b) soap bigsbby handshake.

A dark layer was always found in the CGA image pfi® microscope due to the light

refraction (shown in Fig. 4.6(a)), which was qus#ienilar to the observation attained by
Johnson et al. (2009). The following discussionedmat figuring out whether this dark layer
was caused by the surfactant layer encapsulatangiticore of CGA. As stated by Snell's law,

the ratio of sine angles of incidence and refracti® equivalent to the opposite ratio of
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Chapter 4. CGA-flotation of SNPs

refraction indices. In the case of optic microscopbservation of gas bubbles, lights went
thought the water-bubble interface from the watedimm into the gas medium inside bubble:

sm&wme, _ Ny (a.1)
sSing;, N
with 8, and g,, as the angles of incidence and refraction, resmdgt andn,,, andn,,

as the refractive indices of water and air thataégo 1.33 and 1.00, respectively. When the
g,, reaches 90° qing,, =1) and thug, ., can be calculated as 48.8° by Eq. 4.1, the light
refraction will not happen on the water-bubble iiféee and thereby the incident ray will be

totally reflected (the red arrow in Fig. 4.6(b))eite, one dark layer forms between the
incident ray with the angle of incidence of 48.8tdhe ray passing tangentially the bubble.

(@) ” (b) Water

e water

Air

B, T
Fig. 4.6. Formation of the “dark layer” on the bubble imadg@ptic microscope: (a) CGA
photo; (b) schematic calculation of the dark-layeckness.

llncident ray lReercted light

Here, the thickness of this layer is presentedl &see in Fig. 4.3). On knowing the average

bubble size) can be easily figured out via the following way:

| =r —rxsing, . =9—9sim9mer =Q(1—sinem)=o.124d (4.2)
2 2 2
where,siné, .., =1/1.33;r andd are the bubble radius and diameter, respectifélg. CGA

diameter normally falls in the range of 10~10@ (Jauregi et al., 2000; Molaei and Waters,
n.d.), and thereby can be calculated to be 1.24~12s (This rough calculation does not
take into account the postulated double layer ofastant and the refractive index of inside
surfactant solution.). As summarized in the revewCGAs by Hashim et al. (2012), the

possible thickness of surfactant double layer waasured or estimated to be from 96 nm to
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750 nm for different surfactants, much smaller thanthickness of dark layér obtained in
the present work. Therefore, this dark layer is thet double layer which is featured with
highly concentrated surfactant solution inside aodactant molecules on both inner and
outer surfaces as proposed by Sebba (Platz, 1988in, the dark layer was rather possibly
resulted from the attachment of CGAs on the surfdagass slide.

4.1.2.2 Stability of CGAs-- half life g

CGAs have to be pumped into the solution for theppse of separation or flotation, and
therefore a study of their stability is importamider conditions when CGAs are pumped and
mixed with an aqueous stream. “Stability” of thecrobubble dispersion can be defined as the
length in time over which the number of bubbles #ralr size distribution remains constant

(Chaphalkar, 1994). The stability was measured veifard to half life £, ), the time required

for half of the liquid content to drain. It depigbsimary drainage during which the aphron
structure is maintained. This was measured by fieatrsg certain amount of CGA suspension
into a 250-mL graduated cylinder and monitoring tlrainage with time. The volume of
CGA suspensions defined as the gas fraction wasilead from the final liquid volume and

the total volume (Kommalapati et al., 1996).

The stability of CGAs may be affected by the int#éian of surfactant molecules on the
aphron surface, which is quite related to the staf# concentration. The impact of air flow
on the bubble stability has not been reported wy @her research of CGAs and should be
estimated here. Given the consideration abovestin@ctant concentration and the air flow
rate were investigated here for their influencet@nCGA stability.

(1) Effect of surfactant concentration

The liquid drainage of CGAs as a function of timelepicted in Fig. 4.7. Different surfactant
concentrations (below, close to and above the CM&e investigated. CGAs herein were
created in the batch mode without air input, areittitial volume of surfactant solution was
approximately 150 mL. It could be seen that all dneerse surfactant concentrations tested
resulted in drainage curves of the same form whidtibited an “S”-shaped profile. It can be

inferred that the basic mechanism of drainage wasgas in all the cases, and did not vary
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with the solution composition. To describe the wage kinetic curves, a three-parameter
equation (Hill equation) was used (Yan et al., 2005

V=V,

4.3
max Kn+tn ( )

whereV, refers to the volume of drained liquid at tirngV,, refers to the maximum volume
of drained liquid,n describes the sigmoidal character of the curve,Kans equal to theg

of drainage. It has been long known that the Hjlliaion often gives a good approximation
to more realistic and much more complex models, rmady experimental cases have been
characterized only in terms of the Hill equatioroffdeyr and Cornish-Bowden, 1997). The

parameters/ K (r5) andn were estimated using nonlinear least squaresgsigre and

max ?

the fitting curves are presented in Fig. 4.7 araséhthree statistical parameters and the half

life valuesz attained from experiments are given in Table 4.1.

As shown in Fig. 4.7 and Table 4.1, different scidat concentrations are corresponding to
different 74 values: for both CTAB and SD$ increased when the concentration grew from
half of CMC to around CMC, but further increasirte tconcentration affected the CGA
stability slightly. Generally, the CGA drainageeatould reduce because of greater surface
viscosity and surface elasticity which could beiagtd by packing higher concentrations of
surfactant (or particles) on the surface and regulin high adhesive or cohesive bonding.
The difference among, values for different surfactant concentrations wasight to be the
result of CMC. When the surfactant concentrations weelow the CMC, there were
insufficient surfactant molecules present in thik bo stabilize the large amount of interfacial
area, whereas the, value rose when the concentration was equal @edo CMC. As the
surfactant concentration grew and exceeded the CiMi@her addition of surfactant had a
negligible effect because the additional surfactamilecules remained in the micelle
suspended in the fluid film surrounding CGAs (Yarale, 2005). It is seen from Fig. 4.7 that
the drainage curves for all concentrations of CTail SDS displayed a similar variation
trend: therg of drainage from CTAB-CGAs ranged between 124 B0 s while for SDS-
CGAs the range was 147~180 s. This indicated thadA<C@roduced from both these two
surfactants had stability degrees alike, which weassistent with earlier findings by
Chaphalkar et al. (1993) and Yan et al. (2005). ganng the experimental results with the
fitting curves by Eq. (4.3), it could be found thdtte Hill equation does not always
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approximate the liquid drainage of CGAs. The fittedlf life K was not far from the

experimental resultg mainly at the beginning of the drainage process.
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Fig. 4.7. Comparison between experimental data (scattersjiting drainage curves
(curve) at different surfactant concentrations:GaAB-CGAs, (b) SDS-CGAs.
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Table 4.1. Parameters by Hill equation fitting and experiméugdues at different surfactant

concentrations.
Vo t0y, Kzo, (1)) r
Surfactant solution “** nzo, R >
(mL) (s) (s)

0.5 mmol/L CTAB 144.3+6.7 124.5+4.4 15.9+10.60.953 125.3
1.0 mmol/L CTAB 144.4+3.3 155.2+3.5 17.1+7.0 0.954155.4
1.5 mmol/L CTAB 146.6+2.1 158.9+4.4 4.0+0.4 0.987168.3
4 mmol/L SDS 145.8+2.0147.4+4.2 3.6£0.4 0.987154.7
8 mmol/L SDS 145.8+2.8169.7+6.4 4.1+0.6 0.976181.7
12 mmol/L SDS 147.3+2.6166.845.7 4.1+0.5 0.980179.6

(2) Effect of air input

The effect of air flow on the CGA stability was gted by investigating different flow rates in
the generation process at the fixed surfactanternation. The initial volume of surfactant
solution turned to be approximately 90 mL since tb&ime of the generator was restricted
but the volume of CGA suspension grew much fasher larger compared with the case
without air input. Experimental results and fittiogrves from Eq. 4.3 are depicted in Fig. 4.8
and parameters obtained by modeling fitting aregivn Table 4.2. Compared with the fitting
curves in Fig. 4.7, the experimental data of CGAggation in the presence of air flow were

better fitted by the Hill equation. It seems thae t; of CGAs in the presence of air flow
during creation process is specific to differentfattants: for CTAB-CGAs, theg value

decreased to some extent (from around 120 s td§8sodeling fit and from 130 s to 74 s by
experiments) as the air flow rate increased. Thangaction speeded up the drainage of liquid
content and led to less stable CGAs. To the contas for SDS-CGAs, the stability was

largely enhanced along with higher air flow rates.
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Fig. 4.8. Comparison between experimental data (scattersjiting drainage curves
(curve) at different air flow rates: (a) CTAB-CGA®b) SDS-CGAs.
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Table 4.2. Parameters by Hill equation fitting and experiméugdues at different air flow
rates.

V.. to, Kzxo, (15)
Surfactant soluton “*% nto, R?

(mL) (s) (s)

s

0.5 mmol/L CTAB
+ 0 mL/min air
0.5 mmol/L CTAB

+ 66.7 mL/min air

0.5 mmol/L CTAB
84.7+19 97.8459 0.9+0.10.994 74.4
+ 133.3 mL/min air

84.9+2.1 119.1+6.9 2.4+0.30.966 138.0

80.5+1.9 97.5+54 0.9+0.10.992 79.2

4 mmol/L SDS
o 85.9+1.4 109.7+4.7 1.9+0.20.984 118.8
+ 0 mL/min air
4 mmol/L SDS
~ 85.2#44 206.7+26.3 1.0+0.10.986 172.5
+ 66.7 mL/min air
4 mmol/L SDS

914469 336.6+56.8 1.1+0.10.983 280.3
+ 133.3 mL/min air

(3) Drainage mechanism discussion

The rate and time of CGA drainage can be deriveditigrentiating Eqg. 4.3 along with time
t, which yields (Yan et al., 2005):

dv, _nv,_K"t"

dt (Kn _'_tn)2

(4.4)

The drainage data of CTAB-CGAs and SDS-CGAs wetecssl at the fixed surfactant
concentration (half of CMC) in the absence and gmes of air flow during the generating
process, respectively (Fig. 4.9). &, =0 mL/min, drainage curves for both CTAB-CGAs
and SDS-CGAs exhibited rapid increasing rates fthen beginning of drainage until their
maximum, and then declined toward zero with timewver, when keeping inputting air
into the generator during the CGA creati@,(=66.7 mL/min), both kinds of CGAs showed

a short and sharp drop in the drainage rate froenirtitial value, and thereafter reduced

slowly to zero along with time increasing.
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Fig. 4.9. Liquid drainage rate as a function of time: (a) BFEGASs; (b) SDS-CGAs
(Cy,¢ =0.5CMC). Arrows indicate corresponding axis.

According to Yan et al. (2005), the drainage preassn be divided into two stages. The first
stage is rapid and almost linear with time till tteemation of conventional foam, being

dominated by gravity driven liquid drainage. In tigsence of air input, the removal of more
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than 90 % (for CTAB-CGAS) or 86 % (for SDS-CGAs)the total liquid could be achieved
(Region D1), while approximately 65 % and 50 % loé total liquid in CTAB-CGAs and
SDS-CGAs would drain in the presence of air dutimg CGA production (Region D2). The
secondary drainage involving the thinning of filisscomparatively much slower as seen
from Fig. 4.9 (Region C1 and C2). Further drainagj¢he liquid in the lamellae and plateau
borders continues under the influence of capillagssure and plateau border suction. When
the liquid film becomes sufficiently thin (< 0.1 prthe effect of London-van der Waals
forces and the repulsive force of any electrostdicible layer also become important.
Eventually, the films rupture and the bubbles caade Inputting air during generation slowed
down the drainage speed of CGAs especially in its¢ $tage, and this reinforced stability
might help CGAs to capture more NPs in suspensiprrebarding the deformation and

collapsing of these aphrons.

4.1.2.3 Size measur ement
(1) Spraytec setup and experimental procedure

The size measurement of CGAs was conducted via taeaction by Spraytec (Fig. 4.10)
which is specially conceived to investigate highignsient dense sprays (Malvern, UK).
Similar practices concerning the size determinattdnCGAs or colloidal liquid aphrons
(CLAs) can be found in others’ study (Chaphalkaalet1993; Kommalapati et al., 1996; Lye
and Stuckey, 1998). As shown in Fig. 4.11(a), tlt!AGize measurement is performed in a
chamber equipped with glass windows through whidbwapower He-Ne laser could pass.
This chamber is also used as flotation cell infthewing flotation experiments of this study
and other previous DAF trials (Liu 2010; Liu et,#012; Zhang and Guiraud, 2013). The
generated CGAs enter the cell from the bottom (Fity1(b)) and scatter laser light during the
analysis process. The wavelength and diametereofaer beam are 632.8 nm and 10 mm,
respectively. At small forward angles, the scatigriis predominantly resulted from
diffraction and the angle of the scattered lighinigersely proportional to the size of the
bubbles. The detectors are equipped by a seri@é obncentric annular silicon diodes placed
at the focal point of a Fourier lens, which conwbg incoming rays of scattered light in to a
far-field diffraction pattern (Simmons and HanratB001; Dumouchel et al., 2009). The
collecting lens applied here have a focal lengtieétp 300 mm and the measurable diameter
range is 0.5~600 pum. The volume-based diametg€sd) is used as the mean CGA diameter.

The instrument software includes the correctiontler effect of multiple scattering, allowing
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measurements to be made with only 5 % transmittafdbe incident laser beam; and all

measurements were made at transmittance down%o 2&re.

l

i

|

(a)

Laser 3
Receiver
source ‘ —

Flow of CGAs

Flow of
surfactant
solution

Flow of air

Fig. 4.11. (a) Schematic diagram of the equipment used fardehing the CGA size; (b)
photo of CGAs entering into the measuring chamtmnfthe bottom.

(2) Deter mination of suitable measurement conditions

The difficulty of microbubble size measurement mhacomes from the determination of the
appropriate bubble concentration range: a too lavbbke concentration cannot provide
sufficient data for a correct statistical analysibereas an overconcentrated bubbling sample
will stop the laser beam from going it through stitét the measurement is hindered owing to
this multiple diffraction. The effect of concentaat is visible at the transmittance lower than
5 % for Spraytec, and the results could only baimétd above this value to ensure the
accurate measurement. The bubble concentrationgebanside the measurement chamber

during the measurement process and consequentiiemees the transmittance. Hence, the
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measurement period has to be carefully determieéald examining the influence of stirring

speed which is the primary parameter governindX@Gé size measurement result.

* Transmittance (CGAs produced in the batch mode)

CGAs (C(CTAB)=0.5 mmol/L and C(SDS)=4 mmol/L, apypiroately half of their CMC)
were produced at the stirring speed of 8000 rpm5famnin. A volume of 50 mL CGA
suspension was carefully collected and immediatedysferred by 50 mL-syringe after
creation to the measurement cell where 200 mL ds2dnwater had already been pre-injected
for the background measurement. The temporal evokitof bubble size and transmittance
are shown in Fig. 4.12 which was attained underctiveition that the CGA suspension was
added into the measurement cell at t=0 s aftemtbasurement began. Each measurement

was replicated.

