
INFORMATION TO USERS

This manuscript has been repr6duced from the microfilm master. UMI

films the text direct1y from the original or copy submitted. Thus, sorne

thesis and dissertation copies are in typewriter face, while others May be

from any type ofcomputer printer.

The quality of tbis reproduction is depeodent upoo the quality of the

copy submitted. Broken or indistinct print, colored or poor quality

illustrations and photographs, print bleedthrough, substandard margins,

and improper alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a complete

manuscript and there are missing pages, these will he noted. Also, if

unauthorized copyright material had to he removed, a note will indicate

the deletion.

Oversize materiaIs (e.g., maps, drawings, charts) are reproduced by

sectioning the original, beginning at the upper left-hand corner and

continuing from Ieft to right in equal sections with small overlaps. Each

original is aIso photographed in one exp0 sure and is included in reduced

forro at the back ofthe book.

Photographs included in the original manuscript have been reproduced

xerographically in this copy. Higher quality 6" x 9" black and white

photographie prints are available for any photographs or illustrations

appearing in this copy for an additional charge. Contact UMI direct1y to

order.

UMI
A Bell & Howell Information Company

300 North Zeeb~ ADn Arbor w: 48106-1346 USA
313n614700 800/521-0600





(

(

(

AN INN0 VATIVE APPROACH IN MAGNETIC

CARmŒRTECHNOLOGY

Qingxia Liu

Department of Mining and Metallurgica1 Engineering

McGill University, Montreal

August, 1996

A Thesis Submitted to the

Faculty of Graduate Studies and Research

in partial fulfillment of the requirement of the degree of

Doctor of Philosophy

e Qingxia Liu, 1996



1+1 National Library
of Canada

Acquisitions and
Bibliographie Services

395 Wellington Street
Ottawa ON K1 A ON4
canada

Bibliothèque nationale
du Canada

Acquisitions et
services bibliographiques

395. rue Wellington
Ottawa ON K1 A ON4
Canada

Your fiIt!I V0tT8 ref8rt1nctl

The author has granted a non­
exclusive licence allowing the
National Library of Canada to
reproduce, loan, distribute or sell
copies of this thesis in microform,
paper or electronic formats.

The author retains ownership of the
copyright in this thesis. Neither the
thesis nor substantial extracts frOID it
may be printed or otherwise
reproduced without the author' s
permtSslon.

L'auteur a accordé une licence non
exclusive permettant à la
Bibliothèque nationale du Canada de
reproduire, prêter, distribuer ou
vendre des copies de cette thèse sous
la forme de microfiche/film, de
reproduction sur papier ou sur format
électronique.

L" auteur conserve la propriété du
droit d'auteur qui protège cette thèse.
Ni la thèse ni des extraits substantiels
de celle-ci ne doivent être imprimés
ou autrement reproduits sans son
autorisation.

Q-612-30325-X

Canada



(

(

{

•

To my wife Bo Zhang

and my lovely son Meichen Liu



(

(

(

ABSTRACT

Magnetic carrier technology (MCI) bas found a wide range of applications., including

biological œIl separation., waste remedjatio~ and raw material recovery. The challenge ta

Mer is to develop a new xrethod for the preparation of magnetic carriers with the

following features: high density of reactive functional groups., diversity of functionalities.,

and durability of surface films. In this thesïs., two novel rrethods., molecular self-assembly

and silanation., were developed for the preparation of magnetic carriers.

In molecuJar self-assembly, 16-rœrcaptohexadecanoic acid (HOOC-C1SH30-SH., Le.

MHA) was anchored onto the y-Fe2Û3 surface through chemical bonding between the

carboxylic head group of the surfactant and iron on the surface., leaving the thioi or

disulfide groups reactive. The molccu.lar orientation of MHA self-assembled on y-Fe2Û3

was studied by x-ray photoelectron speetroscopy (XPS), diffuse reflectance infrared

Fourier transfonn spectroscopy (DR.IFI'S) and film flotation. The self-assembled MHA

film on y-Fe2Û3 was irnmobilized and resistant to acid and base attaek. Magnetic carriers

prepared as such showed a strong affinity to Ag+ and Cu2
+ ions in an aqueous solution.

