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Abetr.ct

A novel methocl bas been developed to prepare magnetic carriers for metal ion

removal from dilute solutions. In this work, magnetic carriers were prepared by coating

an organic surfactant on magnetic particles. the coating wu deposited by molecular self:

assembly. Two coatings were tested, using two sinnl'r bolaamphiphiles· of diftèrent

chain lengths, HS-(CHZ)l1-COOH and HS-{CH2)lS"COOH. the magnetic particles were

nanosized maghemite (y-FezOJ).

The surfactants were synthesized and characterizecl. Magnetic carriers were

prepared, charact~ and testecl for metal ion loading. Molecular orientation, density,

and stability of the surfactant coatings were cbaraeterized by difIùse reflectance oared

Fourier-transfonn spectroscopy (DRIfTS), x-ray photoelectron spectroscopy (XPS),

wetting tests, and leaching tests. The coatings, resulting from the chemisorption of the

surfàetants on maghemite through carboxylate bonding, were found to he dense, wen

packed, and resistant to acid and base attack.

The potential use ofcoated particles for metal ion removal was assessed with Cu and

Ag solutions. The metal ion uptake by the carriers was charaeterized by atomic

adsorption and XPS. The influence of pH and metal concentration on adsorption was

studied. Metal ion uptake was found to be dependent on pH, and was not significantly

different for both types ofcoated carriers and for bare maghemite. The maximum loading

capacity was low, at approximately 6 mg Cul g particles for Cu. the sinn1arity in loading

for coated and bue particles needs fiuther clarification.

* BoIaamphiphiles are surfactants with a fim.ctional group at each end.
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R6.umé

Une nouvelle méthode a été développée pour préparer des porteurs magnétiques,

dans le but de les utiliser pour éliminer les ions métalliques dissous dans des solutions

diluées. Dans cette étude, les porteurs mapétiques ont été préparés en déposant une

monocouche de tensioactifs à la surlàce de particules magnétiques par auto-assemblage

moléculaire. Deux types de porteurs mapétiques ont été synthétisés, par auto

assemblage de deux tensioactifs sinn1aires, mais de longueur différentes, HS(CH2)nCOOH

et HS(CH2)15COOR Les particules magnétiques utilisées étaient des nanoparticules de y

r~e2Û3.

Les tensioactifs ont été synthétisés et analysés. Les porteurs magnétiques ont été

préparés, analysés, et testés pour leur capacité à adsorber des ions métalliques.

L ~orientation des tensioactifs à la surfilce des particules, la densité de la couche déposée~

ainsi que la résistance de la monocouche dans des milieux fortement acides ou basiques

ont été étudié par spectroscopie infrarouge à transformée de Fourier par rét1exion diffuse

(DRŒTS), spectroscopie photo-électrique à rayons-X (XPS), t1ottatio~ et par étude de

dissolution. n a été trouvé que le film de tensioactifà la surface des particules s~est fonné

grâce à la réaction chimique entre le groupe carboxylique du tensioactifet l'oxide de fer à

la surface des particules. Ce film est dense, bien ordonné, et résiste au contact de

solutions acides et basiques.

La capacité d'adsorber des ions métaDiques de ces porteurs a été testé avec des

solutions ioniques de cuivre et d'argent. L'adsorption des ions a été caractérisée

directement par XPS~ et indirectement par spectroscopie d'absorption atomique. L'effet

du pH sur l'adsorption des ions a aussi été étudié. n a été montré que le pH a une

influence sur l'adsorption des ions métalliques sur les porteurs, et que cette adsorption a

quasiment la même valeur pour les particules recouvertes des deux types de tensioactifs et

pour les particules de y-FC2<h non recouvertes. La capacité maximale d'adsorption des

ions par les porteurs est faible, à environ 6 mg Cul g de particules dans le cas du cuivre.
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• 1. Introduction

1.1. The canadlan mini. Industryand the environment

•

The mining iDcIustry in Canada is a $20 bil60n inclustry which generates over 80,000

direct employment iD mines, miDs and smelters, over 300,000 additional jobs in

downstream md support industries, md roughly 16% of the nation's export revenues

(Standing Committee on Natural Resources, 1996). The Canadian mining sector is a "huge

wealthcreator and job generator" (WaSllY, 1997). Canada ranks first in. potash, uranium,

and zinc, second in suIfur, asbestos, nickel and cadmium, md third in. the production of

titanium, primary aluminum, gypsum, and platinum (WaSllY, 1997).

Unfortunately, the mining iDcIustry aIso poses major tbreats to the envïrooment. The

largest environmentalliability faeing the mining inclustry, worldwide, is acid mine drainage

(AMD) (Feasby et al, 1997, Barries, 1997). Most base metaI, gold, uranium, and coal

deposits contain suUide minerais. When the sulfide minerais are exposed to oxygen and

water, they oxidize, md mn-off water becomes acidie if acid neutralizing material is not

present. The acidie water cm in. tum dissolve toxie metals ftom the waste rocks or

tailings, and may end up carrying toxic concentrations ofmetals and dissolved salts. The

resulting contaminated Wlter is known as AMO. RainûD and SIlow-melt flush the toxic

AMD ftom the waste sites into the environment. Ifacidie drainage is left uncoDected md

untreated, it could contaminate groundwater and local water courses, damaging the health

ofplants, wildlife, md fish. In Canada, it was estimated that the collective liabüity for the

sulfide-containing mine wastes is between $2 and $5 billion (Feasby et al, 1997). In the

US, because of the numerous abandoned mine sites, the liability was estimated to be as

high as S70 billion (Herbert et al, 1997). AMD has also raised major concems in

Australia, Norway, Sweden, Germany, Chile, Costa Rica, Venezuela, Brazil, and Pero.

Another related issue is the sludges produced in treatiog AMD. Sludges generated

by lime treabnent ofeftluents ftom many mine sites contain significant Metal values. Over

the yeus, sludges have accumulated ever more metals, and increased in total value. A

sludge ftom Brunswick MiniDg, for example, was found to contain 19.6 % Zn. Millions of
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tons ofsum sludges are cIonnan~ and could he a potential source ofmetaIs, in particular,

zinc, nickel, and to a lesser extent, copper. 11lese sludges, are both • potential source of

renewed AMD and ofrecoverable metal values. From both eRVironmental and economic

points ofview, a key issue for the miniDg industry is to develop technologies to remove

and! or recover metal nom eftluents and sluclges.

1.2. Conventlon.' technologies for mataI ion l'fImov.1

Precipitation: Precipitation, usuaIly as hydroxide but sometimes as carbonate or

sulfide, is the most widespread metaI ion removal technique. It is a simple and effective

process, for removal oflarge quantities ofmetaIs from CODtaminlteci water. Some of the

problems associatecl with this technique are: difficult solid-liquid separation, disposai of

voluminous sludge, and secondary contamination (ie., subsequent leacbing of sludges

disposed inappropriately).

Adsorption: This technique relates to adsorption on a solid adsorbent such as,

aetivated carbon, sandstone, fly asb, natural minerals (clay). Some of the issues

complicating the use ofthis method are the need for prefiltration to remove finely divided

solids that may clog the adsorbent (especially if usecl in packed columns), the need to

regenerate the adsorbent, and the costs for adsorbent replacement.

Ion Exchonge: Ion exchange resins are typicaBy styrene or acrylic porous resins that

contain either cationic (e.g., sodium or hydrogen) or aniODic (e.g., chloride) that cm be

exchanged with ionic contaminants. The resin loads ionic contamïnants until ils exchange

capacity is exhausted, then. il needs to he regenerated. 1bis process aDows for the removal

of dissolved ions to very low resi.clual concentrations. The main drawbacks are the

potential poinsening, the need for regeneration, possible clogging, and the need for

prefiltration.

Many technologies have been developecl for metal ion removal from eftluents. From

the technologies described, each bas its specific range of application and ils own

limitations. High capacity methods such as precipitation have the drawback of bigh

residual metal concentration, whereas adsorption is efficient only for low concentrations
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systems. Severa! ofthe methocls are prone to either cloging or fouIing due to suspended

solids. One of the primary objectives in developÎDg magnetic carrier technologies was to

circumvent this problem ofclogging by designing a dispersed, specifie-adsorbing material

that could easily be separated and coRected.

1.3. lIIagnetic carrl., t8ChnolOllY

Magnetic carrier teclmology, or more geoerically 'mapetic support' tecbnology

(Moftàt et al, 1994) was introduced to aRow magnetic sepuation to be applied to

materials that are Dot nlturally IDIpetic. Magnetic supports are materials aimed at

seleetively enhmcing the magnetic properties of the non-mapetic material (the target)

that needs to be sepanted. They cm he particles (usually caIIed 'carriers') or 6quids such

as oils (henœ the wider term of 'supports'). Magnetic support materials should fulfiIl two

funetions (Moffat et al, 1994): FJ1'St, provide highly selective attachment to the target

species through. appropriate surfilee properties; and second, confer magnetic properties to

those targets to be separated.

Magnetic support materials are ofinterest in areas as diverse as minerai processing,

biology, water treatmeDt, and the food industry. They are of particular interest for the

separation offine particles, colloids, and organics, which are slow and difficult to separate

by classical methods. In the case of the food industry, Dixon (1980) showed that

conventional methods were not appropriate to separate impurities oflow molecular weight

from a stream CODtaining both larger produet molecules and suspended solids. There were

two requirements: i) specifie adsorption of the impurity, and i) separation of the loaded

adsorbent ftom aqueous suspension. Dixon showed that magnetic polymer beads were

suitable for such a separation (Dixon 1980). Another advantage of magnetic support

technology is that it cm remove impurities down to very low concentrations; an increase

in the amount ofmagnetic adsorbent will increase the target uptake, and removal to trace

levels will be possible (Chen et al, 1991). Figure 1-1 iDustrates the principle ofmagnetic

carrier separation. Some magnetic supports are added to the mixture containing target

species and other species. The mapetic supports selectively bind to the target, and
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magnetic separation alows the separation ofthe targets fiom the undesired species. This

method cm be used either to recover valuable species, or to remove undesired specÏes

from a stream.

Ca) (b)

•••
(c) (d)

6)

@)O 0

o @ 0

CD

80 0

o e 0
&0
o

-eo o 0

o 0

•

@ Target species 0 Non-target species • Magnetie support

Figure 1-1: PriBciple of mapetic carrier sepantion. A mmure te be treated contains urgel
and nOD target speeies (a). Mapetie .pport material is added ta die IIlÏIture (b). Tbe m..-tic
carriers selectively biDd to die taraet species (c). Alter mapetic sepantioa, the system is pumled
by removïng the tal'let species (cl).

The purpose ofthe present thesis was to develop a specifie type ofmagnetie carrier

and to investigate its potential for metal ion removal from solution. Chapter 2 is a review

of the theoretical principles underlying this research and a review of existing magnetic

carrier technologies. Chapter 3 explains the magnetic carrier design for this study, and

states the objectives ofthe work. Chapter 4 summarizes the experimental set op and the

procedures. Chapter S presents the results along with discussion. Chapter 6 offers some

conclusions and suggestions for future work.
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• 2. Background

2.1. Gen"",' princip'.

2.1.1. Mapetïe carriers .ad ".lIletie giS

Moffat et al (1994) classify mapetic support materials in two groups, mapetic

carriers and magnetic tags. Mapetïc carriers are usuaIly lOto 1000 times larger than the

target species. The principle is to vary the surfaee cbaraeteristics (of the carrier), to

achieve selective recovery ofcoDoidal and macromolecular (or ioDic) species by auaching

them. onto the surfilee, or entrappmg them within, a magnetic carrier particie (Momt et

aL, 1994). Figure 2-1 shows the case where the tuget coats the surfàce of the mapetic

carrier (i), and the targets are entrapped within a porous magnetic carrier (ü).

Porous
matrix

Targets_--::::'ll-....trapped within
the carrier

(i) Magnetic carrier coated
with non-magnetic targets.

(ü) Targets entrapped within
a porous magnetic carrier

__~- Magnetic
...~ tags

(üi) Target coated with
magnetic tape

•
Fipre 2-1: Schematic represeatatioB "m..-etic carrier «i) ad (il), ad mapetic: taaiac

principles (iii) (adapted 1..... MofI'at et al., 1994)•
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A related tedmology is mapetie tagiDg. The tags are usuaIly smaI1er than the

particles to he separatecL Tags CID. he either ions (e.g., vl) or fine magnetic particles

(e.g., F~04) that coat or cluster uomd non-masnetic species in. orcier to aIIow them to be

manipulated using extemal mapetic fields (Moffàt et al, 1994). ne mechanism of

tagging cm be through very specifie coupling mechanisms (e.g., m autibody-mtigen

interaction), or through electrostatic adsorption. Figure 2-1 (m) is m illustration of the

tagging mechanism

2.1.2. Mapetic properties of ..aterials

2.1.2.1.M."etïc sIIscqtibility

The magnetizability of a material is chaneterized by its magnetic SUscepb"bilïty X.

The unit used for X is either a non-djmensional SI unit for volume magnetic suscepb"biJîty,

or cm-3g-1 for mass or specific magnetic susceptibility. Magnetic susceptibilities vary

greatly from one material to the other, aDoWÏDg them to he separated according to their

differential magnetic properties (Kopp, 1991). For discussion purposes, strong magnetic

materials are those with X ~ 4 X 10-3 cm-3g-l
, which'can be separated by weak magnetic

induction, up to O.IS T. Weak magnetic materials are those in the range 8 x 10-6 cm-3g-1 ~

X ~ 4 X 10-3 cm-3g-1 md cm be separated by magnetic induction up to 0.8 T. Materials

with X ~ 8 X 10-6 cm-3g-1 are classified as non-magnetic. Another classification

charaeterlzes the materials according to their intrinsic physical properties and divides them

into ferromagnetic (e.g., iron), paramagoetic (e.g., hematite and ilmenite), diamagnetic,

anti-ferromagnetic, ferrimagnetic (e.g., magnetite), and super-paramagnetic. Ferro. md

ferrimagnetic materials are strong magnetic materials that are reactily magnetized onder

even low magnetic flux densities. However, theïr magnetization usually (depending on

geometry) saturates for flux densities above 0.2 T. Paramagnetic materials, on the other

hand, are weak magnetic materials, and their magnetization increases linearly with flux

density which allows them to be strongly magnetized at high magnetic flux density.

%-%
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2.1.2.2.Ft!I'rOIII."etisllt,fD'l'Îllt."edslll, ptINIII."etù", tIIIti
SIl~".,,_IIt

The magnetic properties ofsome materials have been known and usecl for œnturi~

long before any physical explmation of the phenomena involved were cliscovered

(Svoboda, 1987). DifFerent materials respond diffm:ently to an applied magDetic field

according to the magnetic field ofthe atoms that coostitute that materiaL

In ferromagnetic materials, the interaction between neighboring atoms is stronger

than the force of thermal motion and the magnetic moments of ail atoms are aligned

paraDel to each other, Corming so-caDed Weiss domains (Svoboda, 1987). Depending on

the fields to which the material bas been exposed, the different Weiss domains are

mutuaUy oriented so that the total masnetization may have any value between zero and

saturation. After ferromagnetic materials have been placed in a magnetic fiel~ they cm

remain magnetized because ofremanent polarization. Iron is ferromagnetic.

In ferrimagnetic materials atomie magnetic moments are ordered in. an antiparaDel

sense, but more moments are pointing in one direction, resulting in a non-zero

magnetization. The properties of ferrimagnetie material are sirm1ar to tbose of

ferromagnetic materials. Magnetite is the best known example ofa ferrimagnetic material.

Paramagnetic materials do not retain their magnetization when removed ftom a

magnetic field. Under thermal agitation, the intrinsic magnetic moments are randomly

oriented and the overan magnetic moment is zero. In the presence ofa magnetic field, the

magnetic moments tend to orient alODg the direction of that field, resulting in m overal1

magnetization.

Superparamagnetic materials have characteristics sinnlar to those of paramagnetic

material, but they have mueh Iarger magnetic moments which result in a much higher

susceptlbility. They have no remanent polarization. Superparamagnetism arises when the

size ofthe material becomes 50 smaIl that il is sinnl'r to the magnetic domain size ofthat

materiaL The material then bas a single domain stmcture and becomes

superparamagnetic. That is why maghemite (y-Fe2~) that is naturaBy ferrimagnetic,

becomes superparamagnetic when il is nanosized. The advantage of superparamagnetic
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materials is that their bigh susceptibilities aDow bigh magnetization onder a magnetic field

while they have no remanent magnetization, wbich aBows them to be easily redispersed.

1.1.3. Mapetie separatioD

2.1.J.1.Mllpeticforœ

The magnetic force exerted on a magnetizable particle of volume V, and volume

magnetic susceptibility X in a magnetic field ofstrength His given by:

where ~= 41t x 10-7 T.m/A

Fm=~XV.H.dHldx (1)

•

From equation (1) il cm be seen that several factors influence the magnitude of the

force. First, il cm he noted that not only the field strength, H, but aIso the field gradient,

dH/dx, directly influences the force. A force is generated on the particle because of the

presence of a gradient. The produet RdHlclx is the determining parameter in a separator

and is called the force factor. Technological improvements have sought to increase both

field strength and field gradient. The magnetizability and size of the particle aIso play a

keyrole.

The action of magnetic support particles is to enhance the magnetic properties of a

non-magnetic material 50 that ils magnetization onder a given magnetic flux equaIs the

magnetization ofthe same volume ofa typical paramagnetic material (ie., enough to make

it separable with an industriaJ magnetic separator). To achieve that, only a sman amount

of strongly magnetic material is needed. Ferro or ferrimagnetic materials such as

ferrosilicon and magnetite have suscepb*bilïties orders of magnitude greater than typical

paramagnetic materials. A volume fraction of magnetic support material in the range of

0.1 to 1 % is usuaI1y enougb. to achieve suitable magnetization ofa non-magnetic materiaL

Table 2-1 below shows the magnetization ofdifferent paramapetïc materials onder given

flux densities, and the corresponcling amounts ofmagnetite to be added to a non-magnetic

material for equivalent magnetization (ftom Parsonage 1992).
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Table 2-1: VariatioD fil ......... ~ wida Ou cIeMity, ., for panIBapeIÏe IUterials, nd
lDagnetite coateat of lIOIl-BIapetic ,article for eqIIiYaIeBt.apetizatioB Cf..........., U92).