As shown in Fig. 4.12, the size data could not beioed immediately after the addition of
CGA suspension (=0 s to 20 s) due to the hight ladgistacle (low transmittance) of over 95
%. As the bubbles dispersed in the chamber, thblbumncentration decreased and resulted
in the increase of light transmittance (higher tba¥). The bubble size obtained kept stable
and correct at t=20~50 s. Thereupon, the bubble experienced a sharp jump possibly
because the bubble concentration was too low toeweha stable and convincing size
measurement with the transmittance between 50~10Ding the measuring duration of
20~50 s, the average size of CTAB-CGAs was detemniaebe 22.3+1.5um, and the first
and second measurement results at the transmitt#n2g % were 23.2um and 21.9um,
respectively; the average diameter of SDS-CGA wasd to be 23.5+0.Fim, and the two
measurement data at the 25 % light transmittanage 28.0um and 24.0um, respectively.
Obviously, results obtained at the transmittanc®®6 was right in the average diameter
size, and hence are considered to be the représen@GA sizes in the following size
measurement. CGA size distributions are shown gn £i13. The measurement exhibited the
good repeatability: the CGA size kept fluctuatinghe range of 20~2dm for CTAB-CGAs
and 21~26um for SDS-CGAs. All the monomodals indicated thefarm bubble size

distribution within the stable measurement duration
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Fig. 4.12. Spraytec measurement immediately after the measunteoegan: (a) CTAB-
CGAs; (b) SDS-CGAs. (Experiments were replicated.)
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Fig. 4.13. Bubble size distribution of CGAs.

To examine and minimize the technique disturbanme the Spraytec measurement, another
series of trials was also conducted by adding t& Guspension 30 s after the Spaytec
measurement started (see in Fig. 4.14). The measutedata were attained at 30~50 s after
the addition of CGA suspensions. Compared with &i§j2 in which the stable measurement
duration was 30 s, herein the duration of CTAB-CGs about 26 s and that of SDS-CTAB
was around 29 s, after which the bubble size measemt would increase greatly caused by
the bubble crashing. By this way of measuremestatlerage size of CTAB-CGAs and SDS-
CGAs was 23.4+£0.04m and 26.3+£0.41um, respectively. Given all the tests above, it was
determined in this study that the CGA suspensiors \added immediately after the

measurement began and results were obtained &atisnittance of around 25 %.
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Fig. 4.14. Spraytec measurement at 30 s after the measuremgan.

e Effect of stirring speed in the continuous mode (CGASs produced in the continuous
mode)
The variation of CGA size with different stirringpeeds of agitator was investigated for the
determination of bubble creation condition. It waand in Fig. 4.15 and Fig. 4.16 that the
CGA size reduced when the stirring speed increfrsed 3200 rpm to 10000 rpm: from 89.7
um to 43.7um for CTAB-CGAs and from 81.pm to 38.4um for SDS-CGAs. The decrease
became less and less important at the stirringdshigher than 6000 rpm. Under the tested
conditions, 8000 rpm gave the narrowest CGA sig&ibution. Considering the great energy
consumption of high stirring speed (i.e. 10000 r@amdl its limited help to further reduce the
bubble size, 8000 rpm was finally used in all tbkkofving CGA generation.
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Fig. 4.16. Relationship between bubble size and stirring speed

(3) Experimental investigation of CGA size

It is worth noting in Section 4.1.2.3(2) that theesmeasurement in the batch and continuous
modes gave different CGA diameters: at the samiaaant concentration (0.5 CMC), the
size obtained under the former condition was al2@yim for CTAB-CGAs and 24um for
SDS-CGAs, while results attained via the latter wemund 44um and 42um, individually.
Possibly this distinction of size measurement canddttributed to the following reasons:
(1) in the batch generation mode, without goingtigh the outlet of generator and the inlet
of chamber for Spraytec measurement, the carefidation of CGA suspension by syringe in
the batch mode could avoid the destroy of CGAs byipulation and kept them in small and
uniform size. In the continuous mode, the transpgrtime of CGAs from generator to the
measurement cell can be estimated as Eq. 4.5:
t; = I

(QCGA +Qui )/ (77 X A2/ 4)
wheret; was the CGA transporting timé; the length of the tube connecting the CGA

(4.5)

generator and the measurement cell, equaled 1tRarinner diameter of the tulek,, was
10 mm. At the lowesQ.;, (=Q,,; ) andQ,;, that could be determined the peristaltic pump

(8 mL/min), t; was then calculated to be 115 s, in the same matgof therg (80~150 s)
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obtained in Section 4.1.2.2. Hence, the transportabf CGAs would not cause their
instability.
(2) in the batch mode, the stirring and retentionetin the generator for forming stable

microbubbles was as long as 5 min; however, incthi@inuous mode, the contacting time

t.we IN the generator could be determinedtas,, :Vgeneramr/(qurf +Qajr), where the

Vgenerator WaS 230 mL. For th®,; of 5~210 mL/min and),;, 33.3 or 66.7 mL/min (applied

in this study), thd .. was in the range of 0.8~6 min. For th&3g,; andQ,, values whose

contacting time was in the same magnitude of teatun the batch mode (5 min), the CGAs

might be of similar size.

* Batch generation mode -- effects of concentration and pH of surfactant solution

The surfactant concentration was thought to afieaperties of CGA dispersion. Thus, CGAs
were produced using CTAB and SDS at concentratimiew, near and above their CMC
level, and results are shown in Fig. 4.17. Howeirethis study, different concentrations of
both CTAB and SDS solutions did not give rise teajrdifference in CGA size under the
batch generation mode, and the average size of GTGBs was found to be approximately
24.4 ym, 24.5um and 24.3um at CTAB concentrations of 0.5, 0.95 and 1.2 mimol/
respectively, while that of SDS-CGAs was about 2618 26.3um and 26.§im at 4, 7.5 and
10 mmol/L SDS, respectively.
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Fig. 4.17. CGA size distribution at different surfactant comications in the batch generation
mode: (a) CTAB-CGAs and (b) SDS-CGAs.

As reported in the study of Chaphalkar (1994) (Bid.8), when the surfactant concentration
in the aqueous solutions is below its CMC, solutgletules will be distributed between
CGAs and monomers. At concentrations above CMGasiant molecules will form micelles
but because the CGAs are in high concentrationsthate will distribute mostly between
CGAs and monomers. It is possible to achieve séparly using CGA dispersions even at
CMC concentrations and above. That is quite diffefeom what happens to normal soap
bubbles generated from surfactant solutions: oheesurfactant concentration reaches the
CMC levels, separation efficiencies reduce draral{ibecause micelles have no tendency to
adsorb at the air-water interface and thereby ddloat with bubbles.
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Fig. 4.18. Schematic of the solubilization process in the gmes of CGAs and micelles (PCP:
Pentachlorophenol, the separating target; surfactadium dodecylbenzene sulfonate,
hexadecyltrimethylammonium, or tergitol) (Chapha)k#94).

The effect of pH value on the CGA size was alsalistll by testing acid, weakly acid and
basic surfactant solutions in the generation pmddsich the same as the concentration effect
in the batch generation mode, no difference in sims found at the pH values of
approximately 3, 6 and 9: the size of CTAB-CGAs tkaparound 23.1+0.5m and that of
SDS-CGAs remained at 22.6+0uBn (Fig. 4.19). This observation is in a good agresim
with the previous report that the pH over a ranfj2 t 14 has no effect on the property of
CGAs that were made from sodium dodecylbenzenénsubge (SDBS), Benzyldimethyl-
hexadecylammonium chloride (BDHA) (Subramaniam ki #990), and cetyltrimethyl
ammonium chloride (CTAC) (Save and Pangarkar, 1994)
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Fig. 4.19. CGA size distribution at different pH valueS (,; ~<0.5CMC, C;,; =0.5 mmol/L,

Cos =4 mmol/L) of surfactant solutions in the batch ge@tion mode: (a) CTAB-
CGAs and (b) SDS-CGAs.

* Continuous generation mode -- effects of air flow rate, concentration and flow rate
of surfactant solution on CGA size

Different air flow ratesQ,, (33.3 mL/min or 66.7 mL/min), surfactant concetitnas C_,,

(Cerag OF Cys) (below and above CMC levels), and flow rates wfectant solution€)

surf .

(18.3 mL/min or 41.6 mL/min) were tested in the getion of CTAB-CGAs and SDS-
CGAs. The mean CGA diameter and size distributiot@ioed are presented in Table 4.3 and

146



Chapter 4. CGA-flotation of SNPs

Fig. 4.20, respectively: under the investigatedegating conditions, the average size of
CTAB-CGAs was in the range of 36~45 um and that DRSS GA ranged between 40 pm
and 49 pm. With the fixe@,,; (18.3 mL/min), the average SDS-CGA size decrefsed

approximately 48.5 pm to around 46.4 untCgts; = 0.5 mmol/L whenQ,, increased from
33.3 mL/min to 66.7 ml/min; and it dropped from #21m to 40.5 pm aC,,, = 8 mmol/L
with Q,, increasing. As for CTAB-CGAs, with the fixeQ

surf .

(18.3 mL/min), a slight
reduction in size was also found when increasig at theC,,, of around 2 mmol/L,
whilst for the smallelC,; of 0.5 mmol/L, the CGA size did not change mucthwdifferent

Q,, - With the same,, (33.3 mL/min) andC_,, , whenQ,,; increased from 18.3 mL/min

to 41.6 mL/min, the CTAB-CGA size decreased fromuad 44.1 um to around 39.4 um at
the concentration of 0.5 mmol/L and dropped froomuad 42.0 um to around 37.0 um at the
concentration of 2 mmol/L; the average diameteBbD5-CGAs reduced by approximately 1

um regardless o€, . Fixing Q,,; andQ,, , the CGA size had a decrease of 2~3 um when

the C_,,s increased from 0.5 mmol/L to 2 mmol/L; similartpe SDS-CGA size had a drop

of 6 um. This follows the logic that an increasetle numbers of surfactant molecules
beyond a certain value tends to crowd them on ticeolvubble surfaces, thereby reducing the
interfacial tension between bubble and the bulkewaReduction in the interfacial tension
would thus reduce the bubble size (Chaphalkar.e1@93). In general, greater air flow rate,
flow rate and concentration of surfactant solutlwlp to create smaller aphrons to some
extent, but these parameters subtly impact the @& compared with the stirring speed that

has already been confirmed in Section 4.1.2.3(2).

Table 4.3. Mean CGA size under different generating conditions

_ dega (um)
Quy. (MUMiN) - Q,, (ML/Min) "c__"(mmol/lL) Cg (Mmol/L)
0.5 2 05 8
41.6 33.3 394 37.0 470 415
18.3 33.3 441 420 485 421
18.3 66.7 44.9 364 464 405
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(a) —&— C(CTAB)=0.5 mmol/L, Q(CTAB)=18.3 mL/min, Q(air)=3mL/min
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Fig. 4.20. CGA size distribution patterns under different gatien conditions: (a) CTAB-
CGAs; (b) SDS-CGAs.

4.1.2.4 Zeta potential

The zeta potential was measured to determine whdfiee surfactants altered the surface
properties of bubbles. The measurement was castiegdia a microelectrophoresis apparatus
Zetasizer NanoZS (Malvern, UK) that has been desdriby Liu (2010). The CGA
suspension was immediately transferred into thepawell by syringe and analyzed after the
generation of CGAs.

148



Chapter 4. CGA-flotation of SNPs

The zeta potential of CGAs at the air flow rateé88f3 mL/min or 66.7 mL/min varying with
different surfactant concentrations is depicteéiop 4.21. Samples of CGA suspension were
collected by way of directly transporting the gexted CGA suspension to the measurement
cell of NanoZS due to the high stability of CGAattlallows them to be moved from the
generation site to the place where they are udeldad been well recognized that the air
bubble in pure water is of negative surface changbe wide pH range from 2 to 12, which

can be attributed to the fact thidt” ions have a higher hydration energy tt@id ~ ions and
thus the interface is apt to attract the latterdiyand Yordan, 1986; Han et al., 2004; Oliveira
and Rubio, 2011). In the current study, CGAs gdaerdrrom the cationic surfactant CTAB
were positively surface charged with zeta potestiahging from +34 mV to +42 mV (at the
air flow rate of 33.3 mL/min ) or from +15 mV to &4mV (at the air flow rate of 66.7
mL/min) (Fig. 4.21(a)), whilst those generated gsthe anionic surfactant SDS were of
negative surface charges with zeta potential of~-36 mV (at the air flow rate of 33.3
mL/min) or -22~-38 mV (at the air flow rate of 66miL/min) (Fig. 4.21(b)). The results
confirmed that the surface charge of CGAs coulddeirmined by the polar group of the
surfactant molecule adsorbed on the bubble sudadeas well as denoted the electrostatic
repulsion between CGAs which resulted in the iraipior moderate stability of CGA
suspension (“Zeta potential,” 2014). The magnitufezeta potential rose along with
surfactant concentration increasing because ofritreased adsorption of the surfactant on
the CGA surface; the trend tapered off becausestiiace excess should not increase above
the CMC according the Gibbs equation (Kubota et #9383). The air flow rate does not
significantly affect the surface charge of CGAst duslight influence could be observed.

Given that the absolute value of zeta potential agays higher than 10 mV over the
investigated surfactant range and the half lifecould not be greatly improved at the
surfactant concentration higher than CMC (Sectidhl42 (2)), the CGA suspension would
always remain stable at low surfactant concentnatid hereby, it is expected to produce
CGAs at surfactant concentrations lower than 0.5CMOrder to reduce the surfactant

demand in the CGA applications without weakenirgyttkatment effectiveness.
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Fig. 4.21. Average CGA zeta potentials varying with the sudatconcentration at different
air flow rate: (a) CTAB-CGAs;(b) SDS-CGAs.

4.2 Exploration of SNP-surfactant inter action mechanisms by adsor ption-
aggregation

The interaction between NPs and surfactant retetbe total depletion of the latter from the
bulk suspension and herein is studied in view df lzmlsorption and aggregation (so is called

adsorption-aggregation).
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Adsorption isotherms were used to elaborate thesidh of surfactant on the NP surface
whilst particle size and fractal dimension of aggtes formed during batch adsorption tests
were investigated to understand properties of NR@or aggregate which may give an

indication of NP-involved interfacial processes.

4.2.1 Experimental method

To investigate interaction mechanisms between SivEdlotation agent (CTAB and SDS), a
series of thermodynamic adsorption experiments werglucted after aggregation tests and
flotation trials. The initial SNP concentration wiged in all adsorption tests, and the agent

concentration and pH varied according to experialaesults of previous trials.

All batch experiments were carried out using 150 ghdss bottles with Teflon-lined screw
caps to avoid the undesirable surfactant adsorgircontainer. 50 mL 0.03 vol.% SNP
suspension was mixed with 50 mL surfactant solstioh different concentrations so as to
give varying agent concentrations in the bottlee Thixed suspensions were shaken at the
room temperature of approximately 25 °C (298.15d€)15 h at the constant rotating speed
of 15 rpm. Thereafter, 30 mL supernatant was cllyefiithdrawn and separated by filtrating
through 0.45 pm membrane filters and then ceninfyigat 8000 rpm for 20 min. The
adsorption duration and the way of collecting saslfter adsorption tests were determined
according to the experimental study of Trompettale{1994; 1996) and Lu Jiajuan (2009).
The final sample was analyzed by TOC analyzer tofastant concentration. Additionally,
the zeta potential, the pH of suspension and thicjeasize of adsorbent after reaching
adsorption equilibrium were also measured; andfthetal dimension was calculated. The

amount of adsorbed surfactang,( mg/g) at equilibrium by SNPs were obtained by the

following equation:

e :w (46)

whereC,, andC, (mg/L) are initial and equilibrium concentration$ surfactant solution,
respectivelyV (mL) is the volume of the mixed suspensian,(mg) is the weight of SNPs.
Since surfactant is a source of TOC, the TOC wagl&yrd as an indicator to estimate the
surfactant concentration (Lissens et al., 2003; ddwal., 2005). Fig. 4.22 and the linear

regression equations illustrate the TOC variatiah whe surfactant concentration.
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Fig. 4.22. Variation of surfactant concentration with TOC: G)AB; (b) SDS.