In the preparation of magnetic carriers by silanation using 3-amino-propyltriethoxy

silane (APTES), XPS, DRIFTS, and zeta-potential measurements indicated that direct

silanation of APTES from either water or toluene solutions on bare magnetic particles was

successfuL In acid solutions" APTES films silanized on bare magnetic protides from

toluene were more stable compared to the ones silanized from water. 80th films were

unstable in alkaline solutions. To improve the stability of siJanized films, a thin silica layer

was coated anto the magnetic particles using the sol-gel process~ followed by dense liquid

silica coating. Magnetic carriers with amino groups were prepared by the silanation of

silica coated magnetic particles using APTES in toluene. Stability tests indicated that the

silanized films on silica coated magnetic particles were more stable than the ones silanized

on barc magnetic particles.
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Magnetic carriers with reactive amine groups were proved to he effective for retOOval

or recovery of heavy rretal ions such as Cu2
+ and 'hl2+ from aqueous solutions. Loaded

metal ions on magnetic carriers were completely stripped off by 0.01 M nitric or

hydrochloric acid. The possible recycling of magnetic carriers could offset the high price

of magnetic carriers and Iower the cost associated with industrial applications.

Applications of magnetic carriers with reactive amine and thiol groups in biological cell

separation, iImnobilization of enzyrœs, magnetic fluids, and waste rerœdiation were also

discussed.

•



(

(

(

iii

RÉsUMÉ

La téchnologie des porteurs magnétiques (MCl) a donné lieu à de nombreuses

applications.. dont la séparation de cellules biologiques.. la reméd.iation des déchets.. et la

récupération de matières premières. Le défi dans le domaine des MCT est de développer

des nouvelles méthodes de préparation de ces porteurs magnétiques répondant aux critères

suivants: simplicité de préparation.. diversité des groupes fonctionels.. et durabilité

(robustesse) du film de surface. Deux méthodes.. auto-assemblage moléculaire et

~'si1anationnont été développées pour la préparation de porteurs magnétiques.

Dans le cas de l'auto-assemblage moléculaire, racide 16-mercaptohexadecanoique

(HOOC-ClsH30-SH.. Le. MHA) est ancré à la surface des particies de y-FezÛ3. L'ancrage

se fait par réaction chimique entre le groupe carboxylique et y-Fe2Û3 à la surface de la

particule, laissant les groupes "thioIique'9 ou "di-thioliquen libres pour des réactions

ultérieures. L'orientation moléculaire du MHA à la surface des particies de l-FelÛ3 a été

déterminée par spectroscopie photo-éléctrique à rayons X (XPS), spectroscopie

infrarouge à transfonœe de Fourier par réflexion diffuse (DRIFTS), et flottation. Le fihn

de MHA auto-assemblé à la sUrface des particules de l-Fe2Û3 est fermement innnobilisé et

résistant aux attaques acides et basiques. Les porteurs magnétiques ainsi préparés ont

démontré une forte affinité pour des ions métalliques tels que Ag+ et Cu2
+ en solution

acqueuse.

La préparation des porteurs magnétiques par "silanation" a utilisé le 3-amino­

propyltriethoxy-silane (APTES). Des m:sures par XPS9 DRIFTS, et potentiel zéta ont

démontré que la "silanation" directe (Le., sans traitem:nt préliminaire de la surface des

particules) de l'APTES à la surface des particules magnétiques est possible dans le cas de

solution acqueuse et dans le cas de solution à base de toluène. Dans le cas de solution

acides9 les films obtenus par '6silanationt9 directe sur les particules magnétiques sont plus
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stables pour la "silanation" dans le toluène que pour la "silanationu dans L'eau. Dans le cas

de solution alkalines, Les films sont instables pour les deux solvents. Afin d'améliorer la

stabilité des films obtenus par 6~silanation", une dense mais fine couche de silica a été

déposée à la surface des particules magnétiques en utilisant La méthode sol-gel, suivie

d'une déposition de silica liquide dense. Des porteurs magnétiques avec fonction amine

ont été préparés par "silanation" d'APTES dans une solution de toluène de particules

préliminairement eorobées de silica. Les tests de stabilité sur les films ainsi préparées sur

des particules préliminairement enrobées de silica ont montré une stabilité supérieure à

'celle obtenue lors de préparation par "silanation" directe sur les particules non emobées.