Volume susœptibility of Magnetic flux density" MagnetizatiOll M Magnetite content of
paramagDetic~ B (A m·1) non-magnetic
X (T) particle to give equal
(SI unilS) magnetization

(volume%)
0.2 1.96 x Ii)2
1 3.98 x l~

2 7.96 x l~

0.2 1.59 x HY
1 7.96 x loZ
2 1.59 x l~

0.03
0.11
0.33

•

2.1.J.2.Mtlpetïc septmltors

Since the early 19oos, maoy magnetic separation devices have been developed and

used Many dift'erent ways ofgenerating magnetic fields and gradients are available. Two

factors have motivated the development of magnetic equipment: high field stren~ to

magnetize wealdy magnetic material, and high field gradients to create a strong magnetic

force (Mathieu, 1988). Magnetic separators are classifiecl in tenus of low intensity (for

strong magnetic materials) versus high intensity high. gradient deviœs (for weak magnetic

materials), and as dry versus wet processes. Typically, dry processes are not suited for

particles finer than 7S llJD, and wet high gradient high intensity separators are required for

these applications. Magnetic separators are stiJl onder developJDeIlt. For the magnetic

separation of very fine particles (below 100 JlDl), Ab et al. have developed a fùIly

integrated micromachinecl magnetic particle separator on a silicon. wafer (Ahn et al,

(996). This type ofdevice may be ofinterest for high precision magnetic separation, for

instance in biological cen separation.

Progress bas led to: high gradient magnetic separators (HGMS) (Svobo~ 1987;

Mathieu, 1988), supercondueting magnetic separators (Kopp, 1991), and synthetic

permanent magnets (WeRs et al, 1992). Improved technology aDows for the separation of

finer and finer particles at faster and faster rates.

1-5



•

•

Cbapter 2: Backgraund

2.1.4. Adsorptioa medl.......

When using magnetic carri~ the selectMty ofmagnetic separation is controlled by

the selectivity of the binding between the mapetic support and the desired target.

Mecbanisms controlling the binding of the mapetic support with the target material are

the same as those in other minerai processes, such as flotation or coagulation (Liu et al,

1994). In the magnetie separator, clearly, the binding forces between the particles to be

removed and the carrier must exceed the hydroclynamic forces that are exerted on the

particle by the fluid (van Velsen et al, 1991).

Various interaction mechanisms, broadly Imown as surfàce forces, contn"bute to the

total energy of interaction, some of whic~ such as hydrophobic or hydration forces, are

not yet weB 1mderstood. The interparticle forces that control the atuchment of the

magnetic support with the target were discussed. by Parsonage (1992). The interaction

energy from each source is summed, to provide a total energy of interaction, VT• The

variation ofVT with distance between the two particles is the potential fimction. Maxima

and minima aet as barriers and wells, tending to aid either repuIsion or adhesion of the

particles. Adhesion occurs when the energy barrier is insufficieot to prevent the particles

approaching to the position ofthe primary potential weB (parsonage, 1992).

Chemical reageots cm he used to modifY most ofthese interactions by altering the

surface properties of the particles. Those reageots are either molecules that bind at the

surface of the particle, or iouic species that moclifY their surface charge. In practical

applications, the most useful reageots are hydrocarbon based surfactants, water soluble

polymerie flocculants, and pH regulators (parsonage, 1992). How some ofthose reagents

are used to control the selectivity ofthe separation processes will be discussed. for specifie

examples in section 2.2.

2.1.5. Electrical properties at miDeral-water ÏDterface

l.I.S.I.Surfllee d"",ge

When a minerai is in water, it develops a charge at the solid-water interface.

Depending on the minerai, the charge develops on the surface through different
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mecbanisms. The charge caa be created by either ofthe two fOBoWÎDg ways (lsraelachvili,

1991): (i) ionization or clissociation ofsur&ce groups (for instance, -COOK > -COO- +

H\ which gives a negatively chargecl surface), or (ii) adsorption (binding) of ions ftom

solution to a previously uncharged surface (fOr example, the binding of Ca++ ions on the

switterionic headgroups oflipid bilayer surfaces, giviDg a positively charged surface). The

surface charge is the net charge resulting from the presence on the surface ofnegative and

positive sites. The expression of the surface charge for a univalent salt is given by

equation (2) (Kelly and Spottiswood, 1982):

(2)

(3)

•

where r+ and r_ represent the density ofpositive and aegative sites, respectively, and F is

the Faraday constant (a. is in iou/m2
).

In order to maintain the electroaeutrality of the system, there is some transfer of

counter ions trom the solution towards the minerai surface, to compensate for this surface

charge. These counterions are ofcharge opposite to that ofthe surface charge. If a. is

negative, for instance, cations will be attraeted to the surface, whie anions will be

repelled. A concentration gradient is established next to the solid, until a steady state is

reached at equilibrium, when. a. is balanced by m equal but opposite space charge in the

solutio~ referred to as the difIùse layer of charge a. (de Bruyn and Agar, 1962). This

charge distribution is mown as the eleetrical double layer.

2.1.s.l.SurfllcepotmtÜll - Zn.JH*1ItûII

The electrical double layer may be represented by a paraBel plate condenser, with a

variable distance (Ille) between the two charged plates (de Bruyn and Agar, 1962). For

this hypothetical condenser, the potential drop between the two plates will be equal to 'Vo

and the surface charge a. will foUow the relationship (3):

(J'= & 'P
s 41t(1/ K) 0

where 'Vo is the surface potential, ie. the total potential of the double layer, andI/K
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represeots the distance fiom the so6d surfàce to the center of gravity of the electrical

charge in the difIbse layer, IDd is referred to as the cIiftùse layer thickness.

SOUle COUDterioDS are ..chored to the surface, md fonn the so-caD.ed Stren.layer.

When there is motion of the solution relative to the minerai surface, shear occurs at a

plane close to the ho1Dlclary ofthe Stem layer (KeDy and Spottiswoocl, 1982). nus mans

that the ions orthe Stem layer are uanchored" to the surfàce, while the ions in the cliftùse

layer are carried with the solution. At this plane of shear the potential is termecl zeta

potential (;). Zeta potential measurements usuaIly mvolve the measurement ofa puticle's

velocity under an app6ecl electric field. The unit usecl is the velocity (mis) per unit of

potential gradient (V/m), or electrophoretÎc mobility (base unit (m1sY(V/m). This mobility

can be convertecl to zeta-potential, in mV. When the poteotial determiDing ions are Ft"

and Off, the activity is simply the pK Figure 2-2 shows a typical example of the

in.t1uence of pH on the surfilee potential IDd the zeta poteotial at a mineral-SOlutioD

interface (Kelly and Spottiswood, 1982). The aetivity ofthe poteotial determining ions at

which the surface charge is zero is caDecl the point ofzero charge (pzc).

.r---..---..------.....- .....- .....

..
Fipre 1-2: Represeatatïoa fil die efl'ect of die ac:tiYitJ 01 die poteDtiai detenlillina ions GD die

surface poteatial ad zeta poteatial at a aü_ral-solutioa Ûlterface (1..... Kelly and SpoUiswood,
1982)•
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2.1.6. Molecular seIf-...elDbly

Molecular self.assembly relates to the spontaneous adsorption of surfactants

dispersed in solution 08to a sur&ce. The monolayer formed tbis way is caDecl a self:.

assembled monolayer (SAM). The term. self.assembly has been used to clistinguish trom

the Langmuir-Blodsett technique of monolayer formation. The Langmuir-Blodgett

technique requires that the surtàctants he wen ordered and packed at the surface of a

liquid prior to contact with the solid surface to he coated. This teclmique is not useful for

depositing monolayers onto finely dispersed particles. In molecular self.assembly, the

surfactant is simply dispersed in a solvent, and il is the intrinsic properties ofthe surfactant

that account for the formation ofa weB ordered, densely packed mODoJayer on a surface.

Figure 2-3 gives a schematic representation ofmolecular self.assembly. A surfactant must

fulfiD. two funetions to aIIow for molecular selt:assembly: one headgroup must have a

strong affinity for the surface to be coatecl, and its hydrocarboD chain must be long enougll

so that a significant suong interaction eXÏ5ts. Spontaneous adsorption is due to the strODg

affinity, and close-pacldng results ftom the SUODg attractive hydrocamoD chain interaction.

Surface group

Hydrocarbon
chain association

Surface-active
headgroup

at the surface

•
Figure 2-3: Sc•••tic represeatatioa of BIOIecuIar seIf'-asseJDbly (rru. Li., 1996, p. 40)
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Previous studies have shown. that n-albnethiols cm roIDI. SAMs on the surface of

gold (Bain et al, 1989), and n-albnoic aciels on the surface of oxidized aIuminum

substrates (ADara and Nuzzo, 1985a and 1985b). Other studies showecl that thio groups

chemisorbed strongly on Cu, Au, and Ag surfaces (Laibinis et al, 1991), wbiIe carboxylic

acid groups were sucœssfully used to bind on aluminum oxide surfaces (ADara and

Nuzzo, 1985. and 1985b). It was also found that a carbon chain longer than

approximately 12 cubons favored SAM formation (ADara and Nuzzo, 1985a).

Liu (1996) investigated the coaling of nanosized magnetic irOD oxide (maghemite)

particles with 16-mercaptohexadecanoic acid (MHA: HS-(CH2)~COOH). He showed

that the carboxylic group anchorecl ooto the maghemite SUlÛce while the thiol was

oriented outwards, ready for reaclion with various adsorbates. Figure 2-4 shows a

schematic representation ofthe maghemite surface coatecl with. a weR-ordered monolayer

ofMHA

FWletional
......__---""'" Groups on the

Surface ofthe
Carrier

Figure 2-4: Self-....bled dIOIIOIayer of ~CH~OOHat tbe surface 01 naeg......ite
(1-F~03). (adapted 1l'OIII Liu, 1996)
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2.2. Revlewofmagnetlc camer technologies
Magnetie canier technology originated in the eady 19405, when magnetite was used

to remove organie impurities ftom waste water streams using electrostatic adsorption

(Urbain et al, 1941). Since the earIy 19705, mmy efforts have been made to develop

magnetic support technologies in fields as diverse as biological cen separation, drug

delivery, efBuent treatmeDt, md minerai separation. ne present review puts more

emphasis on eftluent treatment and minerai processing.

1.1.1. Biologiaal .ad p.......eeutial.pplieatioDS

l'here is an abundant literature on biological md pbarmaceutical applications of

magnetic carriers, and it is out ofthe scope ofthis thesis to review them in detail. For a

review, and for referen.ces, see Moflàt et al (1994). In the present section, only the

principles ofdiffereo.t methods will be outlined, based on the review by Moftàt et al.

The key concept ofbiologica1 ceR separation is based on aftinity separation. Affinity

separation refers to the very specifie interaction between the magnetic canier and the

target. For instance, bigbly selective separations cm be aebieved by exploiting reverSlble

complex formation between two or more interaeting biological species. The principle is

so-caned key-Iock: the magnetic carriers are made so that they contain a fimetional group

(e.g., an anubody) that will reael only with one specifie target (e.g., an antigen). The tags

developed in that way are sometimes caBed magnetic bio-affinity materials (Moftàt et al,

1994).

Another area ofapplication is drug or reagent delivery. By incorporating drugs in a

magnetic microsphere, they cm be delivered to a specifie site in the body. After injection,

a bipolar magnetic field is placed around the targeted area in the body and an appropriate

magnetic field is applied to hold the dmg in the capillaries through which the blood tlows

(Moftàt et al, 1994).
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2.2.2. EmueDt proeeuiDl aad ID'" ioa removal

2.2.2.1. BlUe M."etitl! CtD'I'iets

Some ofthe pioneer work on the use ofmagnet:ite for the removal ofmetal ions (and

suspended solids) ftom a solution was performed by de Latour (1976). He studied the

precipitation of Al (01), Fe (DI), and Cu (II) and their co-precipitates ailer addition of

magnetite seed. The main finding was the correlation between the zeta-potential of the

different species and the removal of those species ftom solution. Maximum removal

occurred around the point of zero charge of the precipitate species. De Latours work

showed that in. the case of magnetite, the main interaction to he considered is the

eleetrostatic adsorption ofthe species. De Latours study aIso demonstrated that the way

to alter adsorption on magnetite was to vary the pH, to add coagulants, or to compress

the double layer by increasing the electrolyte concentration.

Selective magnetic coating for minerai separation was studied by Parsonage (1984).

To distinguish, the coBoidal, chemically precipitated magnetite in de Latour's work was

used as a carrier, whereas in Parsonage's work il was used as a tag. Parsonage also

studied the stability of the magnetite coBoid. He demonstrated that stability was

dependent on pH and on the addition ofsudàetants (oleate, and dodecylamine). The point

of zero charge (pzc) of magnetite alone was found to be pH 6.5. The presence of the

anionic oleate surlàetant resulted in a sbift of pzc to pH 4.5. With a cationic amine

surfactant the zeta-potential was positive over the pH range 3-11. The stability of the

magnetite coUoid was weU correlated with the pzc of the suspensions. The interest in

controlling the surlàce charge ofthe coDoid is twofold First, a weB-dispersed coUoid is

required so that the reactive surface area available is maximized. Second, controDing the

surface charge of the coHoid is necessary to control the selectivity of eleetrostatic

adsorption by the species to be removed. Parsonage demonstrated selective magnetic

coating on calcite and not on apatite at pH Il, resulting in eWective md selective magnetic

separation ofthe two minerais.
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Work by Terasbima et al. (1986) on the removal of dissolvecl heavy metals by

chemical coagulation, magnetic seecting, and bigh gradient magnetic separation

corroborated the resuIts ofboth de Latour md Parsonage. They showed that in the case

of dissolved heavy metals, il is eJrective to fotm mapetic agglomerates by coagulating

precipitates with mapetic seeds tbr0uP adjustment of the chemistry. They aIso found

that the coupling (or binding) ofthe mapetic seeds with the targets was primarily due to

surface charge (througb. electrostatic interactions), and the capture ofparticles in the mesb.

structure ofprecipitated Fe(ORh.

To snmmarîze, the main factor controlling the selectivity ofmagnetite attachment to

target species is electrostatic interaction. Selectivity was therefore mainly cootroDed by

particle surlàce charge through the addition of appropriate pH modifiers. The second

issue was that ofobtaining a suitable dispersion, or the opposite, coagulation (to produce

entrapment), again. involving pH modifiers and surfàctants.

2.2.2.2. Gel cotlted",.petite

The incentive to use gel-coated magnetite was to increase the carrier specific surface

area hence to increase its adsorption capacity. Commercial magnetite tends to have a

small specific surface ares, and is therefore not a very good adsorbent by itselt: whereas

amorphous Fe oxide gels are much better (Chen et al, 1991). Ferrihydrite was chosen by

Chen et al because il was amorphous and bad weB-Down characteristics. Chen et al

(1991) report that surface binding site density was 1.33 x 10.3 mollg for fenihydrite

whereas il was only 2.0 x 10.5 mollg for 2 J,UIl-sized mapetite (that is more than 50 tintes

lower).

Chen et al. (1991) studied the removal of Cr (VI) and Zn using a composite

adsorbent prepared by precipitating ferrihydrite ooto magnetite. It was found that metal

removal and recovery were good after one adsorption and desorption cycle, but decreased

in subsequent cycles. During the first cycle, the coated particles were able to adsorb twice

as much Metal as the oon..coated magnetite. This application was found to have two main

drawbacks. First, a decline in adsorbent performance was observed, due to the

accumulation of adsorbate on the solids. Ailer 10 cycles, the adsorbent had lost 90 % of
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its capacity. Second, the composite adsorbent was found to lose its coating during

desorption.

A sinnlar study was carried out by Anderson et al (1982). Ferric hydroxide gel (of

non-defined structure) was deposited on fine magnetic particles, and tested for the

removal of color and turbidity ftom wastewater. The study pointed to the amphoteric

behavior of fenic oxide, meaning that ils surface cm be either acidic (ie., positive) or

basic (ie., negative) depending on pH. The surfàce species involved ue:

Fe-OH + Ir <:>FeOHz+

In this work the pzc for ferric oxide was about pH 8. Negatively charged colloids

were adsorbed at pH below 8, and particles were regenerated at pH above 8. The main

drawback of this method, as in the previous, was the poor integrlty (ie., long term

stability) of the gel cOlting. Substantial gelloss occurred after each regeneration, and in

some cases an the gel was gone after as Iittle as 6 cycles. More information on the

amphoteric nature of the fenic oxide surface, and adsorption pllenomena on oxide

surfaces cao be found in a study by Benjamin et al (1982).

2.2.2.3.MlIgneticpo/ymer raills

Work on magnetic polymeric beads, aIso caBed magnetic resins, was initiated by

Boho et al (1979) in Austr".Jïa, in the division ofchemical technology ofthe CSIRO. The

initial idea was that of a continuous ion exchange process. Conventional ion exchange

resins are faced with several problems. First, in compact bed systems, the operation is not

truly continuous, is relatively comptex, and attrition ofthe resin can be significant. On the

other band, the use of conventional ion exchangers in a fluiclized bed suffers ftom low

density differences between the resins and the water phase, resulting in reduced contacting

and stage efficiency. Magnetic ion exchangers were designed to increase sedimentation

velocity (by exploiting magnetic ftocculation), without decreasing reaetivity 50 that they

could be used in continuous tluidized bed systems. Such ion exchangers are characterized
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by fast reaetion rates (small partiele size, large reaetive surface area) and fast

sedimentation ntes (magnetie tlocculation) (Boito et al, 1979).

Two principal types of magnetie resins have been developed. FIl'St, homogenous

resins, consisting either of a magnetie material uniformly distnbuted within the cross

linked ion-exchange resiD, or of magnetic material and micro ion exehangers (e.g.,

activated carbon), uniform1y distributed within m mert cross-linked polymer (Boho,

1980). In this latter type, selectivity is controDed by aDoWÏDg the penneability ofthe resin

to vary by the nature and degree of cross-linking of the polymer backbone, in order to

Iimit the size ofthe molecu.les able to penetrate the resin matrix (Dixon, 1980). Lab and

pilot plant studies were carried out to test the use of these magnetic resins in the

deal1nlization of water, and showed the tecbDical viabiHty of such applications (Boho et

al, 1979, and Anderson et al, 1979). However, the regeneration of the resins was not

easy, and if il required a strong acid or base, the magnetic oxide could degrade (Dixon,

1980).