All samples were collected and measured in the saayedescribed above for the surfactant
concentration after 72 hours of adsorption testse €oncentration kept constant and no

desorption was found.

4.2.2 Adsor ption isotherms

Results of surfactant adsorption onto SNPs at iguiim was depicted in Fig. 4.23, which
are evaluated using five commonly used isothermetsod.angmuir, Freundlich, Langmuir-
Freundlich (L-F), Temkin, and Dubinin-Radushkevi¢D-R). The extracted isotherm
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information of 0.015 vol.% 30R50+CTAB, 0.015 vol.390R25+CTAB, and 0.015 vol.%
30CAL50+SDS is summarized in Table 4.4.

The Langmuir, Freundlich, L-F and Temkin models éndbeen particularly described in
Section 3.2 of Chapter 3. As for D-R isotherm motled equation (Lin et al., 2011) was often
used to describe adsorption on both homogeneouhetetogeneous surfaces to determine

the possible sorption type (physical or chemicHtle D-R isotherm equation is:

Qe = O CEXE- BL2?) (4.7)
whereq_, (mol/g) is the amount of surfactant adsorbed gaounit dosage of SNPs and
O..x IS the theoretical monolayer sorption capacity I(g)p B is the activity coefficient
related to mean adsorption energy (), and ¢ is the Polanyi potential, which is equal to:
£=RTIn(1+1/C,) (4.8)
whereT is the solution temperature (K) amtlis the gas constant (8.314 J/mol/k). The mean
free energy of adsorptiok (kJ/mol), can be calculated from D-R paramefeas follows:

E=_ 1 (4.9)

28

The E value ranging from 1 to 8 kJ/mol indicates the bgl sorption and that ranging from
8 to 16 kJ/mol reveals the chemical sorption.
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Fig. 4.23. Experimental results of SNP-surfactant adsorptiggregation.
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Table 4.4. The fitting results from different models

Langmuir model Freundlich model Langmuir-Freundlich model Temkin model

Dubinin-Radushkevich model

SNPs Q Q b E
maxL b|_ R2 Kf n|: R2 maxL-F b|__|: n|__|: R2 B KT R2 qu—R IB R2
2
(mg/g) (mg/g) (3/mol) (mol/ig) (moF/¥) (kd/mol)

1.32E- 8.38E-

30R50 1317.8 0.001 0.966 5.4 0.741 0.957 971.4 08D0 1.18 0.967 160.00.04 61346.9 0.86702 09 7.7 0.962
3.29E- 1.79E- 8.73E-

30R25 1622.2 0.001 0.938 56 0.766 0.915 731.7 06 2.43 0.978 250.2 0.03 81795.9 0.91602 09 7.6 0.930
5.30E- 1.92E-

30CAL50 86.9 0.085 0.775 29.8 0.193 0.978 388.9 780 0.235 0.975 12.6 3.61 679.7 0.95654 09 16.1 0.968
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A comparison ofR*> was made upon adsorption isotherms and adsorpthaviors were
evaluated. As presented in Table 4.4, among thgrhair, Freundlich and L-F models, it was
evident that experimental data of CTAB-30R50 andABBOR25 adsorptions agreed with
the Langmuir model better than those of SDS-30CAl&Borption did; for the SDS
adsorption on 30CAL50, the Freundlich model fittegtter than Langmuir. This suggested
that the adsorption of CTAB on negatively surfabarged SNPs was principally controlled
by the homogeneous interaction whereas that of $BDShe positively surface charged
30CAL50 was a heterogeneous process. All the thrgalues of the Freundlich model was
lower than 1, illustrating the favorable adsorpti@Qomparatively, the L-F model showed the
best fit among these three models with well-maigtgarrelation coefficient, giving the good
estimation of the maximum surfactant adsorptionacédp of SNPs: 971.4 mg/g for 0.015
vol.% 30R50 + CTAB, 731.7 mg/g for 0.015 vol.% 3@R2CTAB and 388.9 mg/g for 0.015
vol.% 30CAL50 + SDS, individually. The greater aggmn capacity and affinity of 30R25
and 30R50 toward the surfactant molecules wereghighdue to their stronger electrostatic

forces of attraction involved and higher specificface areas than 30CAL50.

Based on theR® value, the Temkin model gave a close fit to theSS&dsorption on
30CAL50 than to the CTAB-SNPs (30R50 or 30R25) gutsun. The adsorption heat of
SDS-30CAL50 adsorption was restricted around 63%170l. D-R plots and corresponding
constants demonstrated the fairly good fittingdththe three SNPs involved adsorption. The
magnitudes ofE are calculated to be 7.7 and 7.6 for 30R50 and2830Respectively. It
denoted that the mechanism for the CTAB adsorpbanthose two negatively surface
charged SNPs was dominated by the physical interadespite of the probable tendency of
chemical sorption since the values were quite ckos@& kJ/mol. TheE value for SDS
adsorption onto 30CAL50 was 16.1, implying a chehsorption process. The higher ion
adsorption capacitiesq(,_5) of 30R50 and 30R25 obtained by D-R model reveal@edem

reactive surfaces on their surface, which were iplyssesulted from the presence of high
concentrations of edge/corner sites and other ttefdhat corresponded well with fitting

results of Langmuir and L-F isotherms.
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4.2.3 Properties of SNP-surfactant aggregates
4.2.3.1 Zeta potential and pH value

The analysis of the electrophoretic behavior of reggtes attained from adsorption-
aggregation gives some insight into the possiblehaeism. The zeta potential values of
SNPs before and after interacting with surfacteaares presented in Fig. 4.24. Generally,
mechanisms of surface-active molecules adsorbirig the solid substrates from aqueous
solution include (i) electrostatic attraction beemethe charged ion or moiety of molecules
and the solid surface through ion exchange or airing, (ii) hydrophobic bonding, and (iii)
dispersion forces in which the London-van der Wéalse between adsorbate and adsorbent
increases with the increasing molecular weighthef adsorbate (Paria and Khilar, 2004). In
the cases of 30R50 and 30R25 involved adsorptigneggtion, the initial CTAB
concentration ranged from 0 to 842 mg/L (highemtttze CMC of CTAB, 357.2 mg/L or
0.98 mmol/L), and two regions in which adsorptiacured via different mechanisms could
be distinguished. The first region is marked byrgldhanges in the zeta potential curve. The
electrophoretic mobility increased greatly withneasing initial surfactant concentrations and
changed signs at molality of around 88.2 mg/L CT#d 30R50) and 94.4 mg/L CTAB (for
30R25), respectively, where corresponding equiirisurfactant concentrations in the bulk
suspension were about 44.5 mg/L CTAB and 71.1 mQMAB, respectively. Possible

explanations of this observation could be attridute both an ion exchange between the

monovalentCTA" ion and some other ions presented at the silicrwaterface as pre-
adsorbed counterions and also the tendency of ydeophobic moieties of the adsorbing
surfactant to remove themselves from the aqueousoement by forming aggregates with
alkyl chains of ions already adsorbed on the saerfdcompette et al., 1994). Thereafter, the
excess of opposite charges resulted in furthereasas of absolute values of zeta potential.
The surface aggregation was inferred to start &t $kage. It should be noting that, at
concentrations at the zeta potential of zero, thect@ilation should be optimum since no
charge repulsion and hydrophobic attraction betwadkyl chains of molecules adsorbed on
neighbor patrticles. In the second part of the cuplateaus (+39.5 mV for 30R50 and +35.8
mV for 30R25, individually) appeared at surfactaonhcentrations higher than 360 mg/L
CTAB for both 30R50 and 30R25, where the CMC of BTlwas reached. Herein, surfactant
micelles formed and the additional surfactants Wquriefer (for thermodynamic reasons) to
achieve micelles or to be incorporated in existimigelles rather than to continuing being

adsorbed; hence, the adsorption process shouldastbthe isotherm curve was thus expected
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to level off after the CMC of surfactant. As forethadsorption-aggregation test of
30CAL50+SDS, since the maximum investigated ini&&S concentration 395 mg/L was
much lower than its CMC (2220.6 mg/L or 7.7 mmal/thereby, only the first region of
adsorption being controlled by the charge neut#ibn between 30CAL50 anfD™ could

be found. The IEP was around 76.1 mg/L SDS in ammre with the equilibrium SDS

concentration of 47.6 mg/L.

As for the variation of pH in the bulk suspensidtemadsorption-aggregation, it indicated
that the uptake o€TA" ions arose a release of protons, which causegHheariation along
the isotherm (from around pH6.2 to pH5.8 for 30R&f@d from pH6.6 to pH5.8 for 30R25).
The effect was pronounced at very low adsorptidnesabut the absolute quantity of protons
released to solution was generally very small. pHevalue of the equilibrium bulk phase
slightly depends on the adsorption of CTAB (Tronpet al., 1994).

60 - 8.0
30R50 + CTAB —e— zeta potential-©-- pH |
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Fig. 4.24. Zeta potential and pH value of post-(adsorptionraggtion) suspension as a
function of initial surfactant concentration.
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4.2.3.2 Aggregate size analysis

The size measurement of surfactant-SNP aggregatedibited in Fig. 4.25. The size change
as a function of initial surfactant concentratiaande seen in Fig. 4.25(a): for 30R50 and
30R25, the aggregate size grew as the CTAB corat@ririncreased, reached the maximum
value at the CTAB concentration of 109.3 mg/L, ahdn decreased along with CTAB
concentration; the SDS-30CAL50 aggregate had a rdigamneter of more than 100 um at the
initial SDS concentration higher than about 77.9lmghe formation of large aggregates was
highly related to the electrostatic attraction begw SNPs and surfactant with opposite
charges because large aggregates were all obtaingte absolute value of zeta potential
lower than 10 mV (Fig. 4.24)

In addition to the average particle size, it isessary to take the PSD into consideration in
order to completely understand the particle agdie@gaAs denoted in Fig. 4.25(b), the PSD
was multimodal when the CTAB was slightly overdoggal.5 mg/L). Continuing to increase
the CTAB concentration would cause the re-staliibraof the SNP-surfactant suspension
due to the electrostatic repulsion, and lead tcstiep drop of particle size. The re-dispersed
particles exhibited uniform PSD. As for 30R25 (F&y25(d)), bimodal size distributions
could be obtained at CTAB concentration below anova 218.7 mg/L. The 30CAL50-SDS
aggregates were of ununiform size distribution simoulti peaks were found at SDS
concentrations higher than 26.0 mg/L (Fig. 4.25(B)) re-dispersion was observed in the
case of 30CAL50-SDS as expected.
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Fig. 4.25. Particle size measurement of SNP-surfactant agtgegdter adsorption-
aggregation: (a) variation of particle size witltial surfactant concentration; (b), (c)
and (d) PSD patterns of 0.015 vol.% 30R50+CTAB16.001.% 30R25+ CTAB; and

0.015 vol.%30CAL50+SDS, respectively.

4.2.3.3 Fractal structure

NPs provide the nuclei for the surfactant adsorp@md their original surface was hence
considered to be uniformly spherical with small idéens from an ideal arrangement with
respect to the geometrical irregularity. Howevdre tmorphological structure of SNP-
surfactant aggregates after adsorption-aggregatiay differentiate due to different
adsorption mechanisms. The variation of fractalicitre of surfactant-SNP aggregates by
SALLS along with the initial surfactant concentoattiis presented in Fig. 4.26. The CTAB-
30R50 and CTAB-30R25 aggregates were compact amtbedavith respect to the
morphological conformation over the investigated ABT concentration, while the SDS-

30CAL50 aggregate had loose and open fractal streictespecially, theD, value was

between 1.7~1.8 when the SDS concentration wasrltvem 66.3 mg/L; further increasing
the SDS concentration could result in aggregatés miore compact structure but still less
dense, compared with the CTAB-30R50 and CTAB-30BR@gregates. The loW, values at

low SDS contents, corresponding to the weak ripiaag of the isotherm in Fig. 4.23, possibly
because the hydrophobic interaction between thgl alkains of SDS molecules being

adsorbed on the cationic sites of expanding polyctains (grafted on the surface of
30CAL50) resulted in loose structure of 30CAL50-Sildgs. When greater amount of SDS
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were added, the screening of positive charges aser such that the electrostatic repulsion
between particles decreased which contributededdimation of denser aggregates.

3.0+ N
2.8F f/ \
- ® 4 s g
2.6}
2.4+
° 2.2+ —o— 0.015 % 30R50 + CTAB
0.015 % 30R25 + CTAB
20k —&— 0.015 % 30CAL50 + SDS
1.8}
1.6 PR I S E—— 1 1 1 1 | |

O 40 80 120 160 200 240 280 320 360 400

C, (mg/L)
Fig. 4.26. Variation of fractal dimension with equilibrium $actant concentration.

Combining the analysis of adsorption isotherms whig size and, results, the interaction

between surfactants and SNPs might be interprét@dthe chemical interaction process of
SDS onto 30CAL50 could lead to larger and openctiral aggregates whilst the physical
sorption of CTAB onto SNPs would give rise to smaknd dense flocs. This information
will be used to better understand the phenomenarebd in the CGA-flotation of SNPs

presented in the following section.
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4.3 Continuous CGA-flotation separation of SNPs

4.3.1 Experimental procedure

In the present work, CGAs involved flotation triaiere conducted in a continuous way, so is
called “continuous CGA generation-flotation” or “@Glotation”. As shown in Fig. 4.1, after
the pre-generation of CGAs for 1.5 min, keep pumglme surfactant solution and injecting
air flow into Container A, and the generated CGApansion would enter the contacting zone
of the flotation cell from the bottom (Inlet b ingk-4.1) since the generator was well sealed;

the liquid flow rate of CGA suspensidp, (or Q) equals to that of the surfactant solution
(Qq )- Flow rates of influent (SNP aqueous suspensigrand effluent (clarified water(,

are controlled for different operating conditionsgeristaltic pumps, individually.

Samples of clarified water were taken after 5 nfithe flotation test. The Si content in the

effluent and influent was analyzed by ICP-MS foe tBNP removal efficiencyy ; the
calculation ofp was explained in Chapter 3 (Section 3.3.1.5) amdpoevious study (Zhang

and Guiraud, 2013); zeta potential and pH were al®asured to characterize the water
guality before and after flotation. The floats e tcontacting zone were carefully collected by
plastic Pasteur pipette and observed under the ostope described above for the

visualization of CGA-SNP aggregates.