Les poneurs magnétiques dotés de groupes réactifs amine ont montré leur efficacité

pour L'élimination ou La récupération en solution acqueuse d'ions ~talliques tels que Cu2.+

ou âl2
+. Les ions métalliques absorbés sur Les porteurs magnétiques peuvent être

complètement détachés de la surface des porteurs en Les traitant par une solution d'acide

hydroclorique (ou nitrique) à 0.01 M. L'opportunité de recyclage des porteurs

magnétiques pourrait compenser le coût élevé de ces porteurs, et réduire les coûts

associés à une application industrielle de ces porteurs. L'application des porteurs

magnétiques avec groupes réactifs amine et thiol dans les domaines de la séparation de

cellules biologiques, L'immobilisation des enzymes, les fluides magnétiques et les

traitements des déchets sont aussi discutés.
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Strïngent environmental legislation regarding the discharge levels of pnonty

pollutants. such as heavy metals. is posing challenges to many industries. including

mining and metallurgy, eleetroplating, paper making, textile, dye and pesticide

manufacture. petroleum refining, and nuclear and agricultural industries (Patterson.

1995; Rao, et al., 1995). For example. the acid mine drainage CAMO) which is defined as

the ground surface-water draining from a mining site is one of the mast severe

environmental problems facing the mining industry today. When sulfide minerals.

particularly pyrite and pyrrhotite, are exposed ta oxygen in water, they are oxidized to

produce sulfuric acid. This acid. in turn. leaches out metals from other minerais into the

surface or ground water. In Canada. Many of the waterways around mining sites are

contaminated, often from mines that have been closed for decades. The two provinces

with the most extensive Metal mining base. Ontario and Quebec. have over 2.000

abandoned mine sites. many of wtrich May pose an acid drainage problem (Wang, et al,

1996). Depending on the sites, water from the AMD contains a different degree of Metal

contaminants. Above cenain "threshold toxicity" levels. these eontaminants can have a

significant impact on the quality of surface and ground water. The toxie nature of Many

metal ions, even at trace levels. has been recognized for Many years. For example.

Cu(m, Cr(VI). and Zncm are found to interfere with biological oxidation by consuming

enzymes required to oxidize organic matter. The accumulation of Mercury in predatory

fish. such as tuna and swordfish, due to contaminated water from paper processing and

caustie-soda manufacturingy eonstitutes a major health hazard ta humans. Many

catastrophes, sueb as the one in Minamata Bay, Japan, have resulted in the death of

humans from eating fish contaminated with mercury (Nemerow and Dasgupta, 1991).

Biochemical transformations similar to those for mercury may convert arsenic. selenium.

and tellurium to organic eompounds much more toxic than their inorganic fonns

(McBride and Wolf. 1971). Clearlyy it is necessary to develop technologies effective for

removing various pollutants from contarninated water in order ta preserve the high

quality of living environments.
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A wide range of technologies have been developed or considered for the treatment of

industrial effluents in arder ta meet mandatory discharge standards. The mast commonly

used techniques are chemical precipitation (as either hydroxides, modes or sulfides),

adsorption, ion exchange, reverse osmosis, and ion flotation (aIso known as foam

separation) (Rousseau., 1987). A brief review of these existing processes for heavy metal

removal is given below.