The second type of resins developed are caDed heterogeneous, or whisker type

resins. They consist ofactive polymerie chains grafted onto a core ofmagnetic polymer of

the former homogenous type (Boito, 1980). The advantage ofthe heterogeneous type is

the following: "grafting of a precursor monomer foDowed by chemical modification

enables a wider range ofexchange resins to be produced" (Boito et al, 1978). For these

heterogeneous resins, the selectivity cao be tailored by choosing the appropriate type of

active polymer to be grafted on the surface. This capacity to tailor the selectivity of the

carrier by choosing the functional group ofthe grail is referred to as fimctionaJization.

Anderson et al (1980) tested different types of homogenous and heterogeneous

magnetic resins for the removal of color and turbidity trom wastewater, and found two

main problems. First, the polymer grafted resins could become irreversibly fouled, and

second the cost of the particles was prohibitive (Anderson et al, 1980). Research on

these kinds ofmagnetic resins was consequently discontinued.
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2.2.2.4. SIllOnOCprocas

From the same CSIllO research group, tests were made on the direct use of

magnetite particles (Kolarik, 1983). The mapetite particles were aetivated at pH 4-6,

resulting in protonated surfaces foBowing a meehanism similar to that discussed in. section

2.2.2.1 for fenic oxide. )'fotonated surfaces provide good adsorption sites for negatively

charged colloids or suspended soHds. The study showed that alkali-treated magnetite was

an effective reusable coagulant-adsorbent. Adsorption wu performed at pH 4 to 6, and

regeneration was achieved in a weak (0.1 M) NaOH solution. It was aIso shown that for

highly turbid and colored waters, m alternative pteret_ble to adding more magnetite was

to add small amounts ofcoagulant or ftocculant. 1bis work also investigated the effect of

magnetite particle sïze, pH, and stirring speed. Very poor coagulation was obtained for

panicles above 6 J.UD, due to their low specific surface area. For particles below 1 J.UD, on

the other hand, settling rates were detrimentally slow. The operating size was

consequently chosen in. the range 1-5 IJ.DL llemoval was effective only below pH 5, due to

a more protonated surface, and to the compression ofthe double layer. Too Iowa stirring

speed resulted in too Iittle particl~particle contact and low removal efficiency, while too

high a rate of stirring resulted in excessive shear forces and agglomerate disruption.

Stirring speed of 160 rpm was selected for the mixing stage. Regeneration was performed

in 0.1 M NaOH, and 'no significant deteriontion in the adsorption efficiency over

prolonged reuse' was observed. This work from Kolarik was the starting point for the

development of a very successfu! process for wastewater treatment, the SmOFLOC™

process. Process development, pilot plant studies, and fùll-scaie applications will be

presented in section 2.2.3.

Subsequent research on the SIR.OFLOC process investigated the role of different

polyeleetrolytes in. water clarification, which led to a better understanding of the process

(Anderson et al, 1987). ne proposecl mechanism is the foDowing: at pH 67 magnetite

has a positive surface charge and upon contact with water it rapiclly adsorbs color in the

form ofsoluble organic anions and some ofthe negatively charged turbidity particles. The

loaded magnetite then has a negative sudàce charge. The addition of cationic
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polyelectrolytes causes the remaining neptively charged impurlties to he boad to the

loaded magnetite, with the polymer acting as a bridge. A more recent study showed that

traces of cationie polymer cm become attaehed to the neptively charged oxide under

alkaline regeneration conditions. It was coneluded that an ideal polymerie agent would be

one that is cationie onder aeidie condition and neutral or preferably lDioDic in aIkali

solution (Anderson et al, 1993). Sueh polymers are caDecl amphoterie polymers. A trade

off must be found between the anionic ehancter of the polymer, which improves

regeneratio~ and the cationie eharacter, whieh aUows for high removal efliciency

(Anderson et al, 1993).

2.2.2.S.S"rftlcttmtf"llctiofttliïud ",.pedc ctlniers

Functionalization ofmagnetie carriers was mentionecl in section 2.2.2.3 coneeming

the whisker-type heterogeneous resins created by Bolto et al The goal was to graft active

polymeric ehains on a core magnetic resin. in order to taBor the active function group

responsible for adsorption. The development ofa novel method along this line is credited

to Hwang (1989; 1990). It consists of two layers of surfactants directly attaehed on

colloidal (nanosized) magnetite. The inner layer has an. affinity with. the magnetite surface,

while the functional group of the outer layer cao be tailored to have an affinity with tile

desired target mineraL The two layers are bound through hydrophobie interaction.

Another development in this direction was initiated by Liu and Xu (1995; 1996).

They investigated the functionalization of nanosized maghemite (y-Fe2OJ) particles by

coating them with a monolayer of bolaamphiphile surfactants. A bolaamphiphile

surfactant is the one with two different headgroups, in. this case with one group intended

to bind to the magnetie particle and the other designed to attach to the target. The

bolaamphiphile used was HS-(CH2)1S-COOH (l6-mercaptohexadecanoie acid). It was

demonstrated that the surfactant is anehored to the magnetic particle by chemisorption of

the carboxylic (COOH) group on the surface oxide, and that the adsorbed layer is dense

and resistant to acid or base leaehing (Liu and Xu, 1995). Further tests sbowed that the

thio groups are reaetive for the adsorption ofmetal ions sueh as silver or copper (Liu and

Xu, 1996). It was aIso demonstrated that the loaded metal ion could be removed by acid
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stripping, but that the loading performance tended to decrease upon subsequent reuse

(Liu, 1996). More systematic work remains to be done to assess selectivity and the

performance ofsuch fimetiou.tized particles upon prolonged reuse.

2.2.2.6.0t1I0' td"ÎII_a

In bis review on magnetic coating and magnetic carrier technologies, Parsonage

reports magnetic oB and chemical coating applications (parsonage7 1992). The principle

of magnetic oB is tb.at oil droplets will readily attach t07 or spread over7 the surfaces of

particles that have been made hydrophobic or oleophilic. If the oil contains a fioely

dispersed magnetic phase7 then a magnetic coating is formed So caBed chemical coaling

methods consist in the conversion of the surfàce layer of a non-magnetic or wealdy

magnetic minerai to a more magnetic phase. These methods include roasting, oxidative

alkaline pressure leaching, or surface decomposition ofa gas phase (parsonage, 1992).

2.2.3. Proeeu devel0pDlent and indultrialappliatioDI

Resuhs ftom Kolarik (1983) on the SIR.OFLOC process (see section 2.2.2.4) were

followed op by studies on process development md pBot plant operation (Anderson and

Priestley, 1983; Anderson et al, 1983). The process development study showed that

magnetite had to be demagnetized before contact with the water, in order to be fully

dispersed and to present ils full surface area to the water (Anderson and Priestley, 1983).

Figure 2...5 shows the process block diagram proposed by Anderson and Priestley and

Figure 2-6 shows the corresponding process flow diagram.. Figure 2-7 is a schematic

representation ofthe pilot plant flowsheet with the equipment specifications.

The patented SIIlOFLOC™ process has been successfully demonstrated on a 0.2

mega1itre per day pDot plant at Malabar sewage treatmeDt plan~ Australia, and has been

successfully scaled-up to S megalitre per day (Booker et al, 1994). The plant in Malabar

was efficient in removing floating, suspended, and coDoidal solids, as weB as o~ grease,

color, phosphates, and coliforms (Booker et al, 1994).

The first SIR.OFLOC™ process outside Australia was commissioned in 1988 by

Yorkshire Water at Redmires, England Pilot plant studies and process development were
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carried out at Morehall Water Treatment Works, Yorkshire, in a O.4S megaIitre per day

plant (Gregory et al, 1988). It was demonstrated. that the process can produce water

wbich complies with EC DriDking Water Directive (Gregory et al, 1988). Another study

analyzed the first four months ofoperation at the fitll-scale 20 megalitre per clay Redmires

water treatment plant and showed that highly colorecl waters were efficiently treated

(Home et al, 1992). The unit cost for potable water was lower or at least equivalent to

that ofother modem treatment works (Home et al, 1992). The process avoided the use

ofprimary coagulants and eliminated. the problems arising with the cany..over of residual

coagulant. rmally, the proœss enbanœcl the robustness ofthe plant in adapting to major

changes in raw water quaIity (Home et al, 1992).
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Figure 2-S: Process block di...... for color _d turbidity removal witb reusable mapelite
partides (Reprïnted from Water Researdl, Vol. 17, N. J. Aaclersoa aad A. J. Priestley, "Colour aad
turbidity remaval with reusable mapetite particles - V," p. 1228, Copyrilht 1913, witb permission
from Elsevier Scieace)
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2.1.4. S1UIUDary

From tbis review of existing magnetic carrier technologies, il is possable to derive

some general characteristics for the preparation and use of magnetic carriers. The

following adclress the issues of selectivity, removal (or absorption) capacity, potential for

prolonged reuse, process parameters, and costs.

2.2.4.1.Sd«:tiv;ty

Two principal ways by which selectivity is achieved are electrostatic adsorption and

fimctionalization. For magnetite based carrier~ electrostatic adsorption is the main

interaction mechanism a1Fecting selectivity. Electrostatic adsorption occurs either by

hetero-coagulation of species ofopposite surface charge or by double layer compression.

Seleetivity cm be monitored by controlling the zeta-potential ofthe species, and is usually

achieved by adjusting pH, ionic stren~ or by sur&ctant addition. It was established that

the amphoteric character of iron oxide specles aDows the reverstble adsorption and

desorption oftarget specles by setting the pH below or above the pzc.

Functionalization relates to specific coupling mech.nisms between the surface

species ofthe carrier and the surface species ofthe target. Highly selective carriers cm be

designed this way, basect on the key-Iock principle. The selectivity in this case depends

primarily on the ability to prepare functionaHzed particles. Surfactant coated magnetic

particles and graft polymerized magnetic polymer beads were developed for this purpose.

2.2.4.2.Removtl' Ctlptlc;1y

Remova1, or adsorption capacity depends mainly on the available reactive surface

area, or the surfilce binding site density of the magnetic carriers. Particle size is crucial

with respect to reactive surface area. For example: 16 J.1Dl particles have a surface area of

2 m2/g while 30 Dm sized particles have a surface area of 40 to SO m2/g. In the case of

fimctionalized carriers, the corresponding parameter would be functional group density.

Another key point is to maintain the coBoid in a dispersed form, to present maximum

available surface area. lherefore, the coDoidal stability of the carrier suspension is a
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factor to monitor. The parameters aftècting coDoidal stability are mainIy surfactant

addition, and pH

The order ofmagnitude ofthe removal capacities achievable with magnetic camers

can be derived ftom the example ofbare magnetite. For 2 ml/g, 16 J,UIl-sized magnetite

the surface binding site density is 2.0 x 10.5 mol/g. (fCu ions were to be loaded. on this

magnetite, and ass"ming uniform adsorption, up to 1.3 mg Culg magnetite would be the

maximum capacity.

2..2..4.J.Potatûllforpr%IIgal l'aISe

Some problems seem to arise with "composite'~ carriers (e.g., gel-coated or

functionalized) upon prolonged use. The two issues at stalte are: coating deterloration,

and irreversible adsorption ofthe species.

The tirst issue relates to the robustness of coatings: ie., the resistance to acid and

base attack during regeneration, as weB as the resistance to shear and other mechanical

shocks during use must be assessed. Composite materials are obviously the ones prone to

these kinds ofproblems.

The other problem is associated with desorption ofadsorbed species: how reverSiole

is the adsorption of the species to be removed? No problems occurred with. bare

magnetite particles, but some arose with magnetic polymer beads and gel coated

magnetite. A related issue is the kinetics ofdesorption, which should aIso be assessed.

2.2.4.4.Proct!SSJHII'tIIIfeters

One ofthe principal advantages ofmagnetic carrier technology is that il cm be easily

used industrially. Magnetic carriers aIIow for truly continuous processes. They cm be

used in fluidized beds. Appropriately designed magnetic carriers cm allow fast reaetion

rates, high separation efficiency, and selective separation.

One ofthe key parameters in the adsorption processes is the stirring speed. This has

to be optimized 50 to aDow high contacting rates while avoiding excessive shear. Some

other parameters related to the dispersion ofthe coBoid, include demagnetization and pH

control
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2.2.4.5.Cost COIIsülD'tltÎolts

Some fuIl-scale applications have shawn that a careful design of a magnetic carrier

based process cm be economical. Some of the costs incorred for materials such as

magnetie carriers md reagents cm be offset by the improved process efficiency and by the

reuse orthe carriers and the recycling ofthe separated species.

1.1.S. Coadusioas

Magnetie carrier principles and sorne orthe technologies developed so far have been

descnoed. It wu demon.strated that magnetic carriers cm provide m innovalive and

efficient way to apply magnetic separation to non-magnetie species. Many aelvantages

over conventional methods (e.g., filtration, precipitation, ion excbange resin, or ion

flotation) have bem outlined. Magnetie carriers have bem designed and developed in

order to combine the advantages of "adsorption" technologies (such as ion e"change

resins or aetivated carbon), namely removal to very low concentrations, specifie

adsorption of target species and fast reaction otes, with the advantages of magnetie

separation, that is ofhigh separation efficiency and fast continuous processing.

A wide variety of processes have bem present~ ranging from the less specifie,

more industrial oriented SIROFLOCTM process, to the very specifie laboratory scale

affinity separation carriers used in biological cen separation. Two main kinds of carriers

have been introduced, bare carriers where adsorption occurs directly on the surfàce ofthe

magnetie material, and composite camers where adsorption is controlled by an absorbing

material bound to the magnetic partieles. Composite carners were developed for two

purposes: i) to increase the loading capacity ofthe carrier (e.g., gel-coated magnetite), and

ü) to be able to increase the selectivity of the carrier by tailoring the functional group

responsible for absorption (e.g., whisker-type resins). The two types of carriers that have

been successfully used 50 far are, on one end ofthe spectrum, the non-specifie large scale

bare magnetite SIROFLOC™ process, and, at the other end, the smaJl-scale very specifie

biological cell separation and drug delivery processes.
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The key parameters charaeterizing DJapetïe carriers that need. to he taken ioto

account in magnetic carrier design are summarized below:

1. Removal capacity: Related to surface binding site density through

• Specifie surtàce area for bue carriers, and

• Funetional group density for fimctionalized carriers.

II. Specificity: &elated to the ability to auach specifically to the target species, and

• ControUed by process parameters (pH, ionie strength) for bue carriers, and

• Tailored by the fimetional group in functiona6ud carriers.

m. Rohustness: llefFered mainly to composite carriers.

• Dependent on the strength ofthe binding between the magnetic material and the

"fimetional" adsorbent, and

• Crltical for reusability ofthe particles.

IV. Reaction rate: Dependent on two main factors:

• The state ofdispersion ofthe carriers, and

• The adsorption and desorption kineties.

V. Magnetic separability: This depends on two main factors:

• The magnetic suscepbOility, or magnetizability, and

• The size ofthe partieles to be separated (ideaBy should be above 10 IJ.ID, to be

separable by magnetic separators).
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Many chaBenges remain, iD. particular iD. the ara of composite magnetic carriers.

l'here are two main. issues. Fu~ to he able to "grail" appropriate fimction groups on a

magnetic core and make sure the fimetion group is left "ftee'~ for fiuther adsorption.

Second, to gel a stable and robust composite that will not degnde upon regenention md

reuse. One ofthe only large-scale applications 50 far is the SIR.OFLoc™ process, where

magnetite is used as an indiflèreDt adsorbent to remove various kinds of contaminants in

municipal waters. The purpose ofmy research, which pursues the work initiated by Liu

and Xu (Liu and X~ 1995, Liu, 1996), is to develop a magnetic carrier that would possess

both the high selectivity round in. biological appHcations and the poteotial for industrial

application simtlarto that ofthe SIllOFLOC™ process.
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Choice of materials and objectives

3.1. Pre/lmlna'Y remarie
This thesis continues the research initiated by Liu and Xu on. fimetionatized mapetic

particles (Liu and Xu, 1995, Liu, (996). The review on. magnetic carriers showed that

bare magnetic carriers were easy to use and did not degrade upon reuse, but yielded low

selectivity between different contaminants. On the other band, active polymer grafted

magnetic resins could he made very selective but were expensive to make, prone to

degradation, and to meversible adsorption. There was clearly a oeed to develop magnetic

carriers that would combine the robustness md ease of use of bare magnetite with the

specificity (or selectivity) ofpolymer grafted reSÏllS. This motivated Liu and Xu to prepare

magnetic carriers by molecular se~assemblyofbolaamphiphiles 00 nanosized maghemite

particles. They showed that molecular se~assembly could sucœssfully coat Hs-{CH2)lS

COOH on the surfàce of maghemite particles to produce a layer that was dense and

resistant to acid and base attacks. They aIso showed that these coated particles were able

to load some Ag and Cu ions dissolved in water.

3.2. Choie. ofmater/ais

3.%.1. Nanosized y-Fel03 particles

Nanosized y-F~O:J particles were chosen because they exlnbit several advantages

over typical micron-sized F~04 particles. First, y-F~O:J particles are reddish. brown

which aIlows them to be analyzed using DIUFTS whereas F~04 particles are black and

absorb tao much 6gbt to yield a detectable sipal using DIUFTS (Liu, 1996, p. 23).

Second, y-Fe2Û3 particles are superparamagnetic when they are nanosized (see section

2.1.2.2), which makes them ideal for magnetic carrier applications. They have high

suscepnbilities, thus cao be magnetized strongly, but have no remanent magnetization

when the magnetic field is removed, which makes them easily dispersJble. FinaBy, because

oftheir smaD size, they have a high specific surface area. 1bis latter charaeteristic implies

that such particles sbould have a large removal (or adsorption) capacity.
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In section 2.1.6 the principles of molecular se~assembly, and the charaeteristics of

the surfactant required were described. For this study, two bolaampbiphile surfactants, of

sinnlar structure but clifFerent chain.leagth, BS-(CHz)l1-COOH and HS-(CHz)~COOII,

were chosen. In this thesis, the abbreviation Cil will be used for HS-(CH2)1l-COOH, and

C l6 for HS-(CHl)~COOR lbree main reasons motivated the choiee ofCil and C 16:

• The carboxylic fimetionality tends to chemisorb at the surfilee ofy-Fez~

• Chain Iengths greater than 12 are preferable to achieve good S~ because they

favor chain-chain attraction, and hence contnbute to better packing,

• The thio (SB) group was cbosen for its affinity to Cu and Ag ions.