4.3.2 Effect of surfactant concentration in the flotation cell (C,,; )

Firstly, laboratory flotation trials were carrieditoto study the effect of surfactant dosage

(C.,;) on SNP removal efficiencies. CTAB-CGAs were usedreat the negatively surface

charged 30R50 SNPs while SDS-CGAs were used for pibstively surface charged
30CAL50 SNPs. The initial concentration of both SNWas 0.005 vol.% and the mass
concentration determined by ICP-MS could be foundable 2.2.Q, was fixed to be 223.8

mL/min andQ, was 30 % of Q, + Q,). The surfactant dosage was controlled by changing

the flow rate of CGA Q,, equal to the flow rate of surfactant solution}idg the flotation

process. Results attained are shown in Fig. 4.27.
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The 30R50 removal kept higher than 75 % over theestigated CTAB dosage range
(0.019~0.275 mmol/L) and meanwhile the zeta paatiwofi flotation suspension (obtained by
measuring the zeta potential of flotation effluentreased from approximately -8 mV to +11
mV. More than 90 % 30R50 was separated at CTAB gkxsabove 0.114 mmol/L. The
30CAL50 removal ascended from around 23 % to alm@&t % and meanwhile the zeta
potential reduced from +0.617 mV to -8.76 mV wille tSDS dosage increasing from 0.047
mmol/L to 0.208 mmol/L. The turbidity could also beduced to lower than 0.5 NTU when
SNP removals were higher than 90 % (Fig. 4.27(@pmpared with the turbidity before
flotation treatment (11.0 NTU for 0.005 vol.% 30Rafd 8.08 NTU for 0.005 vol.%
30CAL50), the suspended solid in SNP suspensiorss effectively removed. It is worth
noting that, when optimum removal efficiencies ottb SNPs were achieved (> 90 %), the
magnitude of zeta potential was always around 1Q mdficating an incipient instability of
the flotation suspension (“Zeta potential,” 201%e electrostatic attraction between CGAs
and SNPs with opposite surface charges played portant role in forming the SNP-CGA
aggregates during flotation. The pH of flotationspension was somewhat stable in the
presence of surfactant: 5.6~6.2 for 30R50 suspessand 5.4~5.9 for 30CAL50 (Fig.
4.27(c)). It could be inferred that the interactioetween CGAs and surface charged SNPs
followed the similar character as the surfactarsoggtion on the silica surface proposed by
Trompette et al. (1994; 1996): in the initial staglkee ionic head on the CGA surface
electrostatically attracted SNPs with opposite axgfcharges. This stage supplied the nuclei
to the later surface aggregation via forming thePSBnveloped CGA (CGA-SNPs).
Thereafter, when the surfactant concentration widfscently high, the ion exchange could
occur between stabilizer ions on the SNP surfaat the ionic head of excessive free
surfactants. As presented by Liu (2010), the awidflebosol colloidal silica (30R50 and
30R25) are stabilized with cations suchNes", K*, andNH, , while the stabilizer of the
cationic SNP (30CAL50) is an Al derivative. Herethe ion exchange occurred between
Na® (or K", NH; ) andCTA" in the case of 30R50 or Al derivative aB&™ in the case of
30CAL50, which was followed by the hydrophobic bogd The hydrophobic moiety might
also have an influence herein because SNPs couldelleremoved even when the zeta
potential still kept negative (for 30R50). Thosecimanisms finally gave rise to the formation
of (CGA-SNP)-(surfactant-SNP) aggregates whoseesgmtative photo (in the case of 30R50
with CTAB-CGAS) can be seen in Fig. 4.27. The SdBgregates were observed to adsorb

on the CGA surface.
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When the surfactant dosage was lower than 0.05 faptbe removal efficiency was as high
as 80 % for 0.005 vol.% 30R50 but that of 30CALS&sviower than 25 %. Considering the
adsorption performance and fractal structure arsatyfsSection 4.2, it possibly indicated that
the physical interaction between CTAB and 30R50 faaered by flotation through forming

dense aggregates, but the open structural SDS-3BCAlggregates formed by chemical
interaction were difficult to be removed by bubpketicularly if the surfactant concentration

is insufficient.
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Fig. 4.27. Effect of surfactant concentration in the contagtone of flotation cell on the

performance of CGA-flotation: (a) SNP removal effirccy and zeta potential; (b)
residual turbidity; (c) pH value after flotation.

from the flotation foamate.

4.3.3 Effect of SNP size

The flotation performance of two negatively surfadearged SNPs, 30R25 and 30R50,

varying with C_,. (C.s) Were investigated for the influence of SNP sizetbe CGA-
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flotation efficiency. The SNP volume concentrataond flow rateQ, of influent were fixed to
be 0.015 % and 124.4 mL/miQ, changed to obtain differef@,,;, andQ, was 30% of

(Q,+Q,). The CTAB concentration in the CGA generator \@é&gays 1.0 mmol/L and air

flow rate for CGA creation was 66.7 mL/min. SNP oyal, zeta potential of flotation
suspension, residual turbidity and effluent pH wehl®wn in Fig. 4.29. At the CTAB

concentration lower than 0.09 mmol/L, the removaB@R25 was lower compared with that

of 30R50, became in the same level at@e,, range of 0.09~0.17 mmol/L, and turned to be
greater at highe€,,, . The zeta potential of 30R50 in the flotation ®rsgon was reversed

to positive from the lowesE_,,,; however, that of 30R25 remained negative till §g,,
was around 0.09 mmol/L. As for the residual tudyidin Fig. Fig. 4.29(b), that of SNP
suspensions decreased from 1.41 NTU to 0.5 NTU3@R25 involved flotation a€,,g
higher than 0.07 mmol/L; for 30R50 involved flotatj the turbidity reduced from 32.8 NTU
to lower than 4 NTU aC,,, lower than 0.2 mmol/L but sharply increased ahbigCTAB
dosage, possibly due to the re-stability of thgpension resulted from electrostatic repulsion

between CGA-SNP flocs caused by the over CTAB auditThe pH of the flotation

suspension did not fluctuate greatly accordingitp 4.29(c).
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Fig. 4.29. Effect of NP size on the performance of CGA-flatati(a) SNP removal
efficiency and zeta potential; (b) residual turtyigd{c) pH value after flotation.

As already noted, the collection efficiency of NBs mainly decided by the collision
efficiency and the attachment efficiency (Mishcheikal., 2012). The attachment efficiency
takes values from 0 to 1, reaching the maximum wtherenergy barrier between interacting
bubbles and particles is lower than the energyefmal motion, in which case the collection
efficiency will be reduced to the collision efficiey. The Brownian diffusion of particles

around rising bubbles, decreasing importantly witbreasing particle size, leads to the
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collision of bubble-particles. The size of SNPsthe current study falls into the diffusion
regime (with the diameter < 200 nm) (Reay and K§t&R73), and the time required for the
spherical particle to diffuse a unit distance iedily proportional to its radius (Hiemenz and
Rajagopalan, 1997). Accordingly, the smaller SNB&R25, should have lead to a higher
collision possibility compared with the larger SNB6R50. Moreover, from the standpoint of
DLVO theory, the barrier of interaction energy beém 30R25 is smaller than that of 30R50,
and it is more possible for the hydrophobic cha@h€&€TAB to get close to and then interact
with the 30R25 surfaces (Liu et al., 2013). Accoglly, a higher collection efficiency of
30R25 was obtained at CTAB dosages higher than 108l/L. However, for loweC, ., ,

the zeta potential of 30R25 in the flotation susp@m was still negative and the electrostatic
repulsion between SNPs and CTAB-CGAs might hintderadsorption of 30R50 on bubbles,

giving rise to poor SNP removals.

4.3.4 Effect of initial volume concentration of SNPs

Flotation experiments were conducted to study th#uence of initial SNP volume
concentrations (0.005 vol.% and 0.015 vol.%) ortafion behaviors at different,,, .
Accordingly, influent suspensions of two SNPs (30R#Ed 30CAL50, with opposite surface
charges but similar particle size) were named &5800.005 %, 30R50 0.015 %, 30CAL50
0.005 % and 30CAL50 0.015 %, respectively. The sove rates in the flotation process as

Section 4.2.2 were used herein, and the air flderfiar CGA creation was 33.3 mL/min.

As denoted in Fig. 4.30(a), for 30R50, when addiegs than 0.05 mmol/L CTAB, the
removal efficiency of 30R50 0.015 % reached as laigl94.8+0.7 % whereas that of 30R50
0.005 % was lower than 80 %. The optimum remova3@R50 0.015 % (97.6+0.5 %) was
obtained atC,,; =0.078 mmol/L, while the removal of 30R50 0.005 éhiaved higher than
90 % at CTAB dosage in excess of 0.2 mmol/L. Tha petential of 30R50 0.015 % turned
to positive from the lowest CTAB dosage 0.04 mmplis for 30R50 0.005 %, the zeta
potential after flotation reversed only when t@g.,, was higher than 0.1 mmol/L. It is
shown in Fig. 4.30(b) that, at the SDS dosage ofiradt 0.15 mmol/L, approximately 98 %
30CAL50 0.015 % could be removed but the remova@QAEAL50 0.005% was only 41+3.5
%,; with higher SDS dosages, the SNP removal inettas almost 100 % for both initial

concentrations. The turbidity was reduced to beloMTU when optimum SNP removals
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were achieved for both 30R50 and 30CAL50 of diffienaitial SNP volume concentrations
(Fig. 4.30(c)(d)). Along with the increase of settnt addition, the pH value of flotation

suspension leveled off and the fluctuation was meatgr than 0.5 (Fig. 4.30(e)(f)).
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Fig. 4.30. Effect of initial SNP volume concentration on therformance of CGA-flotation:
(@), (b) removal efficiency and zeta potential @BR50 and 30CAL50, respectively;
(c), (d) residual turbidity of 30R50 and 30CAL56spectively; (e), (f) pH of 30R50

and 30CAL50, respectively.

The flotation performance of the negatively surfabarged SNP, 30R50, implied that the
neutralization of surface charge between CGAs anNBsSoccurred more easily for 30R50
0.015 % than for 30R50 0.005 % since the zeta patesf flotation suspension was reversed
to +15.2+1.9 mV at the CTAB dosage of only 0.041 afiimnwhereas the zeta potential of
30R50 0.005 % involved flotation suspension waselothan -10 mV at the same CTAB
dosage. More than 90 % 30R50 (0.015 %) were remeved when the zeta potential was as
high as around +30 mV. It clearly indicated that #lectrostatic attraction between aphrons
and SNPs was probably prone to occur at higher@in8BNP volume concentrations, and
subsequently the attachment of bubble-particleg wegengthened by hydrophobization of the
particles, which agreed well with what was reporlsd Waters et al. (2008). As for the
positively surface charged 30CAL50 in the invesegaSDS dosage range, the optimum
removal (close to 100 %) could be yielded when zé& potentials were close to zero no

matter higher or lower initial SNP volume concetitras, which highlighted the role of
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Chapter 4. CGA-flotation of SNPs

charge neutralization as the dominant interacticchmanism between 30CAL50 and SDS-
CGAs. Moreover, George et al. (2004) found in thdindy that an increase in particle
concentration caused a linear increase in the teféedluid viscosity. Hence the rate of

drainage from the froth decreased significantlyisThw rate of drainage ensured the froth
remained wet with small bubble sizes and mobilerfates accordingly, and thereby more
SNPs could be captured by CGAs inside the foam.

4.3.5 Effect of initial pH of SNP suspension

Given that the pH of influent may impact chemiga¢éaes involved in the flotation process
and complicated reactions on the interface, if isignificance to examine the effect of initial
pH of SNP suspensions on the flotation efficienioythis investigation, pH values of SNP
suspension were adjusted to acidic, neutral andt bbagions, approximately 3, 6 and 9,
respectively. Flotation trials were conducted & dptimum surfactant dosage for each SNP
suspension (30R50, 30R25, 30CAL50) involved flotatnd the same operating condition as

previous experiments. Results are presented ireTabl

For the negatively surface charged 30R50 and 30Ri2&, SNP removal efficiencies
deteriorated at the initial pH around 3.4 wherdmsremovals were high (> 95 % for 30R50
0.015 % and > 88 % for 30R25 0.015 %) for neutrad hasic SNP suspensions; the zeta
potential increased gradually with pH. That wassistent with the experimental results of
Lien and Liu (2006). As for the positively surfaciearged 30CAL50, the SNP removal stayed
higher than 94 % over the investigated pH valuess worth noting that all the pHs of
effluent were acid or weak acid (around 6.3) eviethe initial pH of SNP influent was
adjusted to around 9, indicating that some additinethose commercial SNP products might
act as buffer reagents and effectively retain ti8NP suspensions in a certain pH range.
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Table 4.5. Summary of flotation performance under differentiah pH values of SNP
suspensions.
pH of SNP 0.015 % 30R50 + 0.015 % 30R25 + 0.015 % 30CAL50 +
uspension 0,275 mmol/L CTAB  0.100 mmol/L CTAB  0.444 mmol/L SDS

3.4 6.2 9.3 3.4 6.3 9.3 3.2 6.6 8.7

SNP removal

(%)

Zeta potenital

(mV)

Residual

turbidity 30.6 0.634 0.618 2.61 0.440 0.544 0.509 0.490 0.480
(NTU)

pH of effluent 3.7 6.1 6.6 3.7 6.4 6.4 3.6 6.2 6.3

9.6 98.7 95.9 0 96 88.3 98.3 98.6 94.3

-10.6 -4.6 5.41 -7.43 -0.568 5.31 3.05 -3.33 -8.42

As shown in Fig. 2.14, in the investigated pH val(@@ound 3, 6 and 9), all the three types of
SNPs were highly surface charged (the magnitudeetaf potential was higher than 20 mV)
and their suspensions were stable before flotateatment (the IEP of 30R50 and 30R25
were around pH1~1.5 and that of 30CAL50 was appnaiely pH9.8). Hence, the decrease
of SNP removal efficiency for 30R50 and 30R25 atiacpH was possibly caused by the
variation of CTAB species rather than the variatcdrfSNP surface charge. CTAB is easily
dissociated into cationi€TA" and bromide ion. Its speciation is not affectedttees pH
changing from 4.5 to 8.5 (Lien and Liu, 2006). Tgté value around 3.4 might impede the
dissociation of CTAB and further prevent the elestatic attraction betwee@TA" and the
negatively surface charged SNPs; and the adsormptemsity of SNPs on the positively
charged CGAs could grow as the pH increased. Wagh noting that the 30CAL50 capture
was always effective over the studied pH valuesneWethe zeta potential turned to be
negative, highlighting the striking capacity of thghron surface in collecting NPs especially

under unfavorable pH conditions.

4.4 Comparison between CGA-flotation and DAF

In the wastewater treatment industry, DAF is aitraklly accepted method. However, there

are limitations to the existing DAF: (i) the satimatank and air compressor used for
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dissolving air into the water are inefficient dwethe low mass transfer efficiency of air into
the water (hence, low gas to liquid ratio), (iil) @@mpressors have high energy demands, and
(iif) blockage of the bubble generator may resulhigh maintenance costs (Wen et al., 2011).
The overall goal in flotation should be to maximieeovery and selectivity with a minimum

cost of reagents, bubble production and time (Bal.e2004).