l.1. EXISTING TECHNOLOGIES FOR REAVY METAL REMOVAL

l.1.1 Precipitation

Precipitation is a weIl known process capable of removing heavy metals from aqueous

solutions (Stumm and Morgan., 1995). In hydroxide precipitation, for example, the

solution pH is raised by adding sodium hydroxide or lime to a regime where the

solubility of the metal hydroxide is exceeded., thus resulting in the precipitation of heavy

metals. Hydroxide precipitation is an effective method for the removaI of large quantities

of metals from contaminated water. The simplicity of the process has led ta its extensive

use in industry. Notable among problems associated with precipitation processes are

solid-liquid separation and the ultimate disposai of the solid product which often cantains

a high wateT content., voluminous sludge. The inappropriate disposai of unstable

precipitates may cause secondary contamination of water, since metal ions can be leached

out from the sludge back into the aqueous environment. In addition, a polishing step is

required for Olost precipitation processes in order to achieve low residual levels of metal

ions in processed water. Precipitation of base metals as suifides and oxides (e.g. ferrite)

is preferred but often costly (Finch., et al., 1994; Huang., et al., ~ 988). The production of

secondary resources could., however, offset the processing cost (Demopoulos, 1994). For

example, gypsum., a valuable material for the construction industry, could be produced

from the neutralization of acid mine drainage of high sulfate concentrations using lime. It

is wonh mentioning that only a few metals cao precipitate to fonn a valuable salid

product.
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This process is based on the adsorption of soluble contaminants in solution onto a

solid adsorbent. Adsorption of metal ions onto activated carbon. sandstone. fly ash.

natura! minerals (e.g. clay) and other surface reactive adsorbents has been widely used in

waste water treaonent and significant progress has been made in the past two decades.

This method is capable of removing most toxic species. including Cu(m. Cr(VI). Pb(II).

and Zn(m. Khalfaoui. et al. (1995) and Alaens et al. (1989) reported that coconut shell­

based activated careon was effective for the removal of Cr(VI) from acidic electroplating

wastewatef. Huang et al. (1989) studied the adsorption characteristics of Zn( II) onto

various hydroaluminosilicates and demonstrated a high zinc removal efficiency by

adsorption. Most adsorption processes have only been tested at the pilot plant level. and

the applicability ta full scale treatrnent is effective only in the recovery of gold cyanide

from i15 pregnant leaching solution (Marsden and House. 1992). Since mast adsorption

processes are performed in a column packed with adsorben15. a prefiltration step i5

needed for most industrial applications in arder ta remove finely-divided solids which

may. otherwise. clog the channels available for transparting liquid. Regeneration of the

adsorbent and the cast fOf carbon replacement are also issues ta he concemed with.

1.1.3 Ion Exchange

The ion-exchange process relies on the exchange of certain undesirable cations or

anions in wastewater with sodium. hydrogen. chloride. etc. in porous polymer resins of

either a styrene or an acrylic matrix. The ion exchange process continues until the

solution being treated exhaus15 the resin exchange capacity. When this point is reached.

the exhausted resin must be regenerated by other chemicals which replace the ions

captured in the ion exchange operation, thus converting the resin back ta i15 original

composition for reuse in the next cycle. The ion exchange resins were originally

developed ta reduce the hardness of domestic water (Nordell, 1951). Applications of

industtial ion-exchange are expanding rapidly in different fields, ranging from the

purification of law-cast commodities ta the treattnent of high-cost pharmaceutical
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derivatives and precious metals such as gold and platinum (BoIto and Weiss't 1977;

Appelbaum't 1968~ Mehmet and Te Riele't 1984). Oogging and regeneration of resins't

similar to that encountered in the adsorption process by activated carbon.. may also he

experienced in this process. In practice.. wastewater to he treated by ion exchange is

generally pre-fùtered to remove suspended solids which could mechanically clog the

resin bed.

1.1.4 Reverse Osmosis

When an ideal semipermeable membrane (one that is permeable ta solvent but not

solute) is placed between two compartrnents. one containing the pure solvent and the

other a solution (solvent and solute), the solvent passes through the membrane ta the

solution side. This phenomena is called osmosis. The chemical potential from the solute

concentration gradient causes the transpon of solvent. The pressure that must be applied

ta the solution side ta stop the solvent flux is called the osmotie pressure. Reverse

osmosis is a membrane permeation process capable of separating solvent from a solution

by forcing the solvent through the semipermeable membrane under a applied pressure

greater than the osmotie pressure of the solute. Ta be used in the reverse osmosis process.

the membrane must be (1) highly permeable to solvent., (2) highly impenneable to solute.