SH

SR

""--"-",",SH

.--_-.,SH

SR-.--
SR

Sarf.daats:

Cl2 =HS(CH~llCOOH

C I6 = HS(CH~1SCOOH

- COOH: to bind with maghemite

- SR: affinity for Cu, Ag, AU

cm he modified to S04·
- CH2 chain: for chain-chain interaction (> 12)

N_osized .......elllÏte:
- Superparamagnetic properties

- High specifie surface area (49 m2/g)

•
Figure 3-1: Sche.atic represeatatïoll of die ..rlace or a fuactioaalized .apetie carrier, ud

description of the ..aterial used•
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3.1.3. T....et aaetallo.: Cu ... Ag

Copper and Ag were chosen as the metal ion targets. Copper was chosen as a

typical metal round in contaminated eftIuents, and that neecls to he removed. Sïlver WlS

chosen as an example ofa bigh value metal that industry may wish to recover for r~use.

3.3. Objectives
The cuneot study has the foDowing objectives:

1. To coat the surlàce of nmosized maghemite particles with two sinnlar

bolaamphiphiles of different chain lengths, HS-{CH2)1S-COOH and us
(CH2)11-COOH.

2. To charaeterize the coatings produced by selfassembly ofthe surfactant.

3. To compare the bebavior ofthe two types of carriers with regard to metal ion

loading.

4. To understand further the mechanisms controDing metal ion adsorption OB the

carriers.

3-3
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Experimental procedures

4.1. Ifate';••

Materiau: 'The particles used were r-F~OJ powder ftom Al& Chemicals with the

foUoWÎDg charaeteristics: 99% r-F~OJ, average size around 30 Dm, and sur&ce area of

49 m2/g. Fishervolumetric standard CuS04 were used for copper solutions (1 mL = 0.198

mg Cu). Silver solutions were prepared ftom FISher volumetric standard AgN~ (1 mM).

Both C l2 and C l6 were synthesizecl in the Chemistry Department at McGill

University. The starting materials for the synthesis were, respedively, Br(CH2)IICOOH

and OH(CH2)15COOH trom Aldrich. The reaetions and procedures for surfactant

synthesis are summarized in Appendix 1 to 3. The sudàetants prepared were pure, as seen

from the NMR spectra (see Appendices 4 and S).

Glassware: Forty mL cylindrical glass vials with threaded plastic caps were used as

reaetors for the preparation of mapetîc carriers. Forty mL conical plastic tubes were

used as reactors for the loading ofmetal ions on the magnetic carriers. These tubes were

speciaJly bought to fit in the centrifuge used in the experiments. AB glassware (beakers,

graduated cylinders, pipettes, vials, tubes) was cleaned with a solution of 10 % ethanol in

2 M sodium hydroxide (2S g NaOH + sa mL EtOH 100 % + 42S mL distilled H20).

Water used was distiIled with a Coming Mega-Pure equipment. AB other chemicals

(EtOH, chloroform, hexanes) were reagent grade.

4.2. Ana/ytie"/ techniques

4.2.1. Difl'use Refteetance Infrared Fourier-Traasformed Spectroscopy
(DRIFTS)

DRIFTS is one of several inftared spectroscopy techniques. Inftared (IR)

speetroscopy is a widely used method for the charaeterization of the chemical structure of

organic species. IR. teclmiques are based on the foRowing principle: inftared radiation is

absorbed by molecules and that causes changes in the vibrational and rotational energy

states of the Molecules. The ftequency of radiation at which adsorption occurs is
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charaeteristic of the chemical species. Vmous III techniques have been developed to

determine the III absorption characteristics ofspecies in qualitative and quaatitative ways.

IR. techniques are very usefùl, due to their versatility which aRows the study of samples as

gases, liquids, and, with appropriate procedures, solids (FuDer and Griffiths, 1978). Some

of the pioneer work on DRlFfS was performed by FuDer and GrifIiths (1978). They

showed that aImost my type of powder samples cm be studied, even at submicrogram

quantities, that good quantitative analysis could he obtained, and that the technique

allowed the kinetics of heterogeneous reaetÎons of gases with powdered soliels to be

studied (Fuller and Griffiths, 1978).

In DRIFTS, an III beam, focused on a sample by m ellipsoidal or hemiellipsoidal

retleetor (Ferraro and R.. 1985), is partially reflected by the sample, coDected back by

the retleetor, and sent onto the detector. The optical diagram for a specific DRIFTS

accessory is shown in Figure 4-2 i) (left) (from FuJler, Nicolet Fr-Ill Tecnical Note, TN

0933). Figure 4-2 ii) (right) shows the three types of reflectance that oceur when a

powdered sample interaets with an IR beam. The ray labeled true specular (&1), is a

simple reflection from a crystal surface. It emerges at an angle equal to the incident angle,

and has not been absorbed by the sample. The ray diffuse specular (Rs2) has undergone

multiple 'mirror Iike' reflection and has not been absorbed either. The ''true'' reflectance

ray is the Rv ray reflected witbin the sample after penetrated through the sample. This ray

contains information about the matter it has penetrated. It is this ray that the DRIFTS

technique singles out, coDects, and measures. The other two parasitic r.ys introduce

spectral distortions, but their effect can be reduced by diluting the sample with a powdered

alkali halide such as KBr. The other limitation ofthis method is the low level ofrefleeted

energy, but this can be overcome by uSÏDg more sensitive deteetors such as the cooled

mercury cadmium teDuride (MeT) detector.

The effect of sample dilution and particle sizelmorphology can be round in a study

by Olînger and Grif6ths (1993). Another valuable contnbution is the study by Ferraro and

Rein (1985) on the application ofDllIFTS in the far III region.
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....Si e+r (KaZ)

1'betntes
ofRdlCCCIIlce

Figure 4-1: i) The oplical diacram or the Spectra-Tecb Collector- diffuse reftectaDce
accessory (left) , and 0) the dllft types of reftectaDce abat oc:cur from • powdered sampie (rilbt).
(from Fuller, Nicolet Fr-IR Tecbnical Note, TN-9033)

4.1.1. X-ray PhotoelectroB Spectroscopy (XPS)

The principle ofXPS is the f~nowing (Ulman and Elman, 1995). During an XPS

measuremen~ a sample is probed by X-rays. The X-rays reaet with the inner sheD

eleetrons ofthe sample atoms. IfEo is the energy ofthe incident X-ray and Ej that ofthe

inner shen electron (s, p, d etc.) in the atom, an eleetron (caJ1ed photoelectron), will be

ejeeted with the energy Eo - Ej. Since Ej is characteristic of a particular electron in a

particular atom (it is ils signature), measuring Ej provides atomic identification.

Furthennore, as the numbers of eleetrons ejected is proportional to the nomber of atoms

present in the sample, the composition can be determined quantitatively. XPS can also

provide information on the chemical state ofditferent atoms because it can detect chemical

shifts. Photoelectrons are emitted only ftom a sman depth, and that allows the

contnoution ofatoms trom different depths to be emphasized in a process known as depth

profiling. For more information on XPS, an extensive review ofXPS instrumentation and

applications for thin film analysis can be found in a book edited by Briggs and Seah

(1994).
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4.2.3. TIaIa FIIJa notado•

11üD fiJm fIotatiOD is • fast .cl easy way 10 etâuate the crücal surface teasÎOll of

wetting, the complete 'WCltÎill surface tensioa, •• the DOD-wettiaa sudice tca5ÎOIl

(Fuerstenau IDcl WjIi-"'S, 1987). The crilical .mce teasioa is defiDed as the surfilce

tension resultiDg iD • SO " lyophobic fiaetioa, the DOD-wetdal surface teDSÏOD is de&aecl

for 0 % lyopbiie fiaetioa, and the complete weItÎD. sudàce teDSÎOIl is that for 100 %

Iyophilic. ne criticaI surface t'-' pes ID iDdicatioD ofthe coverage of the pldicles

by the surfactant. The differeace betweeD wettia,lDd DOD-wettÎlll values is a fimetioD of

surface heterogeneÎty iD the case of SAMs (Lia ... XII, 1995).. lilformatÎOD OB the

packing densily CD thos he iDferrecl &om tbese measuremeats.

The priDciple ofthis methocl is the folowiDa: Fnt, the sur&ce tension ofthe &quid

is adjusted to the desircd vahae. la this thesis, Wltel' metblDol solutions were used.. The

surface tensiOD ofa water-methanol mixture CID be calculated fiom refereaced values (see

section 4.3.1.3). Second,. mo'Wll amouat ofpadicles is spread UDiformIy 0Il the sur&ce

ofthe liquicl. The particles should he spread to preSlllt oaIy ODe layer ofparticles _ the

surface. Third, the Iyophobic fi'aetioa is scooped out IDcl weïped, and the fiaetioD of

lyophobic particles is dctermiDed.. The resuJts are plottecl IS the fi'ac:tion of lyophi6c

particles (in %) versus the SUlÛce teuiOD of the Iiquid (iD mN/ml. A t)pical thiIl film

flot.tion cwve is shown iD Flple 4-3.._,..--...--......--.~...........- ...- ...

..._.........

...._.,.. "a!tic........• eST
•• •............,....C..,.•

l'Ipre 4-3: A tJpical..ua m. ....... ClIne (f.... Lill, 19H)•
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4.3. ProcedUI'U
The research aetivity was carried out in 5 steps. In step 1 there were two objectives:

i) to fonow the procedures used by Liu and Xu in order to become fa1Dlliar witb. the

techniques and to test the reprodueibility oftheir results; ii) to compare the characteristics

of the coatings obtaineel using C l 2 or Cl6 surfactants. Step n expetiments were

preHminaty loading tests aimed at becoming fannliar with the procedures as weB as

allowing a comparison between the loading ofAg and Cu and between the loading on Cl2

and C l6 carriers. Step m went further, to characterize the reproducibility of Cu

adsorption on Cl2 partiel~ and the eftèct ofCu concentration on adsorption. In step IV,

systematic experimeDts were carried out to investigate Cu loading on C 16 carriers.

Comparisons of Cu loading on bare and Cl6 coated particles, and zeta potential

measurements were perfonned to try to understand the loading mechanism Finally, in

step V, some of step IV experimeDts were repeated in a more controned and systematic

way to test the validity ofthose results.

4.3.1. Step 1: Preparation and characteriutioD ofCu and C l6 coated
particles

4.1.1.1.COtItillgprocallre

The y...Fe2~ powder was first drieel ovemight in a vacuum oven (40°C, 12 psi), to

remove any physisorbed water (Liu and Xu, 1995). The surfactant solutions prepared

were 3 mM, to exceed critical micelle concentration, in order to favor SAM formation

(Liu and Xu, 1995). Particles and surfactant solutions were mixed in a 40 mL vial, sbaken

by hand for up to one minute. Next, they were soaieated for 2...3 minutes to ensure mixing

and dispersion of the particles, and then sbaken for 24 h in a laboratory shaker (New

Brunswick Scientific, me., USA). The amounts used for solution preparation and particle

coating are summarized in Table ~l.
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Table 4-1: Qu_tities lUed for Cu ud CI~ coated ,articles ,reparadoa.

l'or 100 -.L 01 3.aM soIutÎOII l'or 50 ..coated paJ1ic1es

Cu surfactaat Cd - .....: Cu-eoated particles:
70 mg Ct2 + 100 mL EtOH SO mg y-Fe:03 particles in 2S mL

C t2 solution

CUi surfactant CI6 soIutioa: Cu-eoated particles:
87 mg C16 + 100 mL EtOH SO mg y-F~~panicles in 2S mL

C16 solution

After sb'king, the vials were centrifuged for S minutes in a Dynac Centrifuge (at

speed 85 on the scaIe), and the 6quid decanted. The remaining particles were washed

three times in EtOH. Each wasbing consisted of fiDing the vial with EtOU, band sbaking

for one minute, centrifùging at 85 for S minutes, and pourlng the Iiquid out. Partielles

were then dried in vacuum oven and stored for tùrther characterization.

4.3.1.2.DlUFTS IIl1l1lysis

DRIFTS was performed on a Bruker IFS 66 FI1R spectrometer equîpped with a

narrow-band MeT detector, using a Nicolet aclvanced diflùse reflectance accessory. KBr

(Aldric~ dried ovemight at 400°C in oven) was used for the background measurement

and was mixed with every sample analyzed. The sample preparation for DllIFTS was the

following: a sman amount of sample (between 5 and 20 mg) was mixed with a large

excess ofKBr (between 50 and 100 mg) and ground together in a sman mortar.

For each series of DIUFTS measurements, a background measurement was

performed on some of the ground KBr usecl for sample dilution. Prior to each

measurement, 5 to 10 minutes were needed to purge the sample ceU ftom ambient air, to

reduce the absorption by H20 and CÛ2.

4.3.1.3. WdtÎIIg lm

The experimental setup used for thin film flotation is shown in Figure 4-4. The

starting Iiquid was 10 mL distïDecl water. The surface tension was modified byadding

controned amount of methanol (reagent grade) with the graduated syringe. ne CUlVe

representing the variation of surface tension relative to the percentage ofMethanol added,
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derived ftom the Iîtenture, is given in Appendix 6. ID tbis experimen~ the amount of

particles floated (15 mg) wu too low to be accurately weighed. Therefore, the method

used was to successively add controDed amounts ofmethanol with the syringe in. a fimnel

equipped with a valve. Ailer each injection, the fraction tbat sank relative to that still

floating was estimated. Wbile a qualitative method, il aDows one to observe in a

sufficiently reliable way the evolution offtoatability with surface tension.

Lyophobic------ particles

Water+EtOH

Lyophilic
particles

--- Pure EtOH

Figure 4-4: EsperiJDeBtaI setup for tIüa rdJa tIotatioa•
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4.J.l.4.u.dtÛlg test

Leaching testS were performecl to assess the stability (robustness) of the SAMs.

When the chains are weB packed and weB ordered, they stretch outward from the surfilee

and protect the y-FC2OJ SlUÛee. In that case, chemicals cannot reack the y-FC2OJ, and

cannot break the bonds between sur&etant and surface. Such a packed and ordered

monolayer shouId ensure that neither the monolayer, nor the particle ilself will degrade.

The leaching tests can thus yield information on the relative pacmg density of the SAMs

and on the ordering ofthe chains.

Six samples were prepared. For each of the tbree types of particles (y-FC2O:J

particles, C12 coated particles, and C 16 coated particles), two leaching tests (at pH 2.8 and

10.55) were perfonned. For each ofthe six samples, IS mg ofparticles were added to 25

mL ofthe pH solution, shaken, and let stand for 7 days. Leachates were filtered and were

analyzed for total iron ions with atomic absorption spectrometry (AA). The AA

instrument was a Perkin Elmer model 3110 and was cahorated with Fe standards of 1, 3,

and 5 ppm. The detection Iimit under these conditions was 0.5 ppm.

4.J.l.S.Elemeltt. tI".lysis

Some elemental analysis (EA) was conducted with a FISIONS EA 1108 elemental

analyzer. Two samples of S mg ofthe C 12 and C 16 coated particles were analyzed for S,

C, and H content. The EA device gives the weight percentage ofa given element relative

to the total mass ofthe sample. This method provides a means to measure quantitatively

the mass of surfactant present on the surface of the particles. Standards are required to

perform quantitative EA The standard used contained 93.56 % C, 5.62 % ~ 0.176 % N,

and 0.38 % S. The detection Iimit ofthe analyzer was S Ilg.

4.J.1.6.XPS tllltI/ysis

XPS was performed on an EscaLab 220-IXL instrument with an Al Ka anode (hv =

1486.6 ev) at a take-off angle normal to the sample (mode used: large area XL source,

mono 1 mm). The energy resolution was 1 ev. The samples had to be dry, because XPS

operates under a high. vacuum. Sample preparartion was to spread a few milli8IIIDS of

sample evenly on a copper tape. One C 16 coated sample was analyzed. The spectra were
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an corrected for chargÎllg by cahbrating their CIs peak to 284.9 ev. The spectra were

analyzed using the XPS-PeakTM peak pr~g and peak fitting program. Peak

processing and peak fitting were performed with the heJp and guidance of Andrew

Vreugdenhil, from the McGill Mining and Metallurgical Engineering Department.

4.3.2. Step B: Loading ofCu aDd Ag OD C12 aDd CHi coated particles

This series ofexperiments was aimed at comparing the loading capacilies ofCil and

C16 coated particles, and to rompue the adsorption of Cu with. that of Ag for both

carriers. The experiments were desiped to measure metal ion adsorption by comparing

the metal ion concentration of the solution before and after contaeting with the carriers.

Initial and final metal ion concentrations were measured by atomic absorption

speetroscopy (AA). Kaowing the volume of solution used, the mass ofCu adsorbed cm

he calculated. from the difference between iDitial and final concentration. FinaBy, knowing

the mass ofparticles used, il is possible to calculate an equivalent mass ofmetal adsrobed.

per gram of particles. In this fust series of loading experiments, the limited amount of

carriers meant only a few experiments could be performed. Four loading tests were

performed, as described below.

4.3.2.1.MatO'ÛlIs

For these loading experiments the Cil and CI6 coated particles were used. The

particles had been prepared in batches of SO mg each and dried ovemight at 40 C in a

vacuum oven. The particles were kept in the vials where they had been prepared and

dried. The vials were purged with nitrogen and sealed with Teflon tape prior to being

capped and stored.

Copper and silver solutions were prepared from Ftsher volumetric standards. The

water used for solution preparation was distiDed from a Coming Mega-Pure system. It

was decided that only one solution ofCu and one solution of Ag would be prepared and

that both carriers would be tested with each solution, for a total of4 tests.
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4.3.2.2.SoI..tioII prqHIIWtÎOII

Considering the results on coating density obtaineel in step 1, theoreticalloading

capacities were calculateel (sec calculati.ons in section S.2.1). The Ag and Cu

concentrations were chosen to correspond to haIf the maximum loading capacity. The

characteristics ofthe solutions are summarizecl in Table 4-2.

Table 4-2: Cu and Ac ....... dlancteristics.

Prep.ratioD Theoretieal MeasuredAA pH
cODceaeraûoD (pp.) co.cCDer.tiO. (pp.)