Herein, using the same flotation cells, comparaéxperiments between CGA-flotation and
surfactant assisted DAF were carried out upon kineet types of SNPs at different initial
concentrations (30R50 0.005 %, 30R50 0.015 %, 3(&0DAQ.005 %, 30CAL50 0.015 9%,

30R25 0.015 %). Surfactant concentrations in tbhe&fiion cell C_ ) were determined by

surf
previous results of CGA-flotation (Section 4.2):Idve, equal to and above the optimum

concentration. The flow rate of SNP influe@f kept constant in both flotation processes;

flow rates of surfactant solutioQ,,; and pressurized wat€), were controlled to keep the
pre-determinedC_,, consistent with that in the CGA-floation; the flowate of flotation
effluent Q, was 30 % of the sum @, andQ.,, (for CGA-flotation) or the sum o), Q,

andQ_,; (for DAF). The flotation conditions are listedTiable 4.6.

surf

173



4.4. Comparison between CGA-flotation and DAF

Table 4.6. Experimental conditions of CGA-flotation and DAF

Q Cav Q, O Cartsook Q,
(mL/min) (vol.%) (mL/min) (mL/min) (mmol/L) (mL/min)
Carr (mmoIL) CGAs* CGAs* CGAs*
or DAF or DAF CGAs* DAF CGAs* DAF or DAF CGAs* DAF
0.019 5.4 6.5 68.8 81.6
0.275 223.8 0.005 33.3 45 1174 139.1 0.8 102.4 121.4
CTAB 0.389 212.2 251.3 130.8 155.1
(+30R50) 0.041 5.4 8.9 64.9 65.0
0.201 124 .4 0.015 66.7 89 312 52.3 1.0 77.8 78.0
0.318 58.0 96.9 91.2 91.4
0.047 5.4 6.4 2.0 68.8 81.6
0.208 223.8 0.005 33.3 45 123 14.6 4.0 70.8 84.0
SDS 0.270 10.6 125 6.0 70.3 83.4
(+30CAL50) 0.041 5.4 8.9 1.0 38.9 65.0
0.444 124.4 0.015 33.3 89 355 59.3 2.0 48.0 80.1
0.625 10.6 17.6 8.0 40.5 67.6
0.072 9.7 16.7 40.2 69.7
CTAB 0.318 124.4 0.015 33.3 9.7 58.0 100.5 1.0 547 94.8
(+30R25)
0.503 126.0 218.2 75.1 130.1

* “CGAS” stands for “CGA-flotation”.
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4. CGA-flotation of SNPs

4.4.1 Flotation performance

Results of those comparative experiments are depict Fig. 4.31 in terms of SNP removal
efficiency and zeta potential of flotation suspensiAs presented in Fig. 4.31(a) and (c), for
the low initial SNP concentration as 0.005 vol.%ie NP removal of CGA-flotation was much
higher than that of DAF no matter the surfactansade was below, equal or above the
optimum value: more than 80 % 30R50 and 90 % 30M@Adduld be removed by CGAs, and

at the optimum and higheC,., the 30CAL50 removal reached even close to 100 9%;

however, the removal by DAF was always no gredizn 80 %.

As for the initial SNP concentration of 0.015 vol(%g. 4.31(b), (d) and (e)), CGAs removed
more 30R50 than DAF &,,, below the optimum value; when the CTAB was oveedos

the DAF performed better than CGA-flotation, givinge to around 40 % removal. DAF
could remove around 32 % or 75 % 30CAL50 when SI3S Mss or over dosed, respectively,
but CGAs showed no removal efficiency in those sadievertheless, at the optimum SDS
dosage, nearly all 30CAL50 were removed by CGAdswliine separation by DAF was only
around 75 %. For 0.015 vol.% 30R25, the CGA-flatatperformed better than DAF over the

three investigated CTAB concentrations.

Concerning the zeta potential of flotation suspaemsin the CGA-flotation, both of the
negatively surface charged SNPs exhibited goodtftmt efficiencies with the absolute zeta
potential higher than 10 mV at different CTAB doss@nd initial SNP concentrations. For

the DAF process, the zeta potential of flotatioapgnsion experienced from negative (below
the optimumC,,,; ) to positive (equal or above the optimu@,s ), and the removal

efficiency changed accordingly: a comparativelyheigremoval could be achieved when the
zeta potential got close to zero. It might revadetent mechanisms between CGA-flotation

and DAF in the separation process of 30R50 and B0fR2 former might depend on both the
surface charge neutralization and probably alsohgfrophobic attraction between aphrons
and NPs whereas the latter was exclusively relépethe surface charge neutralization;
moreover, it could also be attributed to the greaiteinput in the CGA generation resulting in

greater bubble amount and thus greater surfaceSKIP attachment or adsorption. The
variation of zeta potential in the removal of pogly surface charged 30CAL50 denoted that

the electrostatic interaction was predominant ith dtotation processes since high removals
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were obtained when the zeta potential was arounal Zes for the 30CAL50 0.005 vol.%
involved flotation, the hydrophobic attraction o6&-SNP might contribute to the high SNP

separation (90 %) &t above the optimum value, because the zeta poteletiaeased to

about -10 mV in this situation and the electrostatiteraction between CGAs and SNPs

turned to be repulsive.

100 = = v 30
@ 7222 ol of CoAToaid , © 7 s 7
<y removal o T |—=— Zeta potential of CGA-flotatit
80 —=— Zeta potential of CGA-flotatid ?Z | [-*— Zeta potential of DAF / b
& r —e— Zeta potential of DAF /% 0 9 80
S - — i S /
& N S 10 N
= 1 o < o}
@ 60p 5 2 60 o
E ) 10 B E |l 5 - 0 3
5] g 2 g
= R | =
s o {1088 % )
IS ~ E —
9] Vi El 3
= essesss =
o s Sa
Zz 20p {207 z 201
0 [ N RS RS | §:§§§§ [ / -30 0 1 1 1 1
0.00 0.05 0.10 015 020 025 030 0.35 0.40 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
CTAB concentration (mmol/l CTAB concentration (mmol/L)
(C) 100F 7 25 (d) 100F 40
N0 T 90}
=420 L 30
< 80f | -~ 80} |
S S 3 §
~ 70} 415 = 70} 5 20
o 1 NS L 53 | N
= < % =
.g 60 7ZzZ1 SNP removal of CGA-flotatioh 410 & © 60f 55 10 ©
£ 5ol XY SNP removal of DAF | B ;—; 50 r R | k]
E —a— Zeta potential of CGA-flotatidn 15 54 3 ' ~::§::" ot
[ | | —e— Zeta potential of DAF 2 8 [ e RNYH 0 2
> 40 . > 40
=} 2 o L L2222 SNP removal of CGA-flotatiq T - 2
% B0 T 10 e} 5 30H XY SNP removal of DAF 103
o o 1 S a 3 —=— Zeta potential of CGA-flotatigf: <
> 20t %7 45 = 204 —e— Zeta potential of DAF : ) 20
(%] ) F -
10} % 10 10H §\\ |
0 2 :":‘5 1 1 1 - O L 1 1 1 1 1 _30
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.0 0.1 0.2 0.3 0.4 0.5 0.6
SDS concentration (mmol/L) SDS concentration (mmol/L)
100 30
(e) 2222 SNP removal of CGA-flotation
90 HY SNP removal of DAF )
80 [|—=— Zeta potential of CGA-flotatio 420
g | | —— Zeta potential of DAF é ]
5 %
S 3 i
= 50f <3
s P lo &
S a0} 5
g 4l 3
° 30 L e q-10s
o R
z 20 %
7] i S
10 {0
ol . i N/,
0.0 0.2 0.3 0.4 0.5

CTAB concentration (mmol/L)
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4.4.2 Reduction of surfactant addition

With the same surfactant concentration of stockitsmt (Table 4.6), the comparison of

surfactant dosages between the two flotation pemsesare given in Table 4.7, and the

reduction of surfactant usage was calculated &swel

Rerf - qurf DAF xcsurf _Q&Jrf CGA- flotation Xerf xloG)/O - Q&Jrf DAF _qurf CGA- flotation xlOO)A) (4.9)
Qs.;rf DAF X Cs.;rf qurf DAF

The surfactant was added together with air bubblethe CGA-flotation process whilst the
bubble suspension and surfactant solution weret impal the flotation cell separately in DAF.

It is obvious in Table 4.7 that the former processidnded less surfactant than the latter. For
the lower initial SNP concentration in influent @05 vol.% 30R50 and 30CAL50), the
decrease of surfactant dosage was around 15~16dpahigher initial SNP concentrations
as 0.015 vol.% (for 30R50, 30CAL50 and 30R25), tremluction magnitude was
approximately 39~43 %. The less surfactant additdauld reduce the cost of flotation
treatment with respect to less reagent usage, aednwhile make the process more

environmentally friendly since surfactants weregioly the potential aqueous pollutants.

Table 4.7. Comparison of surfactant consumption between C®#afion and DAF.

Surfactant flow rate (mL/min)Reduction (%)

SNP solution :
CGA-flotation DAF
5.4 6.5 16.9
0.005 vol.% 30R50 117.4 139.1 15.6
212.2 251.3 15.6
5.4 8.9 39.3
0.015 vol.% 30R50 31.2 52.3 40.3
58 96.9 40.1
54 6.4 15.6
0.005 vol.% 30CAL5012.3 14.6 15.8
10.6 12.5 15.2
5.4 8.9 39.3
0.015 vol.% 30CAL5035.5 59.3 40.1
10.6 17.6 39.8
9.7 16.7 41.9
0.015 vol.% 30R25 58 100.5 42.3
126 218.2 42.3
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4.4.3 M echanism comparison between CGA-flotation and DAF

It has been commonly accepted that the interachetween the ionic surfactants and
oppositely charged surfaces are characterized by regions (Zhang and Somasundaran,
2006): Region | — at low surfactant concentratiotieg adsorption is due to electrostatic
interaction between individual isolated charged omaeric species and the oppositely
charged solid surface; Region Il — at the onsetfastant species begin to form surface
aggregates and solloids (surface colloids) dueaterdl interactions between hydrocarbon
chains, the charge neutralization is still actisad the adsorption density exhibits a sharp
jump in this stage; Region Ill — when the solidfaoe is electrically neutralized by the
adsorbed surfactant ions, the electrostatic attrads no longer operative and adsorption
takes place because of lateral attraction alonk witeduced slope; Region IV — when the
surfactant concentration reaches the CMC, the ctaria monomer activity becomes constant
and any further increase in concentration conteéduinly to the micellization in solution and
it does not change the adsorption density. In stigly, the surfactant concentration was
always far less than the CMC so the Region IV wawtl be taken into account. As for the
CGAs, even at low concentrations that should haenbn the Region I, due to the preformed
surfactant encapsulated surface, the surfactarg¢aul@s could attach the NP surface in high
density compared with the DAF process in which shefactant was free in the flotation
suspension and separated from gas bubbles. Thettedynteraction between CGAs and
SNPs probably started from Region Il where botlttedstatic attraction and hydrophobic
lateral interaction make effect. That might be teason why the CGA-flotation gave rise to
higher SNP removal efficiency even though the siafst dosage was low, and confirmed
that, in the current work, the DAF process was tyatontrolled by electrostatic interaction
of SNP-surfactant-bubble while the CGA removed ShiBgoth hydrophobic attraction and
charge neutralization with a preference of the farm

Moreover, possible interaction mechanism scheme&3Gxh-flotation and DAF processes are
compared in Fig. 4.32. Based on properties of C@Ad their flotation behavior, three

possible configurations of CGA-SNP aggregate aop@sed. Configuration 1 in Fig. 4.32(a):

CGAs covered with NPs complex with each other leg fsurfactant molecules; Configuration
2 in Fig. 4.32(a): CGAs connect with each otheectily via the NP layer on the ahpron
surface; Configuration 3 in Fig. 4.32(a): NP-sutdat aggregates form and then their
hydrophobic ends (provided by surfactant molecueshe aggregates) act as the bridge
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between CGAs and those aggregates. It is indic#tiak in the CGA-flotation, SNPs can be
collected by aphrons in the absence and presenealsurbed surfactants on the particle
surface. As for DAF, the flotation aggregates carcbmposed by the conventional particle-
surfactant aggregates adsorbing on the bubblecsu(fag. 4.32(b)). It can be assumed that
air bubbles can only efficiently capture SNPs aadvell as their aggregates when they are
sufficiently hydrophobized by adsorbing surfactartsurfactant hydrophilic head groups
interacting electrostatically with charge sites pHrticle surface and thus exposing their
hydrophobic tails towards the bulk. But for the esa&f the good adhesion onto the
hydrophobic bubble surface in DAF, the presenceswiffactant surface aggregates is
unfavorable, which are created due to hydrophitadc groups of supplementary adsorbed
surfactants. That different interaction between beoland SNP involved aggregates may
give the proper explanation for the better flotatperformance obtained by CGAs compared

with dissolved air bubbles.

‘ SNP /\r—fo surfactant molecule
Fig. 4.32. Comparison of possible configurations between @AESNP aggregates and (b)
bubble-surfactant-SNP aggregates in flotation geee (The scheme is drawn out of
proportion).

45 Conclusions

The main objective of this chapter is to generate ghrface functionalized microbubbles,
CGAs, by a laboratory designed generator basetieidea of Sebba (1985), and extend their
application into the SNP separation in way of tbhatmuous flotation process. Features of

CGAs were investigated with respect to visualizgtistability (r5), size, and surface charge
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in either the batch or continuous generation mdtie. mechanistic interaction between SNPs

and surfactant was also studied through adsorpiggmegation experiments. The flotation

removal efficiency of SNPs was then specially exsdj which was followed by the

comparative study between CGA-flotation and DAFrdite a series of conclusions can be

drawn as below.

CGA generation and characteristics

The created CGAs were observed by optic microscape the apparent bubble size was
estimated from tens of micrometers to more thanhumelred meter microns.
The stability of CGAs was investigated at the bajeheration mode. Kinetic drainage

curves of CGAs were fitted well by Hill equatiomdathe fitting values of half lifeg

were quite close to the experimental measurementeasing surfactant concentration

might extendrg but it did not help any more when the surfactamoentration was

higher than CMC possibly due to the effect of CMi@roducing air flow into the CGA
production process could prolorrg particularly for the SDS-CGA. CGAs generated in

the absence and presence of air flow both expextetiee two-stage drainage process: (i)
fast and linear drainage and then (ii) slow thignof liquid film. Without air flow in
generation, the drainage in Stage i had a maximramidg speed while the draining
speed kept falling from the very beginning of deaja for those CGAs created with air
input.

As for the CGA size measurement by laser diffractma Sparytec, in the batch
generation mode without air flow during productiafifferent concentrations and pH
values of surfactant solution made no effects @GIGA size: average sizes of CTAB-
CGAs and SDS-CGAs were around 24~25 pm and 26~27rggpectively, at surfactant
concentrations below, equal and above CMCs. At pldas of approximately 3, 6 and 9:
the size of CTAB-CGASs kept at around 23.1+0rG and that of SDS-CGAs remained at
22.6+0.3um.

The continuous generation mode was used in theifiataeparation of NPs in this study
and therefore it is necessary to measure the C&Auwider this condition. Generally, the
average size of CTAB-CGA was in the range of 36~Abgnd that of SDS-CGA ranged
between 40 um and 49 um. Increasing the concesriraid air flow rate of surfactant
solution as well as air flow rate could help to @ase the CGA size to some extent. It is

worth noting that the batch generation mode reduliethe smaller CGA size than the
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continuous mode since the former (i) allowed sugfit stirring and retention time in the
generator for forming stable microbubble and algoafoided the destroy of CGAs by
manipulation and kept them in small and uniformesima the careful collection of CGA
suspension by syringe, without going through thdebwf generator and the inlet of
chamber for Spraytec measurement.

The zeta potential of CGAs could be measured by R&ras other particle or colloidal
suspensions due to their high stability. Resulearty confirmed the charge surface
modification of CGAs by anionic or cationic surfact. The absolute zeta potential of
both CTAB-CGAs and SDS-CGAs were lower than 10 m\feater surfactant
concentrations could increase the absolute zeenpal but the increasing trend tapered

off at high surfactant concentrations.