(3) capable of withsœnding the applied pressure without failure, (4) as thin as possible

but with sufficienùy high mechanical strength. (5) chemically inert and creep resistant.

and (6) readily fabricated into configurations of high surface-ta-volume ratios (Nemerow

and Dasgupta., 1991). Reverse osmosis has found many practical applications including

the preparation of high-purity water as a suecessor ta distillation and as a precursor for

ion exchange in ultrapwe water systems~ concentration of whey, milk. and maple sap in

the food industry; reeovery of salts, such as NiSO, from rinse water; concentration and

partial fractionation of lignosulfonates in wood pulping; and the concentration and

recovery of metals from many industrial effluents (Parekh. 1988). The apparent

limitations of this approach are concems with membntne lifetimes. l~ss in flux rate,

relatively small amount of effluent that cao be treated and limited types of materials that

can he removed. Sorne solutions (strong oxidizing agents, solvents, and other organic
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compounds) can cause dissolution of the membrane. Fouling of membranes by suspended

solids in wastewater is another concerne For charged membranes the ion exchange

between the feed solution and the membrane can cause shrinking or swelling of the

membrane, which, in turn, affects the transport properties of the membrane (Parekh,

1988).

1.1.5 Ion Flotation

Ion flotation was frrst introduced by Sebba (1959). The basic principles of the

technique were described in a number of publications (1960, 196230, b, 1963, 1964,

1965). The method involves the removal of suriace-inactive ions from aqueous solutions

by the addition of surfactants capable of fonning ion-surfactant pairs, and the subsequent

passage of gas bubbles through the solutions. Due ta the surface active nature of the

surfactant, the ion-surfactant pairs are concentrated on the bubbles, and floated to the

surface of the solution where they are removed as foams. In generai, an ionic surfactant

(known as collector in minerai proeessing) of opposite charge ta the surface-inactive

contaminants is used ta induce an electrostatic force between them, thus fonning ion­

collector pairs. It is, however, possible to use a nonionie surfactant (i.e. neutral

molecuies) capable of fonning coordination bonds with contaminants as a collectoI. One

of the examples is the removal of Cu (II) ions by neutral dodecylamine molecules

(Pinfold, 1972). Numerous investigations have been conducted ta determine the

propensity of various surfactants in removing metal ions from dilute solutions. Ion

flotation has been applied to a wide range of problems other than base metal recovery,

including waste warer treatment, removal of radioactive elements from water, and the

recovery of precious metals (Rubin, et al., 1966; Charewicz and Gendolla, 1972; Davis

and Hass, 1972; Berg and Downey, 1980; Nicol, et al., 1992). The major advantage of

ion flotation over activated carbon adsorption is that air bubbles are relatively

inexpensive to produce and no desorption step is required. However, a stoichiometric

ratio of surfactant molecules to ions to be floated is needed in ion flotation. The process

cao, therefore, be quite expensive and may ooly be used to float ions in solutions of low

concentration.

•
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The SirofloclHeavy metal process was developed recently. In this process. magnetic

seeds (magnetite) were added as nucleation centers for hydroxide precipitation. The

10aded magnetite was separated using a magnetic separator and then treated with acid to

generate a small volume of concentrated effluent with the magnetite ready for reuse in

the next cycle (Dixon" 1992). Apparenùy, this process is suitable for metals that can

readily fonn precipitates on magnetite" but fails if homogeneous bulle precipitation

prevails or if the precipitation of metals is not effective. An inherent difficulty of this

approach is to select conditions under which ail unwanted species precipitate.. otherwise..

a multistage treatment may be required.

In surmnary.. each technique reviewed above has its own limitations in industrial

applications. For example. the high percentage of suspended solids in solution interferes

with the adsorption.. ion exchange, and reverse osmosis processes. The cost of surfactant

in ion tlotation is a concerne Obviously, there is a need to develop a versatile technique

suitable for effective remaval or selective recovery of metals from industrial effluents at a

relatively low cast.