Ag 8 mL AgNOz in 100 mL 8.6 7.4 5.9
distiIled H20

Cu 2 mL CuS04 in 100 mL 3.96 3.94 5.7
distiIled H20

4.3.2.J.LotIdiligproœd"l'e

Four samples were prepared for this experiment:

• # 1: 20 mg C12 panicles + 25 mL Ag solution

• #2: 20 mg C 16 panicles + 2S mL Ag solution

• #3: 20 mg C12 panicles + 2S mL Cu solution

• #4: 20 mg C 16 panicles + 25 mL Cu solution

For each sample, the following procedure was foDowed. The coated carrier was

weighed (20 mg) and placed in a 40 mL centrifuge tube. As used, ailer chying, the coated

carrier looked like dried clay. It had to be scrapped off the bottom of the vial to yield a

few ehunks of agglomerated carrier. The coated carriers were very hydrophobie, and

could not be easily dispersed in water. Pre-conclitioning was thus required, consisting of

adding a few drops of EtOH to the carrier, and sonicating the sample for two to three

minutes. After that, the carrier particles dispersed.
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The next step was the acldàion of 2S mL ofthe metal ion solution. After .dctitio~

the sample was sonieatecl for 2 minutes, then the vials were sealed, and shaken ovemight

in. the laboratory shaker.

4.J.2.4.SIIpDfttIttUIt atrtu:IÎOft ad t111t6Iysis by 1It0000k tlbsorptioft sp«troIIIetry

Soon ailer sb-king, the samples were centrifùgecl to separate the solids trom the

solution. The centrifuge used was a Du Pont Instruments SorvaD RC-SB llefiigerated

Superspeed Centrifuge. The HB-4 rotor was used, the speed was 12,000 rpm, the lime of

centrifugation 1/2 Il, and il was operatecl al room temperature. The supematant was

extraeted with a pipette and poured into a IS mL tube.

For AA analysis of the supematant, il was necessary to use standards. The Cu

standards used were pre-preparecl by the analyticallaboratory technician. Silver standards

were prepared trom AgNÛ] salts. A SO mg ofAgNO:, was carefully weighed and mixed

with. 100 mL ofdistiIled water in a volumetrie flask, to make the stock solution. Next, 1

mL of the stock solution was taken with an Eppendorf micropjpette and mixed with

distilled water in a 100 mL volumetrie flask. This solution was labeled Solution L A

Solution 2 was also prepared, that used 2 mL of the stock solution in the second step.

Finally, two other standard solutions (S3 and S4) were prepared. ftom Solution 1, with the

charaeteristies listed in Table 4-3. Some dilutions were required to analyze the

supematants, 50 that the concentration would fall in the linear range ofthe AA cabDration.

The atomic adsorption spectrometer used was a Perkin. Elmer 3110.

Table 4-3: Standards prepantion (or Ac AA analysis.

Solution Theoretieal MeasuredAA
preparation concentration (ppm)

(ppm)

Solution 1 (SI) Asdescnbed 3.17 3.21

Solution 1 (81) 2 mL instead of 1 6.34 5.83
mL in step 2. (x 2 Solution 1)

Solution 3 (S3) SmLSl+SmL 1.58 1.41
H20

Solution 4 (S4) 2mLSI +8mL 0.63 Ist point = 0.042
H20 Abs.
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4.3.2.5.SoIûIs IIIIIIIySi&

After the supematant bad been extracted, the remaining solution was poured out,

and the sample that remaiDecl et the bouom of the tubes was driecl in a vacuum oven

(40°C, 12 psi), without prior rinsing. The 4 solid sampies were analyzed by DllŒTS and

the two Ag loaded samples were aIso analyzed by xps.

4.3.3. Step m: Further Cu lo.ding tests

4.3.3.1.Reprodllcibility

Materials: The particles were C16 COlted particles. The Cu solution was prepared

from Aldrich volumetric standard CUS04 solution. A 250 mL solution of 10 ppm Cu was

prepared by adding 13 mL ofCuS04 solution to 237 mL ofMiDipore water.

Loadingprocedure: Four tubes were prepared, each with. 20 mg ofparticles. Ne~

25 mL (measured with. a pipette) ofthe stock solution was added, and the suspension was

sonicated for 5 minutes, then shaken in a laboratory shaker over the week-end.

AA analysis: The four samples were centrifùged as descn"bed above. lbe

supematant was filtered and put in a 15 mL tube for AA analysïs. The AA was cahorated

with pre-prepared Cu standards (2, 3, 4, and 5 ppm). The stock solution was di1uted 1:3

in Millipore water to fan in the linear range of the AA cahoration. The supematant

solutions did not need dilution before measurement.

4.J.J.2.1ncrementlll Cil 1000ding

This series was designed to measure the adsorption of Cu ions on C 12 coated

particles as a function of Cu concentration. Five solutions were prepared, l.7, 2.6, 4.4,

8.1, and 9 ppm Cu. Another goal of this series was to determine the effect of sonication

time on adsorption. The foDowing samples were prepared:

• # 2-1: 20 mg C12 carrier in 25 mL 1.7 ppm Cu, sonication: 2 minutes

• # 2-2: 20 mg C12 carrier in 2S mL 1.7 ppm Cu, sonication: 6 minutes

• # 3: 20 mg C12 carrier in 2S mL 2.6 ppm Cu, sonication: 6 minutes

4-12



•

•

Chapter 4: Experimental procedures

• # 5-1: 20 mg C12 carrier in 2S mL 4.4 ppm~ sonieation: 1 mioutes

• # 5-2: 20 mg C12 carrier in 2S mL 4.4 ppm~ sonication: 4 minutes

• # 5-3: 20 mg C12 carrier in 2S mL 4.4 ppm Cu, sonication: 8 minutes

• # 8: 20 mg Cu carrier in 25 mL 8.1 ppm Cu, sonieation: 6 minutes

• # 9: 20 mg C12 carrier in 25 mL 9 ppm Cu, SODÏcation: 6 minutes

4.3.4. Step IV: Investig.tiOD of the mec_ais.. coDtroUing Cu loadiDg
OD carrien

4.J.4.1.Batclt preptmItioft ofCIIrriOS

Previously, the coating of maghemite particles had been in smaD batches of 50 mg.

ln this step, preparation ofa larger amount ofparticles was attempted: the preparation of

2 g OfC16 carriers in one batch. The coating procedure was as foUows:

• 250 mL of6 x 10-3 M C16 solution was prepared: 0.43 g OfC16 was added to 250 mL

ofEtOH and sonicated for 10 minutes under Ditrogen bubbting.

• 2 g ofmaghemite was added to 20S mL ofthe C16 solution in a 250 glass container

• The suspension was stirred (glass stirrer) for 40 minutes under nitrogen bubbling

• The jar was seaIed and shaken for 17 hours in a laboratory shaker

• For wasbing, the foUowing procedwe was used: the suspension was placed above a

strong eleetromagnet, forcing the particles to settle at the bottom, and the solution was

extracted with a syringe. When aImost an of the solution was 'pumped' o~ the

container was fiIIed anew with EtOIt sbaken, and the procedure repeated. The

particles were washed 6 times using this procedure.

The C16 coated particles obtained were ana1yzed using DIUFTS which showed traces of

unbound surfactant. It was decided to separate the batch of particles in 8 40-mL glass

viaIs, and perform. an additional 2 chloroforml2 EtOH washings using the previous
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washing procedure (ie., the one involving centrifugation for soHdlliquid separation). The

carriers so-prepared are the ODes used. in aD. subsequent step IV experiments.

4.3.4.2.Ca lotItIÜIg 011 btIre ",,4C16 cotItedptIIÛcla vs. pH

This series was aimed at investiptiDg the efrect ofpH on the loading of Cu on the

carriers. The same loading experiments were performed OD the bare particles to compare

their adsorption behavior with that ofthe coated carriers.

l'bree 20-ppm Cu solutions (100 mL) were prepared at pH 3.2, 4.4, and 5.6. For

each sample, 25 mg ofparticles was added to 25 mL ofsolution, sonicated 5 minutes, and

shaken for 16h. The samples were then centrifuged for 10 minutes at 12,000 rpm in. the

Du Pont centrifuge, and the supematant filtered and put in. tubes for AA analysis. The AA