Adsor ption-aggregation of surfactant on SNPs

Modeling fittings of experimental results conceqiionic surfactants adsorbing on
oppositely charged surfaces denoted that the afiisiorpf cationic surfactant CTAB on
the surface of negatively surface charged SNPsF8GRd 30R25) was predominated by
homogeneous process while the anionic surfacta® &bthe positively surface charged
30CAL50 was controlled primarily by heterogeneonignaction. The greater adsorption
capacity and affinity of 30R25 and 30R50 toward shefactant molecules were probably
due to their stronger electrostatic forces of atiom involved and higher specific surface
areas than those of 30CAL50. Besides, as impliethbyfitting of D-R equation, there
might be more reactive surfaces on the surfaceO&58 and 30R25, possibly being
resulted from the presence of high concentratidresige/corner sites and other defects.
For the cases of 30R50+CTAB and 30R25+CTAB, the miphbretic mobility of post-
(adsorption-aggregation) suspension distinguished tegions in which adsorption
occurred via different mechanisms: i) the 1st regi@s featured by the sharp increase of
zeta potential along with the initial surfactanhcentration, and the leading roles of SNP-
surfactant interaction were inferred to be the gbaneutralization betweeGTA" and
negatively surface charged silica; ii) plateauseaped in the 2nd region resulting from
the saturated surfactant adsorption on the padigteace at the concentration higher than
CMC. The aggregates of 30R50-CTAB and 30R25-CTAB waresmaller average
diameter and more compact fractal structure, whilet 30CAL50-SDS aggregates

exhibited larger size and loose morphology.
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Continuous CGA-flotation

The SNP removals, in excess of 97 % for 30R50 by GU&RAS, 96 % for 30R25 by
CTAB-CGAs, and 98 % for 30CAL50 by SDS-CGAs, werdiaged. The optimum
surfactant concentration could be figured out, famdnstance, the highest 30R50 0.005 %
removal could be reached at 0.114 mmol/L CTAB dmel highest 30CAL50 removal
could be got at 0.208 mmol/L SDS. Greater initiBllPSconcentrations and smaller SNP
size were favored for the CGA-flotation process. Teutral and basic initial SNP
suspension was recommended for the CTAB involveadtiten since the pH of around 3.5
could resulted in poor SNP removal. The SDS-CGAsaiead high flotation efficiency
over all investigated pH values.

CGAs were effective in the flotation of NPs, posgithue to (i) its small size and stability
enhancing the Brownian diffusion of SNP to the HWablsurface, (ii) the strong
electrostatic neutralization between the oppositéase charges of aphrons and SNPs, (iii)

the hydrophobicity of aphron surface giving risestaong non-DLVO interaction between
SNP and bubbles, and (iv) the ion exchange ocaubr@étween theNa®™ and CTA" in the
case of 30R50 (30R25), or Al derivative ab&" in the case of 30CAL50 that favored

the hydrophobic bonding mechanism, when the swafdatoncentration was sufficiently
high.

The CGA-flotation performed better in the NP remotredn DAF did when dosing the
same amount of surfactant particularly in the aafsesing CTAB to remove negatively
surface modified SNPs. The CGA could improve thdaflon process by using less
assisting reagent compared with DAF. In the CGAation, SNPs could be collected by
aphrons in the absence and presence of adsorlfadtants on the particle surface. As for
DAF, the flotation aggregates formed via the comesal particle-surfactant aggregates
and then were adsorbed on the bubble surfaceultl ¢xe assumed that air bubbles were
only able to efficiently capture SNPs and their raggtes when they were sufficiently
hydrophobized by adsorbing surfactants and theepesof hydrophilic surfactant surface
aggregates was minimized for the sake of good aahemto the hydrophobic bubble
surface in DAF.
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Chapter 5. Conclusions and prospects

5.1 Summary of the present dissertation

The treatment of NP polluted wastewater is a sserichallenge owing to extremely small
particle size (< 100 nm), stable dispersion, artdciate colloidal nature. Flotation is the
particle-separation process based on the attachoneadsorption of particles on the surface
of bubbles passing through the particle suspendibis dissertation is devoted to improve
the NP removal efficiency by flotation. It has besidely reported that the flotation of NPs is
tough due to the predominant transport mechanisnNBf onto the bubble surface --
Brownian diffusion. Two general methods to overcothe difficulty were taken into
consideration here: (1) increasing the particle iam nanoscale to micronscale so that NPs
can be floated and removed as traditionally mic@ggregates; (2) decreasing bubble size and
surface modifying the bubble surface in order iofcgce the Brownian motion and colloidal

interaction between bubbles and NPs and thusde the NP capture efficiency.

Given to the consideration above, experiments wigsgned and divided into two parts.

Firstly, attempts were made to separate NPs frome@es suspensions by DAF. In this part,
TNP was chosen as treating target, and the dissalvganic matter, HA, was selected as
flotation assisting reagent. A series of agglomenaexperiments were foremost carried out
before flotation to understand interaction mechasibetween TNPs and HA, and also to test
the feasibility of using HA in the particle sepawat Results denoted that TNP-HA

aggregates formed during the surface modificatioocgss and resulted in a clearest

supernatants at 9.15 mg/L DOC, and the optimum Kdgade range was determined to be

7.8~9.15 mg/L. The charge neutralization betweaid -~ and TNPs played the leading role
in inducing the real TNP agglomeration, and otheiomrs (i.e. Cl ™, polyainons of HA

molecules) with less charge density th@id~ helped to screen the particle surface charge

layer. At equilibrium pH values lower than 3, tlmization of HA molecules was weak and
HA colloidal precipitates were present, resultingthe insufficiently electrostatic attraction

between polyanions of HA and TNPs but the aggregdtetween TNPs and colloidal HA.

The fractal dimension analysis corroborated tharegates of TNFOH ™ -HA polyanions
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attained mainly by the charge neutralization memnwere of compact configuration
whereas the interaction between TNPs and HA cdlads loose in view of morphological

structure.

The HA assisted DAF and pH adjusted DAF were ingastd and compared. The pH
adjustment of flotation suspension could help toaee TNPs but the removal efficiency was
no higher that 65 %. It was found that approxima®f % TNPs could be removed when the
pH of HA stock solution was around 4.7 and 6.2. deer, when adding the basic HA stock
solution, the flotation effect decreased even atdptimum HA dosage. A higher A/S value
would improve the flotation performance by provglidarger bubble surface for the

TNP-bubble attachment. When the resulting pH dbfion suspension was higher than 4, the

charge neutralization between TNPs a@H~ predominated the formation of TNP

aggregate. Additionally, other interaction mecharsismight also contribute to the TNP
removal: the ligand exchange, bonding effect betwti¢a& and the TNP surface, the enhanced
hydrophobic attraction of TNPs possibly due to H&dr formed on the particle surface.
When the pH of the TNP-HA suspension was no hidgfmen 4, most HA molecules were not
really soluble and thus uncharged, and they miglgtegate themselves and form colloidal
precipitates to minimize the contact with the sumding agqueous environment by making
their hydrophobic moieties outwards. The colloigakcipitate of HA could act as an

extended colloidal fishnet where TNPs would be esirad or trapped, then leading to a
greater bubble-particle attachment efficiency atatbity. It is worth noting that, in either

aggregation or flotation, the low residual DOC veways achieved along with the TNP
separation. This revealed a sound participationAfin the DAF process. The removal of
TNPs by DAF was yielded by the formation of TNP-HWAbble aggregates. The high
removal of DOC also indicated that the release hafs¢ DAF effluents into aqueous

environment would not cause an environmental proble

The second part of this study focused on employengystem of surface modified

microbubbles (CGASs) in flotation to remove NPs. CGGwere created from the cationic
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surfactant CTAB and anionic surfactant SDS, indreidl, by the laboratory scale CGA
generator which was fabricated according to theégdesf Felix Sebba in 1985. CGAs were

observed under optical microscope for morphologigalialization. The half liferg was

used to characterize the stability of CGAs and muessto be in the range of 80~150 s under
different generating conditions. A two-stage drgméehavior was found in all cases of CGA
generation. The CGA size was measured by laseradifbn. The stirring speed of the
agitator greatly influenced the CGA size, and 8ff@ was selected in this study given to the
consideration of energy consumption and small-sindable demand. Generally, the average
size of CTAB-CGA was in the range of 35~45 um drat bf SDS-CTAB ranged between 40
pum and 50 um in the continuous generation modeswilthe batch mode, CTAB-CGAs
and SDS-CTAB have a mean diameter of 20~30 umeé#&song the concentration and the
flow rate of surfactant solution and as well asahdlow rate could decrease the CGA size to
very limited extent. The surface charge modificativas confirmed by zeta potential
measurement of CGAs. Results revealed that CGAlsl dmupositively or negatively surface
charged by using different surfactants, which migtrengthen the electrostatic attraction

between bubbles and particles with opposite surtheeges in flotation.

Interaction mechanisms between SNPs and surfactal@cules were studied by adsorption
isotherms. Compared with the Langmuir model, Fréahénd Langmuir-Freundlich models
fitted the experiments data better especially tged that could predict the maximum
adsorption capacity of SNPs. Combined with the Tienakd D-R modeling fitting results, it
was concluded that the interaction between CTAB &@R50 (or 30R25) was a
homogeneous process that controlled by physicaptisor while the adsorption of
SDS-30CAL50 was heterogeneous and mainly dominyedhemical interaction between

SNPs and SDS.

Thereafter, a continuous CGA generation-flotatioocpss was applied in the NP separation.
Three types of SNPs with different particle size anrface charges were selected as treating

targets. At the optimum surfactant concentratidmoat 99 % SNPs could be removed.
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Influences of surfactant concentration, SNP si2¢P $oncentration and pH value of influent
on the flotation performance were investigated.uReshowed that high removal efficiencies
could be obtained at surfactant concentrations éees than 0.02 mmol/L. Greater initial
SNP concentrations and smaller SNP size were fdvimethe CGA-flotation process. The
neutral and basic initial SNP suspension was recemaed for the CTAB involved flotation
since the pH of around 3.5 could resulted in podP 3$emoval. The SDS-CGAs remained
high flotation efficiency over all investigated pilues. The effect of hydrophobic attraction
might overweight that of electrostatic attractioor the CGAs involved flotation. The
comparison between CGA-flotation and DAF was cdriogit under the optimum flotation
condition determined by previous CGA-flotation expents. CGAs could remove SNPs
more efficiently than DAF. Compared with DAF whicainly depended on the
hydrophobization of particle surface by surfactamtie CGA-flotation is distinguished in
view of more effective treatment both in the abgead presence of adsorbed surfactants on

the particle surface, which could result in theslsgrfactant demand.

5.2 Futurework and prospects

Results attained in this study have presented ffi@eacy of HA assisted flotation and the
capacity of CGAs in the NP separation. There aneersé¢ areas still requiring further
investigations based on the findings from this work
o Natural organic matters such as humic substasmdescted directly from water or soil
sources, chitosan, and the extracellular polymerbstances (EPS) from water
treatment plants, may be used to facilitate th@afion of NPs. Via the attachment or
adsorption of organic matters-NPs and the followirggnoval by bubbles, the
separation of both NPs and water polluted orgaratters would realized at the same
time, and thereby a more environmentally friendiggess can be developed,;
o Polyelectrolytes (for example, polyaluminum cidej are potential additive
combined with commonly used surfactant in the C&Aeagation to create surface
functionalized aphrons. In this case, the selediiv@tion removal of NPs may be

done to treat the multiple NP wastewater;
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o The in situ characterization of flotation aggregain terms of size and morphology
has always been a problem due to the existenceagild bubbles inside flocs that
gives rise to the instability of flocs. The dynamsiady of flotation flocs needs to be
further explored by applying different techniqussach as laser diffraction scattering
by Spraytec or Mastersizer, or X-ray diffractiortic.eThe measurement conditions
should be determined and optimized,;

o Using CGAs involved flotation in pilot- and plarscale applications still remains to
be developed. A capital-saving and high efficiemicpss with CGAs needs to be
worked out by improving the design of CGA generag®lecting or synthesizing

functionalized surfactant, and optimizing flotatioonditions.
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Appendix A

Molecular weight of HA

High performance size exclusion chromatography EPSAkta Purifer, GE Healthcare,
USA) was used to measure the molecular weight (WIVHA. Instrumentation comprised a
solvent pump, a UV detector, and a rotary injegtve equipped with a 20 puL sample loop.
A silica-based column was employed for this chamazation, which has a general MW
cutoff limit of 1000 kDa based upon the configupatof random coiled macromolecules. The
column packing was selected based upon its lovduasihydrophobicity and minimal ion-
exchange capacity. HA was detected at wavelengt@5d4f nm and 280 nm. The eluent
solution for the mobile phase was prepared witmd8 Na&,SO, and a phosphate buffer (2.4
mM NaHPQO, and 1.6 mM NgHPO, at pH 6. The flow rate of eluent passing throuigé t
column was 1.0 mL/min. The MW could be determingctalibration of retention time using
known MW standard (herein, standard proteins): bamain (75 kDa), ovalbumin (43 kDa),
carbonic anhydrase (29 kDa), ribonuclease A (1®@)kand aprotinin (6.5 kDa) from GE

Healthcare. Prior to HPSEC analysis, each sampdepnefiltered on a 0.4fpm membrane.
The stock HA solution was diluted 500 times anteféd through the 0.45n membrane

before the HPSEC analysis. The result obtainedbas presented in Fig. A(a), and the MW

of HA was determined to be approximately 17.3 kpaalibration curve in Fig. A(b).
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Appendix B

Adsor ption-aggr egation isotherm of surfactant on SNPs
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HIGHLIGHTS

® TiO, nanoparticles in the wastewater were eliminated with humic acid assisting by dissolved air flotation.
® Interaction mechanisms between TiO, nanoparticles and humic acid were investigated.

® Humic acid could improve the TiO, removal efficiency in flotation.

e Optimum operational conditions were determined.
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With recent advances in nanotechnology, environmental and health consequences of nanomaterial dis-
posal merit close attention. In the search for environmentally-friendly reagent, this study investigates
the use of humic acid (HA) as an assist of dissolved air flotation (DAF) in the TiO, nanoparticle (TNP)
elimination. To determine mechanisms of TNPs interacting with HA, surface modification experiments
were firstly carried out; thereafter, laboratory scaled DAF tests were applied to remove TNPs with HA
assisting. Results of surface modification experiments showed that the zeta potential of TNP suspension
system had a reversal trend due to counter ions of TNP and anions offered by the HA stock solution. The
surface modified suspension was not easy to restabilize because of the close combination of TNPs and HA
through sphere linkages or hydrogen-bonded surface complexes. Agglomeration took place more readily
along with increasing HA concentration in the optimum dosage range (7.8-9.15 mg/L DOC). The flotation
performance revealed that HA could improve the DAF efficiency in the optimum dosage range of HA. The
interaction between TNPs and HA (Na*-humate), including surface charge neutralization (electrostatic
interactions), sphere linkages or hydrogen-bonded surface complexes, hydrophobic interactions, and van
der Waals interactions, played dominant roles.
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1. Introduction

Manufactured nanomaterials have moved well beyond labora-
tory settings and are now found in a variety of commercial products.
Titanium dioxide (TiO,) is one of the most widely used nanomate-
rials in consumer products including sunscreens, cosmetics, paints
and other products. TiO, nanoparticles (TNPs) can be introduced
into the environment from processes such as mining, TiO,-enabled
product fabrication, product use, product recycling and disposal
to the aquatic environment [1]. TNPs become problematic and are
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viewed as an emerging pollutant due to their neurotoxicity to ani-
mals, capability of causing oxidative stress in human cells and
genetic instability in mice. After being released into the environ-
ment, TNPs have the potential to be transported in the subsurface
[2]. Subsequently nanoparticles may get into groundwater and
enter into the food web through bioaccumulation [3,4]. Over the
last decade, given the environmental and ecological risk of aqueous
TNPs, the TNP elimination from wastewater has received a certain
degree of attention though more exploration is still greatly in need.
For instance, Shen’s research results demonstrated the feasibility of
separating colloidal TiO, (particle size 30-70 nm) from an aqueous
suspension by foam flotation. It was found that coulombic interac-
tion between TiO, particle surface and the ionic collectors plays a
dominantrole in their system [5]. A group of researchers in Arizona
State University have dedicated to the nanoparticle (including TiO,
nanoparticles) removal by biosorption in both lab-scale study [6,7]
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and full-scale municipal wastewater treatment (WWT) application
[8,9]. Possible mechanisms of nanoparticle sorption to active sludge
were proposed, and the fate and biological effects of nanomateri-
als during treatment processes were explored. Their results also
showed that, for 10 investigated representative WWT plants that
used a range of unit processes, the effluent titanium concentration
could be controlled beneath 25 jg/L.