spectrometer was cahbrated with pre-prepared standards at 2, 4, and 5 ppm. The

solutions were diluted for AA using the Brinkmann Digital dispensette 2..10.

~~~~ZB.~~ûlmea.NMm~

Zeta..potential measurements were used to compare the surface charge of the bare

and coated particles and to investigate the effect of Cu Ioading on surface charge. The

zeta potential meter used was a Pen Kem Inc. Laser Zee Meler mode) 501. For an
measurements, the supporting electrolyte was 10-3 M KCI (prepared by adding 0.075 g of

KCl in 1 L ofMillipore water).

The procedure was as foDows: a small amount ofparticles was added to 300 mL

KCl electr0lYte, and stirred for S minutes until the pH stabilized. After Sminutes, a 30 mL

solution sample was taken with a syringe, intI'oducecl into the Laser Zee œil, and a

measurement was taken. Theo, pH was adjusted to the next value by adding NaOH or

HCl Two sets of measurements were required for each type of sample in. deriving the

zeta potentiall pH relationship. Starting at ca pH S.5, one set was obtained by decreasing

pH (to pH 3) and the other set (with a new batch ofparticles and KCl) by increasing pH

(to pH 10.5). UsuaIly, sman amounts ofparticles (around 15 mg) were used for each set.

A difficulty resulted ftom the neecl to disperse the coated carrier. It was necessuy to add

a few drops of EtOH and to sonicate the coated particles prior to zeta..potential
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measurements.. An experimeot done on bare particles showecl tbat adding a few drops of

EtOH prior to zeta potential measurement did not affect significantly the resulting curve.

Zeta potential measurements were performed on bue maghemite, on C 16 coatecl particles,

and on bare and C16 coatecl particles that had been used for Cu ion loading.

4.J.4.4.ClIlIIJd C.IOIIdüIg 011 btJre tIIId Clii cotlt_JHII'fkles vs.. pH

Adsorption tests were nm on solutions containing both Cu and Ca ions to test

whether a selective adsorption of one type ofion occurecl. Four lOO-mL solutions of 50

ppm Cu and 50 ppm Ca were prepared at four ditferent pHs (pH 3, 4.5, 6.1, and 8.1). For

each solution, two adsorption tests were performed, one on bare particles and one on C 16

coated carriers. For each adsorption test, the foDowing procedure was used.

• 100 mg ofparticles were weighed on a microbalance

• the C l6 carriers were sonicated 9 minutes in a few drops ofethanol

• 25 mL ofsolution was addecl to the particles

• the preparation was sonicated for 9 minutes and 30 seconds

• the samples were shaken for 2h at 300 rpm

• the samples were centrifuged in the labontory Dynae Centrifuge setting at 80 for

5 minutes

• the supematant was filtered with ashless filter paper and poured in conical tubes

For AA analysis, Ca standards were prepared ftom Ca volumetrie standard (1 mL =

1 mg Ca), at 2, 4, and 5 ppm. Cu standards were the laboratory prepared standards. The

AA resuhs, and dilutions used are shown in Appendix .

4.3.5. Step V: Confirmation ofStep IV results

The results obtained in step IV were not expected, 50 il was decided to earefully

plan a last series of experiment to determine whether the results found were reproducible

or due to an experimeotal artifact.
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4.3.5.1.C16 cotlt_ CtII'I'krspreptINIÜJII

One problem that bad arisen was to disperse the coatecl carriers once they bad been

dried. A procedure was designecl to avoid drying the coated carriers before adsorption.

One ofthe reasons that motivatecl drying was to be able to weigh the amount ofparticles

used. To solve that problem. il was decidecl that coatecl carners would be prepared in

individual samples of DOwn amount (SO mg), and that for each adsorption point, whole

sample would be usecl FIl'St, a series of 12 individual samples of C 16 carriers was

prepared in 40 mL conical plastic tubes. A second series of 16 So-mg samples were

prepared Jater for the next series ofloading tests. The procedure was as foDows:

• a ftesh C 16 solution (3 x 10-3 M) was prepared; 0.3 g ofC16 surfàetant was added

to 350 mL ofEtOH and sonicated. for 20 minutes.

• 50 mg ofmaghemite was weighed and poured ioto 4o-mL tubes.

• 25 mL ofthe C16 solution was added to the particles using a pipette.

• the samples were sonicated for 10 minutes.

• the samples were shaken ovemight.

• the samples were centrifuged in the Dynac centrifuge and washed 4 times with

EtOH and then stored for a few days. Traces of unbound surfàetant were observed by

ORŒTS, so two additional chlorofonn wasbings foDowed by one EtOH wasbing were

performed. The samples were stored in EtOH until. the loading tests.

4.J.S.2.C" 'otIdmg Olt btln adC16 cotItedptU1iclt!S

This series was designed to charaeterize the adsorption of the coated caniers for a

wide range of Cu concentration. Eight Cu solutions were used, 2, 5, 7, 10, 15, 20, 30,

and 50 ppm For each solution, three adsorption tests were performed: a blank test, done

on an empty tube to test if there was some adsorption by the tube itself; one on bare

partîcles, and one on the C 16 carriers. The C 16 carrier samples did not need to be

redispersed this time. The bare particle samples were weighecl and placed in the tubes.

Empty tubes were used for the blank tests. AB ofthe sample went through the foDowD1g

procedure:
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• 25 mL ofsolution was added (pipette), the tube was sealecl, and shaken by band.

The pipette was rinsecl each time after finjshing using one solution, started with 2 ppm

samples, and ended with 50 ppm samples to reduce the risk ofpipette contamination.

• The samples were SODicated by batches of 12 for IS minutes.

• The samples were shaken for 21 hours.

• The samples were centrifuged for 10 minutes by batches of4.

• The supematant was filtered with asbIess filter paper and poured in. IS mL conical

tubes.

Pre-preparecl standards were usecl for AA.

4•.J.5•.J.C"'OtIdillgOIINn tIIId C16 COtIt~dptUticles vs. pH

Sïxteen individual C16 samples were prepared. The procedure differed a littIe

conceming the washing ofthe sample. It was decided to wash the particles two times in

ch1orofo~ fonowed by three times with. EtOK DIUFfS showed no traces ofunbound

surfactant.

For the loading vs. pH test, 6 pHs were selected: 3, 3.S, 4, 4.5, S, and 6. For each

solution, three samples (blank, bue, and Cu;...coated particles) were used, for a total of 18

samples. For each sample, 25 mL of 20 ppm Cu solution was added and the same

procedure as the one used in the previous section was used. For each type of sample,

three repeat tests were prepued at pH 3.S, 4, and 5. The supematants were analyzed with

AA.

As the Cu vs. pH test was being nm, some repeat tests for Cu loading vs. Cu

concentration were aIso carried out for 7, 15, and 30 ppm Cu solutions. These tests were

performed on three types of samples: bare particle samples, C 16 samples ftom the section

4.3.5.2 batch, and on samples ftom the 4.3.5.3 section batch. The procedures used were

the same as those used in section 4.3.5.2.
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Chapter S: Results aud DisculliOll

• 5. Resulta and Discussion

5.1. Step 1: PNpal'8tlon and Cha,.eterlzatlon of Cf2 and Cf.

coated P8l1Jc/es

5.1.1. Molec....r orieDtadoD of the surfactaDts .t .....eDlite surf.ce

5.1.1.1.DlllFTS

Figure 5-1 shows the DRIFTS spectra over a wide ftequency range for pure C16

(top), and Cl6 coated samples (bottom). Two regicms are of interest: a bigh ftequency

region between 3000 and 2800 coil , characterlstic of the C-H stretching of the (CH2)lS

ch~ and a low fiequency region between 1400 and 1750 cuit, related to the vibrational

motion ofthe carboxylic headgroup. The high ftequency region is shown in more detail in

Figure 5-2 and the low frequency region in Figure S-3.
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Figure !-1: DRDTS spectra ." pure Cl6 .rfactut (top) and CI6 caated particles (bottoal).

The CH: regiOft re..ains UllChaJlled. The COOB fuactioD sIIifted ta COO-'or the coated sampie•
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In the bigh &equency rqion, two major peaks are observecl, al 2927 md 28S3

cm-1 (see Figure S-2 below). Those peaks correspond, respectively, to the antÎs)mmebic

(va) and symmetric (Vs) C-H stretchiDg of the CHr groups. ney appear at exactly the

same position whether the surfactant is UDboUDd or coated on the particle sudàce.
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~
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~
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~

2 2
J..
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~
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Figure 5-2: DRIFI'S spectra Gf the lûIh lreqllellCY repo. 'or pure CI~ _l'fadant (IJottom) and
Cl6 coated particles (top). The two peaks, c"anderistic fil die CBz stretclûlllhaw euctly the SUIe

positions, at2927 ud 2IS3 cm-l.

•

In the low ftequency region (Figure S-3) iD. contrast, the spectra for unbound and

bound surfactant are markedly di1ferent. The spectrum for unbotm.d surfactaot (top)

contains three regions of interest: a single peak at 1703 cm-l, a series of peaks between

1400 and 1500 cm-l, and a series ofpeaks between 1100 and 1350 cm-1. ne specttumfor

C 16 coated particles (bottom) shows only two peUs, al 1526 and 1430 cm-1
• The peak

positions and the corresponding assignments for this series ofDIUFTS are SIIlIlIDUized in

Table 5-1. These DIUFTS measurements on pure C l6 and C l6 coated particles were

repeated many times and the exact same spectra were obtained each tïme. These results
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corroborate previous studies on SAM obtained by depoSÎtion of aJkanethiols on metal

surfaces (ADan and Nuzzo, 1985b, Laibinis et al, 1991, ADara et al, 1991, Smith et al,

1992, and Tao, 1993).
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-3L-l.....~..............L.........__......-."'-oI.-A. ........&.-......-..................._ ................~
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Figure S-J: DRIITS spectra ofdie low frequeaey reaion for pure C l6 SlllfactaDt (top), aad CI'
coated particles (bottoIB). The pure Cu; spectruaI sllcnn tbree ftIÏOIls: a peak at 1703 cm-l, a series
of peaks between 1400 and 1500 cm-l, and a ftIÏOIl between 1100 ad 13S«» cm-I. Oa the C I6 coatH
particle spednlm, oaIy t'WU peaks cu be obsened, at 1!26 and l.uo cm-l.

•

Allara and Nuzzo (198Sb) used HS-(CH2)~COOH(Cid to coat SAMs on tlat

AhÛ3. l'heir results show the same difrerences between pure Cl6 and Cl6 adsorbed on

AhÛ3 for the low ftequency region: loss of the peak at 1703 cm-l, loss of the series

between 1100 and 1350 cm-l, and a new broad peak around 1608 cm-1
• They attnbuted

these ditferences to dissociation ofthe acid proton to fonn an IDiome surface carboxylate

species. In their case, this indicated that the CI6 molecules were binding ta the aluminum

oxide surface through a carboxylate bond. In the high ftequency region, they round two

peaks at 2918 and 2850 cm-
1 for pure Cl6 and four peaks at 2966, 2926, 2880, and 2857
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cm- l for Cl6 on AhOJ. Laibinis et al (1991) report that the CH2 antisymmetric and

symmetrie stretching vibrations for polycrystaDine aIkyl-S chains (CuBnS to CnlLsS) are

respectively 292S and 28S3 cm-l. Smïtll et al (1992) compared the speara of CIe), C l6

assembled on ftat gold sur&ce, and a SAM of C l6 on gold surface covered with an

overlayer ofCu. ln the three cases, they found that in. the high ftequency region the C-H

stretching peaks were at 2918 and 2850 cm-l, indicative of a microscopie crystaDin~like

environment sinnl.r in the monolayers or in the bulk C l6 phase. The values round in this

work diftèr by 3 to 4 wavenumbers, which indieates that the coaling has not achieved the

same degree of crystaIIinity as thein. 11I.eir monolayers were oriented with the thio1ate

bound to the gold surface and the carboxylic group sticking out. When they loaded Cu on

the monolayer, they observed the 1055 of the peak at 1703 cm-l, and two new peaks

appeared at 1544 and 1430 cm-l, charaeteristic of a Cu carboxylate. Tao (1993) studied

SAMs ofn-aIkanoic acids on the surface of silver, copper, and aluminum. The focus of

bis study was that COOIf, being the only reactive group, must bond with the metal

surface. For monolayers formed on aluminum oxide, the C-H- antisymmetric and

symmetric stretches were 2916 to 2927 and 2850 cDf\ respectively. Tao foad that the

symmetric carboxylate vibration peaks were 1402, 1440, and 1478 cm-l, respectively, for

SAM on silver, copper, and aluminum. He attributed these difl'erences to the inereasing

basicity ofthe Metal surfaces (AgO>CuO>A12~). Tao also concluded that tile more basic

the metal, the stronger the metal-carboxylate bond.

ln the Iight ofthese studies, the present results CID now be interpreted. The loss of

the peak at 1703 cm-l and the two new peab at 1527 and 1430 cm-1 indicate that the

proton from CooH was lost and that a new surface carboxylate species was formed.

Although no previous study focused on the formation ofSAM on iron oxide, the positions

ofthe two new pcab fàll exaetly in the range ofthe carboxylate peaks su8gested by Tao.

It is therefore evident that the C l6 surfactant is attachecl to the maghemite surface through

a carboxylate bond. The other conclusion that CID be drawn concems the polymethylene

chain. The results sugest that the polymethylene chains have very sinnlar microscopie

environments in the bulk C l6 phase and in the coating. ne peak positions round are
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consistently higher than those of SAMs on fiat mctal surfaces by 3 to 4 wavenumbers

These values are iDtermedi.'Y between a crystal-6ke stnleture and an amorphous

structure. This suggests that cbains are orgnized in. a dense, wen paeked, semi crystaIIine

monolayer, but that they have a certain degree ofdisorder. Only part ofthe ehain Dear the

surface is paekecl and iD a crystaIIine form. The taiIs are liee to vibnte clue to the

curvature. The sharp bands however suggest a crystaIIine nature.

Table 5-1: DRDTS spectra~ and lIIOde .......... for ...re CI~ CI' coated particles, and Cu
coated particles.

l'regumcy Mode
pure Cl6 C l6 eoated part. Cu coated part.

2927 2927 2927 Va (C-H ofCH2)

2853 2853 2853 VS (C-H ofCH2)

1703

1471

1428

1409

1350 to 1100

1526

1430

1526

1430

V (C=O)

v.(COOl

-CH2: scissors mode

Vs (COO-)

-CH2: scissors mode

-CH2: scissors mode

CHr : twisting and wagging

•

Other DllIFTS experiments were performed on C l2 and on Cl6 samples (Figure 5-4

and Figure 5-5). Figure 5-4 shows DIUFTS spectra for Cl2 and for CI6 coatecl particles.

The peak positions are the same for C12 and Cl6 coatecl carriers, indicating that both

coatings have very sinnl.r microscopie structures. Figure 5-5 shows that DIUFTS can be

used to detect incomplete washing by monitoring the CooH peak. A sman peak of

CooH indicates that some of the surfàetant on the surface bas not reaetecl with. the

surface, and that additional wasbing (e.g., total five washes) is needed.
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Figure 5-4: DRIn'S spectra of .......d (pure) CI6 surfactallt (a), Cu coated carrier (b), aDd
Cl6 coated carrier (e). The peak positioIIs for Cu ad CI6 coated carrien are euetly die laIDe.
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Figure S-!: ORInS spectra oI .......d CI' .rfaetaat (a), CUi coated particles wasbed tIlne

times iD EtOB (c), ad CI' coated particles WMIIed rift tiaIes ia EtOR (b). Bottom spectrum (c)
shows traces of uaboulld surfaetut due 10 ÙICOIBplete wasIaiJII that disappeared alter tMJ additioaal
wasbings (b)•
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5.1.1.2.XPS

Figure 5-6 shows the XPS survey specbwn for C16 coated particles. This spectmm

shows peaks for Fe (Fe2p), 0 (Ols), C (CIs), and S (S2p). ne peaks for C, 0, and S are

shown in more detail in Figure 5-7 to Figure 5-11.
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o
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Bindinl EnerlY (ev)

o
1-- ......-......-......-_----'

800

Figure 5-6: XPS mney spectnuD for CI~ coated particles.

•

Figure 5-7 shows two Cls peaks at 288.4 and 284.9 eV. The peak at 284.9 is

consistent with carbon in a hydrocarbon chain (C-C) (Liu and X~ 1995, Freeman et al,

1995, Bandyopadhyayet al, 1997). AR ofthe XPS spectra presented in this thesis were

correeted for charging by shifting their Cls peak to 284.9 eV. This peak position has been

chosen as the reference peak for the present spectra. The sman peak at 288.4 eV indicates

the presence ofcarbon in a carboxylic group (Freeman et al, 1995, Bandyopadhyay et al,

1997), in agreement with the present IR. results.
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Figure 5-7: XPS c........ Ch peak for CI~ coated p.rticle.

Figure 5-8 shows the oxygen Ols peaks. When looking at the spectrum more

closely, it cm be seen that the peak is not symmetrical, and that there is a shoulder on the

higher energy side of the peak. The fitted peak is shown in Figure 5-9, corresponding to

two Is components, at 529.7 and 531.4 eV. 1 have not found peak assignments for Fe2Û3

but the peak at 529.7 eV is consistent with the oxygen binding energy value of 530.0 eV

for Fe oxide in FCJ04 reported by Briggs and Seah (1994), and is due to oxygen bond

stretching in. F~OJ. The peak al 531.4 agrees with. the values reported by Konstadinidis et

al (1992) for oxygen in metal oxides.

Figure 5-10 shows the sulfur S2p peak, and Figure 5-11 the fitted peak. This peak

was fitted with a single spin-orbit pair, with. S2p3/2 at 163.0 eV and a spin-orbit split of

1.15 eV. That position at 163.0 eV cliffers slightly ftom the referenced values for

unreaeted thiol peak around 163.6 eV (Baldwin, 1996, LaJ"binis et al., 1991, Liu and Xu,

1995). The reasons for that shift are unclear. nere was some concem the thiol group

could have been oxidized while heing coated or stocked. XPS results confirm that the thio

group is not oxidizecl because sulfate or sulfonate groups have binding energies of 168.0

and 167.4 eV, respectively (Colvin et al, 1992, Laibinis et al, 1995).
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Figure 5.9: XPS Ols rJ1ted pe* for CI5 coated particles.
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5.1.2. P.cldD& deaslty

5.1.2.I.WettÏlJg tat

The results ofthe wetting test on CI2 and C16 coated particles are shown in Figure 5

12. The surface tensions are 30 and 3S mN/m al the low 6mit (0 % ftoats), and 43 and S3

mN/m at the highlimit (100 % ftoats) respectively, for C l 6 and C l 2 coated puticles. The

critical surface tensions (50 % ftOltS) are 39 and 49 mN/m respectively for C 16 and C 12

samples.
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Figure s-U: noatability orCu and Cl6 coated particles ia water-metbaaol solution.

The results for the C l6 coated particles are very sinnlar to those obtained by Liu and

Xu (1995). They compared the critical surface tension obtainecl for MHA (CI6) (33

mN/ml to that ofnormal hydrocarbon Hquids (25 mN/ml and CH] temUnated monolayers

(22 mN/ml. Liu and Xu concluded that the MHA coated particles are hYdrophobic, but

less 50 than for methyl terminated monolayers probably because of the polar thio or

disulfide groups. Liu and Xu aIso notecl that the difference between the high and the low
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Iimit is indicative of the heterogeneity of the coated surface: the biBher the difference

between those two Iimits, the higher the surfàce heterogeneity. In the present case, as

descn"bed in the procedure section, the experiment W8S performed in a very qualitative

way. It would not be meaningfid to try to exploit it quantitatively. For instance, the

di1ference between the Cil and C16 curves seems to indicate that the Cil coated particles

are less lyophobic, but il could he ascribed as experimental error. The experiment

performed shows that the coated particles are hydrophobic, but to he able to draw more

conclusions on the pacmg or the heterogeneity of the sudàce, a more quantitative

experimental procedure should be desisned.

5.1.2.2.LetlchÙlg tat

The results ofthe leacbing test are summarized in Table 5-2. The two pH solutions

were also analyzed by AA to aecount for any Fe ions present. The solutions ftom both

C12 and C 16 coated particles had Fe concentrations below the detection limits (O.S ppm).

Although the amount ofparticles in CODtact with the 25 mL solution was quite low (15

mg), the leachates ftom bue particles contained significant amounts ofFe ions. Ifonly as

little as 2 % ofthe amount ofFe would have been leached out ofcoated particles, il would

have been detected. It can be concluded that both Cil and C16 coated particles are

eifectively protected ftom leaching. This implies that the iron oxide surface is covered by

a layer of surfactant that is sufficiently dense and weB packed that the leachate solution

cannot reach ils surface. This corroborates the hydrophobicity test.

Table 5-2: Leadûnl test resuIts.

pH pHwaœr y-F~OJ Cu eoated C.~ eoated

partides partides

2.8 0 30.8 mg/l 0 0

10.55 0 19.5 mg/l 0 0
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5.1.2.J.EIDllaltllAlttllysis (E4)