Brown and black biopolymers associated with soil, sediment,
and particles suspended in water, and consisting of material
derived from the degradation of animals and plants, are referred
to as humic substances. Humic acid (HA) is one of the main compo-
nents of organic carbon in natural aquatic environments [10]. These
substances are a mixture of weak-acid polyelectrolytes and organic
macromolecules exhibiting a large range of molar-mass distribu-
tion, substances, and functionalities. The main functional groups
present in a sample of HA are carboxylic acids, alcohols, phenols,
carbonyls, phosphates, sulfates, amides, and sulfides, resulting in
the interaction between HA and various metal ions, hydrated metal
oxides, clay minerals and organic compounds [11-14].

In recent years, research on the HA assisting the flotation pro-
cesses began to attract more and more attention [15-17]. However,
the mechanisms involved have not been completely understood
yet, particularly with reference to the phenomena observed in alka-
line media [18]. Physical and chemical properties of HA endow
it with a high potential value as the flotation assist, but it has
not been applied in the nanoparticle elimination via dissolved air
flotation (DAF). As the particle size becomes smaller, the surface-
to-volume ratio increases and it becomes advantageous to use
surface-dependent properties for separation. Since foam generated
by adsorption of fine particles at the interfaces is the basic driving
mechanism in many dynamic separation processes such as dis-
solved air flotation to clarify wastewater and effluents [19,20], it
is interesting to deal with the nanoparticle suspension by flotation
process.

This study aims at evaluating the feasibility of using HA as an
assist to eliminate TNPs in wastewater. Experiments were divided
into two parts: surface modification (agglomeration) experiments,
and DAF tests. The former is to identify the possible interacting
mechanism between TNPs and dissolved HA molecules, while the
latter is to investigate the flotation performance of removing TNPs
with the aid of HA.

2. Materials and methods

All chemicals used in this study were analytical reagent grade
products. The water used for all experiments was produced by an
AQUASOURCE system, where water was filtered for particles larger
than 1 wm and de-ionized trough an ion exchange resin.

2.1. Origin and physicochemical characteristics of the TNP
suspension

Nanoparticles used for these experiments are titanium dioxide
(TiO,, rutile, density 3.9 g-cm~3 (20°C), 15% w/w) 5-30 nm, sup-
plied by Nanostructured & Amorphous Materials, Inc, U.S.A. The
particle size distribution was determined by dynamic light scatter-
ing (DLS, Nanotrac NPA250 from Microtrac, Malvern Instruments
Ltd, U.K.). The average diameter of the 5-30 nm TNP is 41.6 nm, a
little beyond its diameter range (5-30 nm) due to the slight aggre-
gation.

Transmission electron microscopy (TEM, JEOL 100CX, Japan)
was applied for the morphology observation and particle size esti-
mation of TNPs. The TEM photograph denotes that TNPs in the
suspension are round in shape with a coating layer which may
result from certain additives added for the well dispersion. The TEM

Table 1

Physicochemical properties of TNP suspension (0.15% w/w).
Item Value Item Value
Turbidity/NTU 232 Si/ppm <0.55
Zeta potential/mV 42.0 Mg/ppm <0.45
pH (Temperature/°C) 2.96 (22.4) Ca/ppm <0.60
Conductivity/mS/cm 0.832 Pb/ppm <0.002

image also shows a particle size range from about 30 nm to 70 nm,
validating the size measurement of DLS.

Other physicochemical characteristics of the TNP suspension
measured in the work and provided by the producer are sum-
marized in Table 1. Turbidity was measured with a 2100N-IS
Turbidimeter (Hach, U.S.A.); zeta potential was analyzed by elec-
trophoresis with a Zetasizer 2000 (Malvern Instruments Ltd, U.K.);
pH was measured at ambient temperature (around 22.4°C) with a
pH-539 pH-meter (WTW, Germany) and a SenTix 41 pH-electrode;
and conductivity was measured with a LF 538 conductivity meter
(WTW, Germany) and a Tetracon 325 probe. The TNP suspension in
this study was set to be 0.15% w/w, and an ultrasonic bath (Branson
ultrasonic) was applied for 15 min to enhance dispersion before use
(prior to use).

2.2. Characteristics of HA and HA solution

A commercial sodium salt of HA (Carl ROTH, Germany) was used
in this research. HA is the alkali soluble but acid insoluble frac-
tion of humic substances [11]. The HA stock solution was prepared
as follows: 1.0g of HA powder was dissolved in 1L of 0.1 mol/L
NaOH solution, stirred for 6h [21,22], and finally filtered through
0.45 pm membrane to remove residual non-dissolved HA powder.
The amount of HA is related to its mass in general. The milligram
of either its carbon content or the dried HA sample is usually used
to give the concentration of HA solution in mg/L unit [21,23,24]. In
this experiment, the HA concentration was determined by the TOC
analyzer (Shimadzu corporation, Japan) with regard to dissolved
organic carbon (DOC), mg/L DOC. This stock solution was diluted in
surface modification experiments and DAF tests, and the relation-
ship between DOC and the dilution factor is shown in Fig. 1, from
which the HA concentration of the stock solution can be inferred
as 391.7mg/L DOC. An ultrasonic bath (Branson ultrasonic) was
applied for 15 minutes to enhance dispersion before use.

The surfactant properties of HA have been recognized [25-27].
As a surface modifier of TNP and also flotation assist, HA may
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Fig. 1. DOC as a function of dilution factor of HA stock solution.
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spontaneously form micelles beyond a certain concentration and
thus may not play the role we expect in agglomeration. For this
reason, the critical micelle concentration (CMC) of HA is verified by
measuring the surface tension (Tensiometer, GBX, France). A CMC
of 290 4+ 5 mg/L DOC can be observed in Fig. 2.

The particle size (determined by DLS, Nanotrac NPA250) and
turbidity (determined by 2100N-IS Turbidimeter) curves at differ-
ent HA concentrations are also shown in Fig. 3. In the investigated
HA concentration range of this study (lower than 10 mg/L DOC),
the particle size of the HA solution is only about 1 nm, and the tur-
bidity in that range is lower than 1 NTU, which is considered to
have no obvious effect on the particle size distribution of surface
modified TNPs and floated TNPs with the assist of HA. When the
HA concentration is higher than 10 mg/L DOC, the particle size and
turbidity saw sharp increases. The averaged particle size reaches
approximately 170 nm and turbidity close to 14 NTU at the CMC of
HA solution.

2.3. Surface modification experiments of TNPs by HA

To study the interaction between TNPs and HA in water disper-
sion, TNP surface modification experiments with HA were carried
out before flotation tests. The varying amount of HA stock solu-
tion was added directly into 0.15% w/w TNP suspension, and the
TNP-HA suspension was then vigorously mixed on the vortex mixer
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Fig. 3. Particle size and turbidity profiles of HA solution at different HA concentra-
tions.

(Fisher Scientific FB15024, U.K.) for 1 min. The surface charge mea-
surement was carried out to obtain the information on the state
of charge at the solid-liquid interface by Zetasizer 2000. Parti-
cle size distribution patterns of supernatant and sediments were
characterized by DLS (Nanotrac) and laser diffraction (Mastersizer
2000, Malvern Instruments Ltd, U.K.), respectively, considering
the different measurement precisions of the two instruments (the
former is mostly used in measuring nanoscale measurement and
the latter is used for microscale measurement.). The functional
groups of the modified TNP surface were investigated by FT-IR
performed on TENSOR 27 FT-IR Spectrometer (Bruker Optics Cor-
poration, Germany). The infrared spectra were recorded from 4000
to 400cm~1, using a 4 cm~! resolution. The samples were pressed
with dried KBr pellets at a ratio of approximately 1:100 w/w. Exper-
iments were performed to determine the amount of HA adsorbed
on TNPs. The TNP-HA suspensions were kept for 24 h to allow for
full adsorption, and then supernatants were analyzed for the HA
adsorbed amount through TOC analyzer and for residual turbidity
through 2100N-IS Turbidimeter, individually. HA adsorbed on TNPs
is calculated as follows:

_ Guag x Vinestna) + Cpoe X Vnes — Ca, X ViTnps+ha)
V(TNPs+HA)

Ca (1)
where C, is the amount of HA adsorbed on TNPs; Cyj, is the initial
HA concentration after HA solution was added in the TNP suspen-
sion; C[,. is the dissolved organic matter that may exist in the
original TNP suspension; Cyp, is the final HA concentration in the
mixed suspension after a long time until the equilibrium. Consider-
ing that the volume of HA added in the TNP suspension is ignorable,
Vitnps+HA) ~ VInps, therefore

Ca = Cuay + Cpoc — CHa, (2)

2.4. DAF on a laboratory scale

Experiments were carried out in a continuous flotation device
designed in our lab [28], shown in Fig. 4:

Before each experiment, the flotation device is totally cleaned
with de-ionized water. The TNP suspension is prepared in the feed
tank (1 in Fig. 4(a)) with continuous agitation in order to effec-
tively disperse TNPs. When the DAF test starts, the TNP suspension
is injected into the flotation cell with a pump, and meanwhile, the
pressurized water is injected into the cell from saturation tank (3
in Fig. 4(a)) to create bubbles. The flotation cell (2 in Fig. 4(a)) is
divided into two zones, one where the nanoparticle suspension is
mixed with the tiny bubbles, and the other for the disengagement
of the bubbles. The flotation cell has glass windows in order to visu-
ally follow the flotation process and the separation of bubbles from
the clean water exit, and to perform the in situ bubble size mea-
surement. For experiments with HA, HA is injected at the bottom
of the first zone by a pump. After the first zone of the flotation cell
is full, the pump controlling the flow rate of the clear water after
flotation Q3 is switched on. Bubbles capture particles in the first
zone by forming “bubble-particle-HA” or “bubble-particle” aggre-
gates. When coming to the surface, those aggregates move from
first zone to the second and can be recovered by draining-off. Clear
water is recovered at the bottom of the second cell (5 in Fig. 4(a)).

According to previous experimental experiences by our group of
this DAF device [28], a saturation pressure of 6 bars was set in this
study, and the average bubble size has been measured to be around
60 wm. During the flotation process, the flow rate of the TNP sus-
pension Q; was maintained at 70 mL/min; the pressurized water
flow rate Q, was 166.7 or 250 mL/min, and the effluent flow rate
Q3 was 100 or 200 mL/min. The flow rate of HA Qua was determined
according to the result of TNP surface modification. Samples of
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Foam outlet
Passage
between
two parts

Pressurized water inlet

lear water outlet

Fig. 4. Schematic representation of the laboratory scale continuous DAF device: (a) overview of the whole DAF system, (1). Feed tank (40L), (2) Flotation cell (200 x 105 x 18
mm?), (3) Saturation tank with pressurized water (20L, the maximum tolerated pressure is 7 bars), (4) Tank for foam (5L), (5) Tank for clean water (20L); (b) archetype of

the flotation cell.

clean water were taken after 5 min. The retention time of 5 min was
determined by preliminary flotation experiments, which showed
that the effluent could reach a steady state after 5 min. The outlet
samples are analyzed by ICP-AES for the TNP removal, and zetasizer
and pH to get the knowledge of their physiochemical property.

3. Results and discussion
3.1. Surface modification (agglomeration) of TNPs with HA

HA destabilized TNP suspensions for the elimination purpose
from respects of surface charge, particle size distribution, bonding
of functional groups, and adsorption effect.

3.1.1. Surface charge of TNP-HA aggregates

The surface charge is of great importance to understand disper-
sion characteristics of the TNP system. The amount of charge on the
surface can dictate many ultimate uses, as nanoparticles are very
reactive in aqueous suspension [29]. The effect of HA concentration
on zeta potential of TNPs was investigated for the surface modifi-
cation study. The adsorption of HA (0.57-9.15 mg/L DOC) modifies
the TNPs from positively to negatively charged (see Fig. 5), and the
zeta potential reverses near the HA concentration of approximately
7.8 mg/L DOC, which is considered to be the optimum HA dosage
for the TNP agglomeration; pHs of suspensions are not higher than
6.08 (when the HA concentration is 9.15 mg/L DOC).

Since the HA solution used in this study is an alkaline solu-
tion, the effect of pH on zeta potential should also be considered in
order to differentiate it from the effect of HA and clarify the surface

—s— Zeta potential

Zeta potential /mV

HA concentration /mg/L DOC

Fig. 5. Zeta potential and pH profiles of TNP suspension (0.15%) at different HA
concentrations.

interaction mechanism as well. The pH-dependence of zeta poten-
tial determined in the 0.15% w/w TNP suspension with and without
HA can be seen in Fig. 6. It denotes that the point of zero charge
(PZC) of the NaOH-adjusted curve is at pH 5.9, while that of the
HA-adjusted curve is at pH 5.2, shifting to a lower pH with the
presence of HA. It is worth noting that, without HA, the zeta poten-
tial value of the TNP suspension is +24.1 mV at the pHpyc (5.2) of
TNPS with HA; the overall particle interaction still being repulsive.
In the process of TNP surface modified by HA, both the adsorbed HA
and OH~ from NaOH may neutralize the positive charges on TNP
surface first, and then the further adsorption of polyanions leads
to the over-compensation of positive charges on the oxide surface.
Due to this polyanionic coating layer on TNPs with HA addition, the
measured values of zeta potential become more negative than that
at the pHpyzc of the suspension in the absence of HA. Therefore, both
the polyanions of HA and the OH™ resulting from NaOH in the HA
stock solution play leading roles in the TNP agglomeration from the
respect of electrostatic interaction. Similar explanation of humic
substances on nanoaprticle surface charge was given in the case of
HA adsorption and agglomeration of magnetite nanoparticles [23].

As presented in Fig. 7, when adjusting the pH of the HA stock
solution to different values (4.64, 6.02, 8.20 and 12.65), the HA
dosage for neutralizing the surface charge of TNPs greatly increased,
from 7.8 mg/L DOC for pH 12.65, to 62 mg/L DOC for pH 8.20,
98 mg/L DOC for pH 6.02, and 105 mg/L DOC for pH 4.64. Quan-
tities of studies have proven that the DOC in natural water sources
may react with disinfectants to form disinfection by-products,
and reduce the effectiveness of water treatment by interfering

40 2=

L —=— pH changed by HA solution
30 |- —&— pH changed by NaOH solution

20
10

Zeta potential / mV/

Fig. 6. Zeta potential as a function of pH in the presence and absence of HA.
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Fig. 7. Zeta potential as a function of HA concentration at different pH conditions.

with fouling membranes and adsorbents [30,31]; moreover, the
dissolved HA may enhance the solubility of some organic pollu-
tants and pesticides [32]. Therefore, the high HA concentration
will not be environmentally friendly. In this study, the alkaline
HA stock solution was used to control the HA dosage in a lower
level.