Table 5-3 shows the p«centage ofcarbon (C), hydrogen (H), and suIfur (S) ofboth

C12 and C16 coated particles samples analyzecl by EA The theoretical results were

compared for molar ratio ofHIC and C/S. The theoretical molar ratios were calculated

from the formula ofthe surfàetants. The measured molar ratios are calculated ftom the

fonowing: measured BIC = [(% H)/l]/[(% C)'12].

We cau. see ftom the results in Table 5-3 that the measurecl HIC ratios are in good

agreement with the theoretical results. However, the C/S ratio is aImost 5 times too high

for C12 and I.S limes too low for C16• There are three main reasons for such a discrepancy

in the results. First, EA requires the use of standards, that should be as close as possible

in composition to the sample analyzed. The standard used was the only one available, and

did not have a good fit with the samples analyzed. Second, the EA has a detection limit

around 5 J.18. GWen the mass of the sample and its estimated S %, the total S content

must have been very close to the detection Iimît. Third, with this technique, the accuracy

of measurement for S is less than for other elements. The EA given here is therefore not

meaningful. for S content. The HIC ratios, on the other band, are reliable.

Table 5-3: Analysis ofCu ad C1ti coatH SUlple CODlpositi_ byelenleatal ualysis.

Sample -". C %H -". S Tlleoretieal Theoretical Measured Measured
BlCntio CIS ntio Blentio C/S ratio

Standard 93.56 5.63 0.38

CUcoated 2.56 0.40 0.12 2 12 1.9 56.67

Cl6 coated 4.22 0.65 0.93 2 16 1.9 12.04

From % H and % C given by ~ the surface coverage by surfactant cm be

estimated. The EA results give the percentage of each element relative to the total mass

of the sample. The percentage of organic material on the particle being small relative to

the total mass of the sample, il cao. be estimated that the total mass of the sample is

identical ta the mass ofthe iron oxide core. The % ofcarbon relative to the mass ofthe

particle cm be related to the surface coverage through the specific surface area of the

particle, 49 m2
/ g. By relating the grams of C per gram of particle, it is pOSSIble to
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calculate the grams ofcarbon per surface area ofparticle. Hence the density ofsurfàctant

on the particle surface ca he determined. The resuIt is usuaDy DIOre meauingfùl when

given as the sudàce occupiecl by each molecule, in. AZ
•

The calculations, based on EA % C results (see box below, for C1Z), give a figure of

46 A2 per molecule of C 1Z, and 37 AZ per molecule of C I6 surfactant. ft is usefùl to

couvert these results to mole ofsurfactant per gram ofparticles. In this case, the results

are 0.17 mM C1'lf g particles and 0.22 mM C l 61 g particles. The results differ by 22 % for

the two types of coating, wbich may Dot he very significant considering the uncertainty

due to the non-ideal conditions for EA measurements.

These results cm be compared to a theoretical maximum density caicuJated nom the

thio group surface area. The thio group surface area is reported in. the Iiterature to be

21.4 A2
• A theoretical maxUnum surfactant density cm be estimatecl by calculating how

many thio groups can be fit on each particle. Knowing the particle surface area, this

calcuIation is straightforward. It amounts to 0.38 mM thio group! g particle. KnoWÏDg

that the carboxylate group is Jarger than a thio group, the measured. surfactant densities

found fan in a very reasonable range compared to the theoretical maxjmum

CaiculadoD or Cu deuity OD particle surface based GD EA -4 C resalts

% C =2.55

:. 0.255 g C per g Fe

:. (0.255/12) mol C per g Fe

:. (0.255/12)112 mol C 12 (surfactant molecule) per g Fe {tbere are 12 atoms ofC for eacb C 12 molecule}

:. (0.255/12)112 • 6.023 x laD molecules ofC12 per g Fe

The surface area ofFe partieles is 49 m2/g Fe = 49 lolO A2/g Fe

:.there are [(0.255/12)112· 6.023 x loZi/(49 x 1~~ molecules ofC12 per A2

:.there are 0.0213 Molecules ofC12 per A2

:.eacll lIIOIeade occupies approSÜDately~ A%•
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S.1.3. SUDI••ry

5.1.J.l.OriDItIItÜJIt ofdle SIIr:ftletIUIls lit die .IIrftl« ofdleptII1icIes

The presence ofC I2 and C I6 coatings on the surfilce ofmagbemite was confinned by

DRIFTS, XPS, wettÎIlg test, leaching test, and EA DlUFTS results indieated that the

carboxylic fimetion ofthe unbound surfactant had transformed into a carboxylate fimetion

when. the surfactant is aclsorbed on the particles. 11ûs was confinned by the presence of

both oxygen and carbon XPS peaks. This important observation indicates that the

surfactants are bound to the surface via the carboxylic head, through a carboxylate bond

with the maghemite surlàce. The su.Ifbr XPS charaeterization indicates that S is present

on the particle, most likely as thiol or disulfide. XPS charaeterization aIso proved that the

thio group had not been oxidized.

5.1.J.2.Dmsïty tllfd sttlbi/ity oftlte cOtltill.

The leaching test showed that the coatings are resistant to acid and base attack. The

faet that iron is not leached out at an indicates that the coating fonus an effective barrier

between the leaching solution and the maghemite surface. The effectiveness ofthis barrier

shows a dense and wen packed coating. The wetting test showed the hydrophobicity of

the particle~ which further confirmed the coating was dense. The observed CH2 peak

positions by DIUFTS indicate that the coatings have properties sinn1ar to the bulk

surfactant, which is a relatively ordered crystaDine-like solid. The peak position~

however~ were at ftequency slightly higher than these observed for weB ordered

polymethylen.e cryst~ which impHes that although dense, the coatings probably contain a

fair amount ofdisorder. Such a result is not surprising on nanosized particles.

5.1.J.J.Estillftltioft ofSIIr:ftlctlUtt dmsity 011 ptII1icIa sIIr:ftlce

The EA results allowed to estimate the packing density of the surfactants. The

calculations gave figures of 46 A2 per molecule of C12, and 37 A2 per Molecule of C 16

surfactant (or ahematively, 0.17 mM Cl'z/ g particles and 0.22 mM Cul g particles). This

density falls in the range expected for a theoretical maximum density of 0.38 mM! g per

particle.
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5.2. $tep Il: Loadlng ofCu and Ag on C'2 and C,. coated
partle/es

S.2.1. Theoredal ••ÜmUDl ..etai ion l.adiDg

In the previous section the surfactant density on mapemite surface was estimated

for C l2 and Cl6 coatecl particles (respectively, 0.17 and 0.22 mM per gram particle). The

difference between C 12 aod C16 shouldnot he considered significant, aod ftom now on the

assumption will be that they have the same coating density. As the EA results were not

vety accurate, il would not be meaningful to try to use the exact values calcuJated. The

results do give an order of magnitude for coating density. To be conservative, il cm he

estimated that as a mjnünnm, the coating density is 0.15 mM surfactant per gram of

particles. From that value, the maximum. theoretical metal ion loading cao be calculated.

Ifthe metal ion is coordinated at 1: 1 ratio with the thiol terminated coating, il means

that up to 0.15 mM metal ion cm be loaded per gram panicle. Ifthe coordination is 1:2

(one metal for two thiol), the maximum loading will be 0.075 mM! g. Table 5-4

swnmarizes the maximum loading capacities in mg metall g particle calculated for Cu and

Ag by this approach.

Another theoretical calculation cm be done, based on the diameter offuIIy hydrated

Cu ions, which is 0.5 Dm for Cu. With the assomption that a monolayer ofhydrated Cu

ions is deposited on the surface, a maximum of 6.6 mg Cu cm adsorb on 1 gram of

particles. The different calculation routes give figures in the same range, ftom 5 mg! g to

10 mg! g for Cu, and ftom 8 mg! g to 16 mg! g for Ag.

Table 54: Muimum tbeoretical Cu and Ac to.cline capacities OD CU ad CI6 coated ,articles.

•

Metal
Ion

Cu

Ag

Surfactant
Density

(mM/g partide)

0.15

0.15

MaDmUID loading
t:l coordiaatioD

(mllDetaU g partide)

9.5

16.2

MasiDtum loadiag
1:2 coordination

(ml metaU g particle)

4.8

8.0
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5.%.%. XPS

XPS spectra were coDected. on three samples: Cl6 coated. particles prior to loading

(a), C16 coated pamcles loaded with Ag (h), and Cil coated particles loaded with Ag (c).

Figure 5-13 shows the survey spectra for the three SImples. It shows Fe2p, Ols, Cls and

S2p peaks for the three samples, and a Ag3d peak iD. the spectra of the two Ag loaded

samples. Figure 5-14 to FJgUre S-20 show Cls, Ag3c1, 52p, Ols, and Fe2p spectra in

more detail. AD. the measured XPS peaks and the corresponding referenced peak

assignments are sumnuriozed in Table S-S.

14000

{cl: Ag on C
12 ~

10500 ~

~
III 7000 (b): Ag on C

18 ~c:• ~
.5

3500 •--0
(.): C18 COIIl

0

800 600 400 200 0

Slndlng en«gy (evl

Figure 5-13: XPS .ne,. spectra for CI~ coated particles (a), CI~ coated particles loaded with
Ag (b), and Cu coated particles luded widl AI (c)•

•
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• Table S-S: XpS ....rH pak poIidaM lor 52" CIl,~ 52p, ..d"e2" ..d refereaced peak
positions and tbeirco~4ia&.... types.

Element Meas.XPS Ref. peak Typeofboad RefereDce
peaks positiODs

Sulfur 161.8 161.8 Sïlver tbiolate Bandyopadhyayet al, 1997
S2p 16%.0 162.3 (C-S-Ag) Laibinis et al, 1995

162.4 Baldwin, 1996

163.0 163.6 Laibinis et al, 1995
163.3 163.7 lbioIC-SH Baldwin, 1996, Liu and X~ 1995
163.5 163.9 Bandyopadhyayet al, 1997

167.4 SOM Laibinis et al 1995
168 SO..- Colvin et al, 1992

Carbon 284.9 285 CHrCHr Bandyopadhyayet al, 1997
Cls aIkyIchain Freemm et al, 1995

286.9 C-SHbond Bandyopadhyayet al, 1997

288.4 288.6 COOïCu Freemm et al, 1995
288.6 COOïAg Bandyopadhyayet al, 1997

289.2 COOH Freeman et al, 1995

Silver 368.1 368 Ag Brigs and Se~ 1994
Ag3d 368.5

368 Ag-S Khun et al, 1994
368 Bandyopadhyay et al, 1997

374.% 374.1 Ag spin orbit Bandyopadhyay et al, 1997
374.6 split

Oxygen 530.0 530 F~04 Briggs and Seah, 1994
Ols 530.%

530.3
530.7 Carboxylate (h- Konstaclinidis et al, 1992

531.3 531.8 Metal oxides Konstadinidis et al, 1992
533.3 Metal oxides Konstadinidis et al, 1992

Iron 710.7
Fe2p 710.8 710.9 F~OJ Brigs and Seah, 1994

711.0•
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The Cls peaks are sbown in Ftpre S-14. The Cls peak was selected as the

reference peak. Each XPS measurements sbowecl some charging on the particles, and a

charging correction was necesSlry. AD spectra were corrected for charging by shifting

them to set the C15 peak at 284.9 ev. nis is a standard method in XPS practice. On the

three spectra, a sman peak is seen at 288.4 ev. The peak position at 284.9 is consistent

with previous assi81'ments for aromatic carbon and aIkyl chain carbon (Driggs and S~

1994, Bandyopadhyay et al, 1997). Freeman et al (1994) performed XPS studies of a

carboxylic terminated. monolayer before and ailer aclsorbing Cu on tbis mODolayer. They

aSSÎgned the peak at 289.2 ev to the Cls e1ectrons of carbon in COOH fimetion. 'They

observed. a sbift of that peak to 288.6 after Cu loading, indicative of a Cu-carboxylate

compleXe These results are consistent with the peak position of 288.6 reported by

Bandyopadhyay et al. (1997) for a carboxylate bond on aluminum oxide. Considering

these resuhs, the peak at 288.4 ev in Figure S-14 is assiped to the carboxylate bond

formed on maghemite.

j'
•j
.5

Ci.

(b): Ag on C'8

(c): Ag on C
12

29) 285 280

Bindinl E......y (ev)
270

•
Figure 5-14: XPS CIs peak for C1i5 coated particles prier ta IoaCÜIII (a), C1t5 co.ted particles

loaded with Ag (b), and Cu coated particles Ioadecl witb AI (c)•

5-19



•
Chapter 5: Resu1ts and DiscuaiOll

Figure 5-15 shows two peaks for Ag, As3dm and Ag3d512• The positions ctiffer by 4

ev in the case of C11 and C l6 sample, md this discrepancy may he due to the signal to

noise ratio that makes peak position reading tess acœrate. The peak positions at 368.1

and 374.2 are in very good agreement with Bandyopadhyay et al's assipment for

colloidal Ag covalently bondecl to 1 thioJ...terminated selt:assembled monolayer

(Bandyopadhyay et al, 1997). This peak position is essentiaDy the same as that of

elemental silver (Bogs and Seah, 1994). This corroborates a study by Khun et al. (1994)

who demonstrated that the formation ofan Ag-S bond induced on1y a 0.15 ev reduction in

the binding energy ofAg3d.

Ag3d

(b): Ag on C12

315 370 365

Binding Energy (ev)

Figure 5-15: XPS A&3d1ll aad Aa3dM puks for Cl6 coated particles Ioaded witII Ac (a),
and Cu coated particles loacled witIa Ac (b).

•
The S2p peaks are shown in Figure 5-16. The peak for C l6 coated particles could be

fitted with a single spin-orlrit pair, with S2p312 at 163.0 ev and a spin orbit split of l.15 ev.

The fitted peak is shown in Figure S-17. The S2p peaks for Cil and Cl6 coated particles
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could not he fitted with a single pvrPla pair ofpab, but were adequately fitted with two

pairs. Figure 5-18 shows the S2p peak fitted with two spin-orbit peaks. The major

component bas a S2p312 peak at 163.5 ev and the minor component is round at 161.8 ev.

An analogons peak fitting procedure for C16 coated particles loaded with Ag showed two

sitmlar peaks at 163.3 and 162.0 ev.

The peak positions at 161.8 and 162.0 ev are consistent with previous assigmnents

for different metaI tbiolate (Cu, Ag, and Au) (Baldwin, 1996, Bandyopadhyayet al, 1997,

and ùu"binis et al, 1995). The peaks at 163.0, 163.3 and 163.5 ev indicate the presence of

unreaeted thiol groups. Previous studies reported peaks at 163.6, 163.7, and 163.9 ev for

thiol groups (Baldwin, 1996, Bandyopadhyayet al, 1997, and Lat"binis et al, 1995). The

small difference may he due to variations in charging, however overaR these peak

positions are consistent with only thiol species, indicating that no detectable oxidation has

occurred

4500

52p

4CDJ
(c): Ag on C

16

~ 3600..
i

3XX)

2500 .., _1fUII.JI

170 165 18) 155

Bindinl Energy (ev)
150

•
Figure 5-16: XPS 52p peaU for CI~ coated particles prior ta Ioadia& (a), Cu coated particles

loaded witb Ag (b), aa. CUt coated particles Ioa'" witII Ac (c)•
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Figure 5-17: XPS 51p rdted peak for CI6 eoated particles.
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Figure 5-18: XPS 52p rdted peak for Cu eoated particles Ioaded witII Ac•
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The Ols region is shown in. FJBUœ 5-19 for ach ofthe samples.. The peaks for the

two Ag coatecl samples He shorter, with a Jarser peak width at haIf height. ne three

peak centers are located At 530.0, 530.2 and 530.3 ev, which is not sipificantly diftèrent.

This peak position (530.0 ev) wu assipeel in step 1 to the oX)'leD. nom the iron oxide

composing maghemite.

5OXl--------------------
01.

fJD) (c): Ag on C
1S

:1'•
1 (b): Ag on C

12

3XX)

(.):C1s~d

0
540 535 53:) 525 520

Binding Energy (ev)

Figure 5-19: XPS Ols peaks (or Cl6 coated particles prior to Ioadiac (a), Cu coated particles
loaded witb Ac (b), and CI6 mated particles Ioa" witIl AI (e).

Figure 5-20 shows the XPS peaks for Fe. The Fe2p312 is found at 710.7, 710.8, and

711.0 ev. As expectecl, here also, the peaks are not sisoificantly different in the three

cases. The loading ofAg had no effect on the core iron oxide. These peak positions are

in excenent agreement with the value of 710.9 reported by Brisss and Seah (1994) for

F~Û3•
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Fe2p

7'2JJ 710

Binding Energy (ev)

Figure 5-20: XPS l'e2p peaIu for CI~ coated pal'ticles prior te Ioadial (a), Cu coated particles
loaded witb Ac (b), Aad CI' coated particles Ioaded widt Ac (c).

5.2.3. DRIFfS

Some DIlIFTS were also performed on the four C l1 and C 16 coated particles samples

loaded with Cu and Ag. The presence of Cu or Ag could not be detected by DIlIFTS in

the mid-inftared region. However, the spectra showed that the loading procedure had not

altered the coating.

5.2.4. AtolDÎc AbsorptiOD (AA)

•

The concentrations ofCu and Ag in solution before and ailer loading were measured

by atomic absorption as explained in the procedure sectiOD. The mass of Cu and Ag

adsorbed on the particles were calculated, and the equivalent adsorption was converted to

milligrams ofmetal adsorbed per gram ofparticles. The AA measurements, intermediate

calculations and final results are shown in Table S-6 for Ag and Table S-7 for Cu. The

adsotption of Ag amounted to 6 mg Agi g OD C12 and S.l mg Agi g on C16 coated
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particles. This corresponds to Joamgs of 65 and SS % of maximum. capacity,

respectîvely. For Cu, 2.S mg Cul g was .clsorbecl on C12 and 2.2 mg Cul g on Cl6 coated

sample, corresponding to loactiDgs of52 and 46 %.

Table 5-6: AA~ AdIorp1ÏDll fIf A& OB Ca ud CI~ coated partïdes.

Sample Initial Fmal {Initial [Ag]- MassofAg Mole ofAg Ma. of Ag

Label
[Ag] [Ag] Fmal [Ag]} loadedl20 loadedl20 loaded 1" of

(ppm) (ppm) (ppm) mg (mg) mg (mmol) partïdes
(1Il2)

(Cu) 7.4 2.6 4.8 0.12 1.1 x 10-3 (;

(Ct,) 7.4 3.3 4.1 0.1 0.92 x 10-3 S.l

Table 5-7: AA resuIts. Adlorptioa fIf Cu _ Ca ud CI~ coated particles.

Sample Initial Fmal {Initial [Cu]- MassofCu Mole ofCu Ma. of Ca

Label
[Cu] [Cu] Final [Cu]} loadedl20 loadedl20 loaded 1" of

(ppm) (ppm) (ppm) mg (mg) mg(mmol) partïdes
(1D2)

(Cu) 3.94 1.9 2.04 O.OS 0.79 10~ 1.55

(Cid 3.94 2.15 1.8 0.044 0.69 10=3 1.13

5.2.5. DiscussioD

XPS spectra have shown the presence of Ag on both Cl2 and C16 coated samples

following exposure to a Ag solution. From the Ag spectra it was Dot pOSSIble to

determine whether the Ag was simply held in the double layer as elemental Ag, or ifit was

covalently bound to the surface. Previous studies have shown that both elemental Ag and

S-Ag exhibit very sinnlar XPS peaks (IOl11D et al., 1994, Bandyopadhyayet al, 1997).

However, the sultùr spectra showed a very interesting feature. Whereas the Cl6 coated

sample had only one spin.-orbit (S2pl/2 and 82p3/2) compoRent, the Ag coated samples

exhibited two spin-orbit components. The additional component is consistent with a silver

thiolate species peak (LaJbinis et al, 1995, Baldwin, 1996, and Bandyopadhyay et al.,

1997). This soggests that at least part of the aclsorbed Ag on the particle surface is

coordinated to the sudàce tbiol tbrough thiolate bonding.
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AA resuIts show tUt both Cu and Ag are putially aclsorbecl ftom solution on the

particles. The differmce between the amount ofAg and Cu loaded on C12 and C16 coated

particles was approximately IS %. The amount ofAg loaded on particles was about 30 %

higher than that of Cu. The aetual loading of Ag ftom solution was around 60 % of

maximuJn, versus SO % for Cu. The apparent loading capacity orthe particles was balfthe

maximum theoretical capacity for a 1:2 coordination. for~ and was approximately 70 %

of that maximum for Ag. This low loading capacity may resWt ftom the experimental

procedure used for metalloading. The particles tended to agregate after drying, and it

was difticult to redisperse them ÏIl solution (particularly as they are hydrophobie).

Therefore, il is Iikely that not an of the surface of the coated particles was available for

adsorbing Metal iOBS. This conelusion is supported by the study ofthe eflèct ofsonieation

on loading capacity.

5.3. Step III: More Cu toadlng tests

5.3.1. Reproducibility test

7~----------------~

= 6- ..-..o fi)

:e.!! 5CI g
a.=e
c CIl 4o Ca
~CD
GJ ..... 3.a :1
~CJ
fi) CD 2
~ E
CII""-"
:1 1
()

Error: 1.2 mglg

42 3

Testnumber

o-+-------------------~
1

•
Fipre !-21: ReproducibiUty test for Cu IoadiJlc on C l6 coated particles.
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The results of the reproducibility tests are mowa in Fapre S-21. It shows a mem

error of 1.2 mg Cul g. The avenge vaiue for lo.ding was found to be S.1 mg Cul g,

meaning the error is of approximately 20 ,,~ which is considered large. It is very likely

that this error is due to the loading procedure used, as will he discussed in section S.3.3.

5.3.%. Incrementai Cu •••dIDg

Figure S-22 shows the adsorption ofCu on Cl2 coated particles as a fimction ofCu

concentration. As Cu concentration increases, the uptake of Cu by the particles also

increases. This test aIso investiptecl the eftèet of SODÎcatÎOIl <Bot shown in Flpœ S-22).

At 4.4 ppm~ three cti1Ferent sonieatiOD times were used (l, 4, and 8 min.). The

resulting Cu uptakes were, respectively, 3.5, 3.7, and 4 ms Cu/g. This indicates that

sonication is a filetor, and that sufticient SOnieatiOD time sbould be chosen to disperse the

coated particles prior to loading.
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Figure 5-11: Cu laadi.. _ Cu coated particles as a fiuIctioB or Cu coacentntion•
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5.3.3. DiseassloL

The reproduCibility test gives ID avenge loading cap.city of S.I mg Cul g. This

value is twice as much as the value measured iD step II. There appear to be two rasons

for this: i) the Cu concenttation used was bigher, and ü) the sonication time was longer (5

mïn.). The error of 1.2 mg! g is relatively hiP (about 20 %), wbich iDdicates that Ibis