3.1.2. Particle size distribution pattern of the TNP-HA suspension
system

Four HA concentrations close to the optimum HA dosage were
chosen to compare and study the particle size distribution pattern
of the TNP suspension. Fig. 8 shows photographs of the HA mod-
ified TNP suspension, and size distributions of supernatants and
sediments are presented in Fig. 9. In the investigated HA concentra-
tion range, the solid-liquid stratification appears, and supernatants
turned from cloudy to clear, along with the increasing HA dosage.
The phenomenon agrees well with what is shown in Fig. 9: In Fig
9(a), the average particle sizes with HA concentrations of 6.10 mg/L
DOC to 9.15mg/L DOC are 237.5nm, 228.2nm, 197.4nm, and
0.930 nm, individually, and in Fig. 9(b), the average sizes of sedi-
ments are 8.6 um, 19.4 pum, 26.1 wm, and 133.6 pm, respectively.
The decrease of particle size in supernatants and increase of particle
size in precipitants demonstrate that HA facilitates the formation
of TNP-HA aggregates. By increasing the HA dosage, larger TNP-HA
aggregates form and are apt to settle down. The largest aggregates
are obtained at 9.15 mg/L DOC which is higher than the optimum
HA dosage (7.8 mg/L DOC) resulting from the zeta potential inves-
tigation. Since both ligand exchange and electrostatic interaction
have been employed to explain the natural organic matter (NOM)
adsorption by nano-oxides [33,34], our result illustrates that the

—+— C(HA)=0 mg/L DOC

15k | ——CHA)=6.10 mg/L DOC
—+— C(HA)=7.06 mg/L DOC
—a— C(HA)=8.02 mg/L DOC
12k | —v—C(HA)=9.15 mg/L DOC

Volume /%

10 100 1000
Particles size by Nanotrac /nm

® [
8 | |[—=—c@A)=6.10 mg/L DOC
L |—— C(HA)=7.06 mg/L DOC
7L [——cmA)=8.02 mg/L DOC
L |—— C(HA)=9.15 mg/L DOC
6 -
S5
s
54t
=l
s |
3 -
2 -
1 -
0 . L .
0.01 0.1 1 10 100 1000 10000

Particle size by Mastersizer 2000 /um

Fig. 9. Particles size distribution of surface modified TNP suspensions: (a) super-
natant by Nanotrac; (b) precipitates/flocs by Mastersizer 2000.

interaction between the functional groups of HA and TNPs makes
TNPs difficult to restabilize, even if zeta potential become more
negative.

3.1.3. FT-IR analysis

In order to verify the interaction type between HA and TNPs,
FT-IR studies were conducted on samples of TNPs conditioned
with HA. Fig. 10 shows the FT-IR spectra of TNPs modified by dif-
ferent concentrations of HA. For HA, the broad bands at around
3400cm~! can be assigned to OH stretching of the carboxylic
groups, phenolic, alcohol or bonded water; the 1773 cm~! peak can
be attributed to the C=0 stretching of COOH groups [35]; peaks
around 1600cm~! are produced by stretching of C=C linkages of

Fig. 8. Photos of surface modified TNP suspensions at different HA concentrations. (The number on the capsule represents the HA concentration (mgj/L).).
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Fig. 10. FT-IR spectrum of TNPs before and after surface modification by HA
with various additive contents: (a) TNPs, (b) HA, (c) TNPs+6.10 mg/L DOC HA, (d)
TNPs +7.06 mg/LDOC HA, (e) TNPs + 8.02 mg/L DOC HA, (f) TNPs +9.15 mg/L DOC HA.

the aromatic groups; the sharp band observed at 1432cm~! cor-
responds to the O—H bending vibrations of alcohols or carboxylic
acids deformation of carboxyl groups [27,35]. For TNPs, the major
peaks (3277 cm~! and 1617 cm~1) are retained but present system-
atic frequency shifts (red shifts) with stronger intensity, revealing
the strong interaction between TNPs and HA due to adsorption of
HA molecules [29,34,36]. The appearance of the peak at around
1390cm! (the O—H bending vibration of alcohols or carboxylic
acids)inthe (TNP + HA) mixtures indicates the interaction of HA-OH
with TNP surfaces.

3.1.4. Adsorption of HA on TNPs

The amount of HA adsorbed on TNPs and the residual turbidity
of the TNP suspension after a long time (24 h) until the equilib-
rium were shown in Fig. 11. The HA adsorption presents a slight
decrease when HA concentration is lower than 5mg/L DOC; and
thereafter, the HA adsorbed amount sharply increases along with
the increasing of HA dosages, reaching the highest adsorption at the
highest HA dosage of our experiment. As for the residual turbidity,
it presents the worst result at the HA concentration around 6.3 mg/L
DOC. That may be due to the fact that aggregated TNP-HA particles
are not dense, compact and large enough to settle down. When the
HA concentration is higher than 7.5 mg/L DOC, the residual turbid-
ity in supernatants is close to O NTU, matching well with the zeta

—=— Adsorbed HA
—=— Residual turbidity

Adsorbed HA /mg/L DOC
NN/ A1p1qIny [enpisay

1 2 3 4 5 6 7 8
HA concentration /mg/L DOC

Fig. 11. Adsorbed HA and residual turbidity profiles at different HA concentrations.
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potential (close to 0mV at HA concentration of 7.8 mg/L DOC). A
transparent supernatant with the highest adsorbing amount of HA
on TNPs can be obtained at HA concentration of 9.15 mg/L DOC.
For a higher HA adsorbing amount and lower residual turbidity in
the TNP suspension, an optimum HA concentration range appears
at 7.8-9.15mg/L DOC. In that HA dosage range, almost all HA can
be adsorbed on TNPs (see in Fig. 8 and 9), leaving only little in the
solution. Therefore, the residual HA in water will not be a threat to
the environment.

The leading mechanism of controlling NOM (such as HA) adsorp-
tion on metal oxides (i.e. iron oxide) include ligand exchange,
hydrophobic interactions, electrostatic interactions and van der
Waals interactions [33,34,37,38]. Due to the heterogeneity and
complexity of NOM and adsorbent surfaces, combinations of dif-
ferent adsorption mechanisms have been suggested to occur in
reality. Functional groups of NOM are capable of interacting with
metal species in solution or suspension. It is therefore possible that
TNPs may interact with either the soluble or colloidal fraction of
HA, or both [39]. On the other hand, after being alkali treated, the
Me?2*, Me3*-humates and HA become Me*-humate, a water solu-
ble substance. Due to the presence of ionogenic, the Me*-humate
is surface active and behaves as a colloid with properties such as
coagulation, peptisation, ion exchange, and coagel formation [25].
Since the sodium hydroxide solution is usually used for dissolving
the commercial HA, the surface active Na*-humate is therefore eas-
ily formed in the HA alkali solution, and thereafter interacts with
TNPs.

3.2. DAF tests

Results of surface modification experiments have shown that
TNPs interact with HA by forming large aggregates, and the TNP
suspension after surface modification is not easy to restabilize in
the entire HA dosage studied. Then, to validate that this surface
interaction can help to improve the efficiency of eliminating TNPs
in DAF process, the DAF tests were carried out to quantify the
effect of different HA concentrations on the floatability of TNPs.
Considering the optimum HA dosage range obtained from surface
modification experiments, four HA concentrations (4.5, 6.3, 7.9 and
9.3 mg/L DOC) were chosen to investigate the DAF process with the
HA assistance.

The dilution effect cannot be neglected due to the large quan-
tity of water introduced along with bubbles in the DAF process. In
this instance, Cp is considered as the TNP concentration absolutely
resulted from the dilution by the pressurized water, and it can be
calculated as follows:

Co x Qg
- 972l 3
Q1 +Q2+Qua 3)

where|
Q is fixed

to be 70 mL/min as mentioned previously. On the basis of Eq. (3), the
TNP removal efficiency n resulting from DAF is given by excluding
the dilution effect:

Cp

_ CpxQ3-CG3xQ3 o G o
n= o x 100% = (1_CD) x 100%
]_C3><(Q1+Q2+QHA):|X100% )
Cox Qs

where C3 is the TNP concentration of the clear effluent. Positive val-
ues of n demonstrate that DAF can effectively eliminate TNPs in the
suspension, a higher value of n representing a higher DAF efficiency,
while negative values of 1 denote ineffective DAF treatment. DAF
experiments are performed for different flow rates of Qua (deter-
mined according to the investigating HA concentrations), Q; (166.7
and 250 mL/min) and Q3 (100 and 200 mL/min).
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Table 2
TNP removal by ICP-AES.

Q2 =166.7 mL/min, Q3 =100 mL/min

Q2 =166.7 mL/min, Q3 =200 mL/min

Ciia/mg/L DOC 0.0 45 6.3 7.9
C3/mg/L 4433 300.0 363.3 2033
Cp/mg/L 416.0 402.8 397.2 391.7
/% - 255 8.5 48.1

Q2 =250mL/min, Q3 =100 mL/min

9.3 0.0 4.5 6.3 7.9 9.3
333 3733 / 310.0 216.7 263.3
386.4 416.0 402.8 397.2 391.7 386.4
91.4 10.3 / 21.9 44.7 31.8

Q2 =250 mL/min, Q3 =200 mL/min

Cya/mg/L DOC 0.0 45 6.3 7.9
C3/mg/L 3533 336.7 210.0 86.7
Cp/mg/L 307.7 300.4 2973 2942
nl% - - 294 70.5

9.3 0.0 4.5 6.3 7.9 9.3
166.7 326.7 316.7 326.7 40 176.7
291.2 307.7 300.4 297.3 294.2 291.2

42.8 - - - 86.4 39.3

/: Ti (TNPs) concentration that was not detected by ICP-AES;
-: The negative 1 value.

Table 2 and Fig. 12 present the TNP removal of DAF tests by ICP-
AES. It can be found that, without the HA addition, DAF was poorly
effective in the investigating Q, and Q3 ranges. For low pressurized
water flow rate Q, =166.7 mL/min, higher HA dosages (>7.9 mg/L
DOC) could better improve the TNP removal, and the maximum
removal efficiency of 91.4% was achieved when Cya =9.3 mg/L
DOC. For high pressurized water flow rate Q; =250 mL/min, the
DAF failed to have any treating effect when HA concentration was
lower than 6.3 mg/L DOC; but for the HA concentration of 7.9 mg/L
DOC, better TNPs elimination efficiency of higher than 70% were
obtained. Fig. 12 denotes that high efficiencies of 91.4% and 86.4%
are obtained at points of HA dosages 7.9 and 9.3 mg/L DOC, whereas
their pressurized water flow rates and effluent flow rates are quite
different, indicating that the effect of HA outweighs that of bub-
bles (Q3) and also effluent flow velocity (Q3 ). Therefore, higher TNP
removal efficiencies can be obtained by applying higher dosages of
HA (increasing Qua ). From the respect of higher TNP removal and
lower dilution effect, the optimum operational condition for TNPs
elimination for DAF process in this study is determined to be (Cya
=7.9-9.3 mg/L DOC, Q2 =166.7 mL/min and Q3 = 100 mL/min).

Zeta potential of the effluent was also measured to get a com-
plete comprehension of the effect of HA on TNP removal efficiency
(see in Fig. 13). It denotes that the zeta potential of the flota-
tion suspension keeps highly positive when HA dosage is lower
than around 6.3 mg/L DOC. With the increasing of HA concentra-
tion (>6.3 mg/L DOC), this stability is undermined, and the TNP
removal correspondingly increases. In Fig. 12, the removal show
a trend of deceasing when the HA dosage is higher than 7.9 mg/L

100
i —— Q2=166.7 mL/min, Q3=100 mL/min
80 —— Q,=166.7 mL/min, Q,=200 mL/min
—4— Q,=250 mL/min, Q,=100 mL/min .
I —v— Q,=250 mL/min, Q,=200 mL/min
60
S L
f=y
40 |
20 |
0 1 " 1 " 1 " l " 1 " 1 " 1 " 1 " 1 " 1

0 1 2 3 4 5 6 7 8 9
HA concentration /mg/L DOC

Fig. 12. Effect of HA concentration on TNP removal efficiency. (Negative efficiencies
are omitted.).
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Fig. 13. Effect of HA concentration on Zeta potential of treated TNP suspensions.

DOC (for (Q; =166.7 mL/min, Q3 =200 mL/min), (Q> =250 mL/min,
Q3 =100 mL/min), (Q2 =250 mL/min, Q3 =200 mL/min)), which may
result from particles re-stabilize due to the formation of negatively
charged small flocs.

Based on data of Table 2 and the measurement of the treated
suspension, the flotation performance is also expressed as Fig. 14.
It is indicative that TNP removals remain high (>60%) even when

100
= Q,=166.7 mL/min, Q,=100 mL/min -
Q,=166.7 mL/min, Q,=200 mL/min v
80 -| 4 Q=250 mL/min, Q,=100 mL/min
Q,=250 mL/min, Q,;=200 mL/min o
60 -
R .
= ® &
40 - i
20 -
0 n 1 n 1 n 1 . 1 L 1 1 1 n 1 L
50 40 30 20 10 0 -10 -20 -30
Zeta potential /mV

Fig. 14. Relationship between TNP removal efficiency and zeta potential of the
flotation suspension. (Negative efficiencies are omitted.).
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zeta potentials are negative. This is because TNP removal effi-
ciency is achieved due to not only the electrostatic attraction
between negative HA, bubbles and surface positive TNPs, but also
the hydrophobic interaction between TNPs and HA. The assistance
of HA to TNP removal efficiencies in the DAF process can be under-
stood from the physiochemical interaction among TNPs, HA and
bubbles. According to the discussion in Section 3.1, TNPs and HA are
able to form flocs because of charge neutralization, ligand exchange,
hydrophobicinteraction, and van der Waals interactions when they
contact each other. In the DAF process, air bubbles with nega-
tive surface charges and smaller size (approximately 60 pm) are
introduced [40,41], and subsequently, bubble-TNP-HA or bubble-
TNP aggregates are generated due to the collision of bubbles, TNPs
and HA.

4. Conclusions

This work focuses on the elimination of TNPs with the assist of
HA in water resources, and the commercial rutile TNP dispersion
was chosen as representative. TNP properties have been character-
ized. Its high positive surface charge (42 mV) ensures the dispersing
stability of TNPs in suspension, and their nanoscale size poses dif-
ficulties to their separation. In this study, surface modification of
TNPs with HA was firstly conducted to investigate the mechanism
of TNP-HA interaction and also as an exploratory study for the DAF
separation; thereafter, DAF experiments were done to test the TNP
removal efficiency in flotation process.

Both the polyanions of HA and the OH™ resulting from NaOH
in the HA stock solution contribute to electrostatic attraction in
the TNP aggregation. The alkaline HA stock solution was used to
control the HA dosage in a lower level. Ligand exchange, bonding
effect, hydrophobic interaction and van der Waals interaction also
induced the HA adsorption in addition to the charge neutraliza-
tion. TNP-HA aggregates formed during the surface modification
process and resulted in a clearest supernatants at 9.15mg/L
DOC, and the optimum HA dosage range was determined to be
7.8-9.15mg/L DOC by the surface modification (agglomeration)
experiments.

The surface modification study provided a possibility of apply-
ing flotation treatment in removing TNPs with the assist of
HA. DAF tests reveal that, compared with the DAF without HA
and dilution effect caused by water, the TNPs elimination effi-
ciency of DAF tests was improved to 91.4% when the HA dosages
were in the optimum dosage range. The optimum HA dosage
range determined by the DAF test differs only slightly from that
found in the surface modification experiments, but quite close to.
The optimum operational DAF condition in eliminating TNPs in
this study is Cya =7.9-9.3mg/L DOC, Q; =166.7 mL/min and Q3
=100 mL/min.

Base on results of this research, further study of TNPs elimina-
tion by DAF with HA are proposed: 1) since HA commonly exists
in natural water bodies, it is quite possible and promising to use
natural water containing HA to treat TNP wastewaters; 2) the large
amount of water introduced along with the inputting of gas bubbles
results in a considerably dilution effect. Further work is required to
reduce the dilution effect resulting from Q, by changing the way of
producing bubbles and thereby further increasing the TNP removal
efficiency.
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