method is not very .ccurate. The AA for measuring the Cu concentration before and ailer

loading was penormed very carefuIly, and onder these conditions, should not introduce

significant errors. nerefore, this large error is mainly attributed to the loading procedure

itseIt: associated with the difficulty in dispersing the coated particles evenly. lhe sute of

dispersion of the particles bas not been. IIlOnitoreci and may vary ftom one experiment to

the other, depending on the nature ofthe dried sample. This was confirmed by the effect

of sonication demonstrated in the incremental Cu loading test. The abiHty to disperse the

particles is a critical factor for subsequent metal ion adsorption.

ln spite of Ibis error, we ue confident in the mean loading value of S.l mg! g

obtained. The incremental Cu loading showed that up to 6.S mg Cul g could he loadecl on

the particles. A question raised by this test was whether the curve would level off shonly

or ifit would keep inCTeasing until a much higher Cu concentration. Later experiments on

C16 coated particles at 25 and 50 ppm Cu showed tbat the value of6.S mg Cul g was not

exceeded, even at much higher Cu concentrations. The curve reaches saturation at about

6-6.5 mg Cul g. Other experiments will also confirm that the maximum loading capacity

ofthe particles for Cu is around 6 mg! g.

5.4. Step IV: Investigations of the mechanisms controlling
Cu loading on the can1etS

The coated particles used in an step IV experiments were batch coated particles.

The procedure for batch coating was described iD section 4.3.4.1.

5.4.1. Cu LoadiDg OD ban and Cl' coated particles vs. pH

Figure -S-23 shows the adsorption of 20 ppm Cu solutions at pH 3.2, 4.4, and S.6

on C16 coated and bue particles. the experiment was inmaDy designed to show the
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difference in loading capacity betweeu.. bue particles ad Cl6 coated particles as a fimction

ofpH. Surprisingly, the results show tUt Cu loacling versus pH gives aImost exaetly the

same response for bue and coated particles. This resuIt will he discussed. later in section

5.4.4. The two curves in Figure -5-23 show cleady that pH bas an efIèct on Cu loading.

At pH 3.2, aImost no Cu is adsorbecl. At pH 4.4, up to S mg Cul 8 is adso~ and at pH

5.6, up to 6.S mg Cul g, approaching the maxirQllJD capacity of the particles. A possible

explanation for the influence ofpH on Cu adsorption is that the adsorption mechanism is

mainly electrostatic. A series ofzeta potential test was perfonned to study the charge of

the particles as a fimetion ofpH

7

•• 6u
~
1 5
a-

I 4

~ 3..•
~ 2u

--C C08ted partidesa-
E 16

1 ~ B..e partides

0
3.0 3.5 4.0 04.5 5.0 5.5 6.0

pH

Figure -5-23: Adsorption of Cu oa bare mapemite (.) ud CI~ coated mqbemite <-) fl'Olll 20
ppm Cu SOIUtiODS at pH 3.2, 4.4, ud 5.6.

5.4.2. Zeta poteutia. masurelDenD

Figure S-24 represents the zeta potential curves for bare and Cl6 coated particles.

The curves show that the coating aftècts the particle charge. The CI6 coated particles are

more negatively charged than bare particles. The pzc for C16 coated particles is 3.3, and is

5 for bare particles.
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Some zeta potential measuremeDts were also performecl on bue and coated particles

after loading with Cu at pH 3.2 and 5.6. ne results are shown in Figure 5-25. On C16

coated particles (soHd symbols), the carves for Cu loaded at pH 3.2 and 5.6 are very

sirmlar. Both are sbiftecl upward by about 10 mV. For bare particles, the curves for Cu

loaded at pH 3.2 and 5.6 are aIso sinn1ar to that al pH above 7, and show a companble

shift upward ofabout 10 mV. 'They however, diftèr for pH below 6, with the curve for Cu

at pH 5.6 almost identical to bare particles without Cu addition.

20

~B... m...hemIte

--6- Cil coaWd m...hemIte

•

Figure 5-24: Zeta poteDtia.....remn.. for bare aaqtaemite (e) aad for Cl6 coated
magbemite (.).

An observable difference between the curves for Cu loaded at pH 3.2 and 5.6,

because of the difference of Cu adsorbecl at these pHs, was expected. A higher

concentration of Cu ions adsorbed on the surface should induœ a luger sbift in the zeta

potential CUIVe for loaded particles. However, such a difference was not observed.

Because the two curves for C16 coated particles at pH 3.2 and pH 5.6 are 50 sinn1ar, 1

suggest the folloWÎDg explanation. It may he that only a ftaetion of the Cu adsorbed on
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the particles is reaD.y bouad to the particles, the rest beiDg simply held in the double layer.

Such Cu on the surface cm easily he washeclaway, and would not show on zeta poteotial

measurements. l'he only Cu detectable by zeta poteotial may be the Cu boaded to the

surface by covalent bonds, and that may he the smaIl fiaction that aclsorbecl alreacly at pH

3.2. That fiaction would be responsible for the 10 mV sbift upward.

-a-S.•• NoCu
.•.6-.- s.. + cu, pH 3.2
•••0--- s.. + CLIw pH 5.6

~C1ecoM8d, No Cu
....... C +Cu pH 3.2

16 •
•••••. C

1e
+ Cu, pH 5.6

-4)

-50

..8)

-70

20-Ë 10 ."4.
~ ..~1 0 +--~~~~~.....,1""""""9··;,;,··"'Il:'r'-.........-9r-...--,10,.............,11-.....,12

1 -10 pH

S:

Figure 5-25: Zeta pofeIItial ....ftBleftts for Cl~ coated particles befOft Cu addition (.),
witb Cu al pH 3.1 (A), ad at pH S., (e), Md for bare particles belOft Cu additiOD (D~ mdl Cu at
pH 3.2 (A). and at pH S., (0).

5.4.3. Cu and Ca loadiag on bare and Cl' coated particles

•

Figure 5-26 shows the adsorption ofCu and Ca on bue and C16 coated particles at

pH 3, 4.5, and 6. l'here was no adsorption of Ca at ail, either on bue, or on coated

particles. The graph aIso shows that the maximum loading capacity is about haIfof that

expeeted for Cu loading (2.5 mg! g versus S or 6 mg! g). In that set of experiment, the

conditions used were different from the typical conditions used in previous loading tests:

100 mg of particles were used (versus 25 mg previously), with SO ppm Cu md 50 ppm
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Ca. It was expected that the amollDt ofCu loaclecl would he proportional to the amount

ofpartîcles added, but this is not what the resuIts indieate. A possible expJanation is that

when using a Jarser quantity ofsemple, it becomes even more diflicult to fuIly disperse the

particles, and only part of the total particle sudàee is avaiIable for reaction. Renee, the

lower Cu adsorption observecL

---Cuonc.
-"-'Cu on Sare

···0--- CIl on C•

•••A- •• CIl on Bara

...•..........•.........•...•..•..& •....•.•..•..•...•.•··············8

3 4

pH

5 1

•

Figure 5-26: Leadiac or Cu on CI' coated particles (.) and 011 bare particles (.). La.diDC of
Ca on CUi coated particles (0) and on bare particles (A).

5.4.4. DiseussioD

This series of experiments was designed to investigate some of the mech.nisms

controUing Cu adsorption on the particles. 'The results obtaineel are somewbat puzzJing.

Cu loading versus pH on bare and coated particles showed that bare particles exhibited a

behavior almost identical to that of the coated ones. From that observation, it was

suggested that the mechmism controDing adsorption on the particles mipt be electrostatic

interaction, through surface charges. Zeta potential measurements were performed to

study the electrophoretic charaeteristics of both bue and coated particles. Those

measurements showed that coated particles have a DlOre negative charge, and a lower

ie.p. This difference in surface charge does not help to understand the virtuaRy identical
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loading behavior ofboth types ofparticles. The test on Ca versus Cu was designecl to

show a possible ditfa:ence in selective adsotptiOD. (e.g., Cu over Ca) by bue and coated

particles, but apin, the results showed the response was sinPlar. The series of

experiments in step V was performed to check whether step IV results were reproducible.

5.5. Step V: Confirmation ofstep IV l'8Sults
Because step IV resuits were puzzJing, they were repeated carefùDy. One issue that

had come op a few times in the work was the problem associatecl with dispersing the

coated particles prior to loading. This was made diflicult by the filet the coated. sample

had been dried ovemight in an oven, and was then in the form ofa "cake''J. For loading

experiments, this agregated sample needecl to be dispersed in EtOH, a procedure that

was not wen controBed. To avoid the problem, the coated particles would not be dried

for step V tests. The procedure used is described in the procedure section. AdditionaBy,

some blank tests were perfonnecl, to account for Cu adsorption on the plastic vials (see

procedure).

5.5.1. LoadïDg of Cu vs. Cu cODceDmdoD

Figure 5-27 shows the loading ofCu on C l6 coated sample, bue particles, and blank

tests for 2, 5, 7, 10, 15, 20, 30, and 50 ppm Cu. First, we can observe that there is a

significant adsorption occurring in the blank tests: Cu adsorption increased with increasing

Cu concentration, and reached a maximum around 2 mg Cul g above 15 ppm Cu. 1bis

result will be discussed in section 5.5.3. Second, once again, bue and C l6 coated particles

have a very sinnlar response to Cu loading. The maximum reached is approximately 4.4

mg Cul g for coatecl, and 4.7 mg Cul g for bue particles. Saturation loading is reached a

Iittle after 20 ppm Cu. Figure 5-28 is another way to plot the data ftom Figure 5-27. On

this graph, Cu adsorption is plottecl as percentage of Cu adsorbed versus initial Cu

concentration. The dotted line on the graph aDows to read the corresponding values for a

given Cu concentration of 10 ppDL On this plot, it can be seen that the efticiency of the

process is low for initial Cu concentrations above 10 ppm. Another noteworthy point is

that the difference between the blank test and the two other samples is between 10 and 20

percent. This point will aIso be cIiscussed in section 5.5.3.
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Figure 5-27: Cu loadiDl ft"'. Cu COIICeIItratioa GD CI' coated particles <-). OD "are particles
(Â), and blaBk test (e).
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Figure 5-28: Perceatap or Cu adlorlted venus iaitial Cu CODCeIItr8tio11 'or Cu adsorlted OB

C us coated particles (Â), "are particles (e), ad .'ok test (II)•
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5.5.2. Loadlag ofCa vs. pH

Figure 5...29 shows the loading of30 ppm Cu on bue, C l6 coated, and blank semples

at pH 3, 3.5, 4, 4.5, 5, and 6. One repeat measurement was performed for cach semple at

pH 3.5, 4, and 5. A few observations cm he made. Ftnt, here too, the bJauk test shows

some Cu adsorption, and tbat il has the seme dependence on pH as the adsorption on

particles. Second, the COIVes for bue and coetecl particles are sinn1ar. nird, the repeat

tests at pH 3.5,4, and 5 show good reproducibility (an repeat points are within 0.3 mg /g

except the points for bare and coated particles et pH 4). Fo~ in tbis series the

maximum. adsorption is reachecl at pH 4, and il: does Dot increase at higher pH (the smaIl

decrease after pH 4 is not considerecl significant). FinaIly, in tbis series, the maximum

adsorption reached is on1y 3.3 mg Cul g.

5
0 Cuon Bare. • cuonC

16

4- c BlankTest

-, 0
0.... 3- 0

t:: 0

*0 • 0 •
i. •1 •2-

•
~

. c
U • c c

1 - • 8 c

a
Q- i

1 1 1 1

3 4 5 6
pH

Fipft 5-29: Leadillc of Cu (20 pp.) venus pH on bare particles (a), CI~ coated particles
(.), and bla. test (0)•
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5.5.3. Discussion

OveraD, step V expetimeots confiflued those found in step IV. AD loacling

measurements on bare and coated particles have shown that both have sinnl.r loacling

responses. The trend ofCu loading versus pH was confinned: No adsorption occurs at

pH 3, and adsorption occurs at pH 4 and above. Some repeat tests proved that the errors

are not large, and that the results ca be interpreted with. confidence.

1 would like to make some observations conceming the blank tests. The results in.

Figure 5-27 show that in a blank test adsorption cm be as high as 40 % ofthe adsorption

on particles, a very high. figure. 1 beHeve these blmk test measurements question the

validity ofthe procedure for evaluating Cu adsorption on particles. The proportion ofCu

"lost" on the vial compared to that of the Cu supposedly "adsorbecl" on the particles is

unacceptably high. The phenomenon that is the objeâ ofthe measurement is aImost ofthe

same magnitude as the ''boise'' in the process. That final observation pots in perspective

the results gathered an a100g the thesis conceming metal ion adsorption. The errors

measured are large, and there is a large difference observed in. maximum adsorption ftom

one set of experiment to the other. There are definite and reHable trends revealed

conceming metal ion uptake but absolute values are not reHable and raise questions

regarding the procedure adopted. At least for the range ofparameters tested here (20 to

100 mg particles, and 2 to SO ppm meta1), the methodology does not seem. appropriate. In

paraDel wor~ Stéphanie Gélinas, who is doing her Ph.D (results not pub6shed yet) on the

same type of magnetic carriers, bas changed the procedure and is evaluating metaI ion

loading using potentiometric titration. This method seems to be efficient and accurate,

and could be a good alternative to the procedure used. here.
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Conclusions and recommendations

8.1. Summa'Y

DIUFTS, wetting characterization, and leaching tests demonstrated that both C l2 and

C 16 surfactants could be successfùlly coated on maghemite particles to form a dense, wen

packed monolayer, resistant to acid and base attack. DIUFTS and XPS analyses showecl

that the surfactant is bound to the surface tbrough a carboxyJate bond and that the thio

groups are oriented. outwards from the maghemite. These results confirmed the work by

Liu and Xu (1995). No significant diftèrence was observed in the charaeteristics of C 12

and C 16 coated particles. The average surfactant density on the particles was estimated at

0.15 mM! g particles.

Adsotption tests were performed with Cu and Ag soluûons on three types of

carriers: bare maghemite, C 12 coated maghemite, and C 16 coated. maghemite. These tests

indicated that metal ion uptake occurs at comparable levels on both bare and coated

particles. XPS studies showed. that part ofthe Ag adsorbed was covalently bound to the

thio groups through thiolate bonding. Zeta-potential measurements, on the other band,

suggested that not an Cu adsorbed on the particles was covalently bound, but that it was

mainly held in the double layer. 1bis could account for the simi1ar behavior of bare and

coated particles. The influence of pH on metal ion uptake was sinnlar for the three

carriers. No adsorption occurred at pH 3, and adsorption occurred ftom pH 4 to pH 6.

The maximum loading capacity was found to he approximately 6 mg Cul g particles.

Some questions were raised conceming the choice of the procedure for evaluating

Metal uptake by the carriers. The error introduced by indirect measurement using atomic

adsorption was large. This error was partially attnouted to adsorption ofmetal ions by the

test tubes. For the range ofparameters tested, (20 to 100 mg carriers, and 2 to 50 ppm

metal), the procedure used was not aCQU'ate enough. It was suggested. that a direct

technique such as potentiometric titration be used in future work. It was aIso suggested

that the coated particles should not be driecl prior to adsorption experiments.
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1.2. Cone/Ullions

MolecuJar ~.ssemblyprovecl to be m efficient methocl to produce dense and weil

packed monolayers. These mapetic caniers were designed to he potential candidates for

the treatment ofmeta! COIlt.mjn.ted eftIueots md sludges. However, the adsorption tests

did not show the advmtage of usiDg such fimetiou.tized particles over the use of bare

maghemite. The adsorption cap.city attained was smaD, 6 mg Cul g particles, and the

coating did not appear to eohance that capacity.

The preparation of selective fimctionalized mapetic carriers is • promising field of

research. However, in the ligbt ofthe review on magnetic carriers, and particularly for the

treatment ofmetal-bearing eftIuents, il appears that the choice of materials in the present

study was not appropriate. Fmt, the size ofthe particles. The study on the SIR.OFLOC

process (section 2.2.2.4) pointed out that for industrial appication a 1-5 lJDl size range

was desirable. Second, for industrial application the materials sbould be commercially

available and preferably inexpensive. Both the nanosized maghemite and the surfactant

are expensive. FinaIly, the magnetic carriers sbould be robust and not prone to

degradation upon reuse. These types of coated magnetic carriers will. likely find

application in. biology and pharmaceutical application, but not in metal-bearing eftluent

treatment.

6.3. Recommendations for future wonr
Ifthe work on these fimctionolized carriers is pursued:

• The coated particles should not be dried prior to adsorption experiments.

• Bare and coated particles loaded with Cu and Ag should be analyzed. by XPS.

1bis a direct method to assess the existence of covalent bounds between the metal

and the carrier.

• More zeta-potential experiments would be desirable. Zeta-potential

measurements are not easy to perform but cm yield precious information.
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• Far-IR. tests could be pedùuœd on loadecl 5aq)les to detect the presence ofthe

metals on the surfilee. Mid-region III could Dot detect the metaIs.

• Selective adsorption tests could be performed with two or more metal ions at

different pHs.

Ifnew mognetic carriers are 10 he designedfor metal-bearing effluent treatment:

• A cheap, commerciaBy avaiJable product sucll as mapetite (FC304) should he

used as adsolbent.

• Selective metal ion precipitation on magnetite could be an alternative to

functionalization by surfactant, and a much cheaper option.

• Effective treatmeDt of sludges or eftloents could he achieved by stage recovery

ofmetals on magnetic carriers, using different precipitation agents (e.g., carbonates,

sulfates, hydroxides, silicates) for each stage, as shown in the diagram below.

A,B,C,D

••D .-Z•
C-.-Z-

A,B

~

•
A··.-1•
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AppeadŒ 1: SU•••2 ofdie radio.. for Cu aad C.~ syatbail

The reaetiODS ofsynthesis for Cil are:

2Br(CH2)uCOOH + 2H'lN -CS-NH2 (thiourea) rdlux70·C.24b ~

2 [CaO - (CH2 )12 - S - C(NH2 ) = NH2+B&-] NaOS. Na.:.... ~

2COOH -(CH2 )12 -SH +H2NC =NH -NH -CN

For the synthesis ofCUi, a prelinrin''Y reaetion is necessary, to transfonn the alcohol

in bromide:

OH(CH2 )I,COOH HBr(4Mi). CHpJOH. ""rwo,. ~Br(CH2>.,COOH

The following reaetions were sinnlar to those for Cil synthesis. The final products

were dried ovemight under vaCUUJD, and tested for purity using Hl nuclear magnetic

resonance(~).

A slightly different synthesis route to prepare C 16 is decnbed by Coyte et al in

Chemistry ofMaterials, VoL 1, No. 6, 1989, p. 608.
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Appencm 2: DetaiIed proced.e lor Cu syadl." (redpe ftom AntoneDa Badia)

Synthesis of 12-mercaptododecaaoie .cid (HOOC(CH2hlSH)

=> 3.0 g of 12-bromoclodecanoic acid (10.74 mmol) are dissolved in 100 mL 95 %

EtOH in • 250 mL round bottom flask,

:> 11üourea (0.818 g, 10.74 mmol) is aclded,

=> The mixture is refluxecl with stirring ovemj~

=> Cool the reaetion to room temperature md transfer to • 3-neck 250 mL round

bottom11ask and cap mouths oftlask with rubber stoppers,

=> Saturate reaction vessel witb. N2 (gas) md cool to - 00 C in an ice bath,

:> A 32 mL afiquot ofa cold, degassed 2 N NaOH solution (64 mmol NaOH) is

adde~

=> Reflux mixture for 3 br. under positive N2 atmosphere,

=> Cool mixture to room temperature,

=> Pour the resulting white suspension, wbDe stirring, in aiL beaker containing 60

mL 2N Hel, 200 mL H20, md 300 mL ether,

~ AcidifY the aqueous phase to pH 2 with 2 N Hel ifnecessary,

=> Ifa white insoluble preclpitate is present, filter il 011:
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ApP!!dis 3: Detailed procedure for Cu !)'II"'_. (C••t'd)

=> Pour the mixture in • 1 L separatory fimnel, and separate off the ether layer.

Keep the ether layer,

=> Extraet the aqueous phase further with 3 x 100 mL ether,

=> Wash the combinecl ether extraetÎons with 3 x 200 mL water foDowed by 1 x

200 mL ofsaturatecl NaCl soluti~

~ The ether fraction is then dried. over anhydrous sodium sulfàte, fiJtered by

vaCUllDl, and the ether removecl by rotary evaporation,

~ RecrystaI1ize the resultiDg white solid hm hot n-hexane,

=> Run IR NMIl and DSC to check purity and melting point.

8-3



A.....dis 4: NMIllpec...,.Cil
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Appeaclà 5: NMR lpeelr" ,_ C"

•
={

r .... ~ ;,.; ,
l

t 1
! 1
1 1
t
t

~

.. ~
ÏI •.. t'\
i ".'1:.. t\

il ,.:~... •
"C"..SH i ~.. ~

• t-.. --
i •

'-Hz.- COfJfI ~ ("\

• .. ~.. ('\

• ,1-

:J
'".x

- G\cita. t:MJIi
~

_c.H-z Cltr,. 5 Il
s

;..

.....

..
;.

.....

..
è

•
~

,
..

•

•



•
Appendb 6: Surface teDsioD of. water-metilaDol mixture. Nine points were lound

rrom the litenture. ne cuve results frOID fittiDg_
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