1.2 MAGNETIC CARRIER TECHNOLOGY

.For the selective recovery or remaval of heavy metals from voluminous industrial

effluents of high metal concentrations and suspended solids.. the use of magnetic carrier

technology (MCl') is of particular importance.. as the-technique combines the advantages

of technical flexibility, economic value, and environmenta1 acceptability.

Mer originated in the early 19405 from the study on wastewater treatment where the

objective was ta adsorb organic matter onto small magnetite (fe)OJ particles and to

subsequently separate the loaded magnetite from the process liquor by magnetic

separation (Urbain and Stemen, 1941). In its broadest application Mer refers to the

tailoring of physical, chemical and surface properties of magnetic carriers to enable



selective or non-selective attachment of molecules. macromolecules. biological eeUs.

colloidal particles and metal ions ta the carriers. Magnetic particles (carriers) with their

load of target species such as metal ions. biological cells and toxic organic matter can he

captured by exposing them to a magnetic field gradien4 thus alIowing them ta be

separated efficiently from the streams. The application of Mer in the removal of

contaminants is shawn schematically in Figure 1.1.

(
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The target species. such as heavy metals loaded onto the surface of magnetic carriers.

can then be stripped off by acid washing, thus enriching the concentration of metal ions

for the subsequent recovery by electrowinning. The magnetic carrier, aiter stripping off

loaded metal ions, can be reused. A hypothetical process for heavy metal removal using

MCf is shawn schematically in Figure 1.2.

e) A e) [Ile)
(a) (h) (c) (d)

- magnetic carrier o non-magnetic species

.­•(

(

Figure 1.1 Schematic representation of magnetic carrier technology. (a). Magnetic
carriers with reactive functional groups on the surface are added to a solution containing
non-magnetic species to be removed or recovered; Cb). Non-magnetic species attaehed ta
the magnetic carriers; Cc}. Magnetic carriers with their load of selected species are
attracted by an external magnetic field and then separated from the stream; (d). Purified
solution after removal of non-magnetic species.
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Figure 1.2 Flow diagram for recovery/removal of metaJ ions using MeT.
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1. selective removal or recovery of target metal ions using funetionalized magnetic

carriers;

2. high loading efficiency of nanosized magnetic carriers due to their large specifie

surface areas;

3. high soüd-liquid separation efficiency by magnetic separation; suitable for large

volwnes of industrial effluents;

4. less interfercnce from particulates oftcn present in the industrial effluent

5. economic benefits from recovering metals and recycling the magnetic carriers.

In arder to incorporate Mer inta industrial processes., it is essential to prepare

magnetic carriers with the following properties:

• reactive functional groups on the surface capable of capturing metal ions from

solution, and aIso allowing the loaded metal ions ta be stripped off;

• robust thin organic film on the surface which can tolerate harsh conditions

encounœred in industrial processes;

• suitable magnetization for magnetic separation;

• high density of functional groups for high loading efficiency;

• ability ta be redispersed and reused in subsequent cycles;

In essence., Mer involves the preparation of functionalized magnetic carriers and their

subsequent removal from the streams after Loading target species. An integrated

interdisciplinary approach for the manufacture and surface hybridization of appropriate

carriers with careful attention ta the constraints imposed by the subsequent applications

is, therefore, required. In this respect Mer cao be regarded as a prime example of using

caUoid and surface engineering principles ta yield a step change in technology. The
•

challenge to MCf in a variety of applications. such as biolagical cell removal, raw

material and metal ion recovery, is to develop a new methad for the preparation of

magnetic carriers with the above mentioned features. which is the focus of this thesis.
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Many rnethods have been developed ta prepare magnetic carners. These include

polymer adsorption and polymerization (Ugelstad, 1992), bilayer formation of

arnphilphiles (Huang, 1990; Wooding, et al., 1992; Menager and Cabuil,1995), silanation

by organofunctional silane (Whitehead.. et al., 1987; Albert.. et al .. 1989), and ligand

complexation on magnetic particles (Briggs, et al., 1977). Either a single reaction or

severa! steps are required in arder to prepare desirable magnetic carriers. Generally, a

probing molecule or reaetive functional group on magnetie carriers has a specifie affinity

to targeted biological cells or metal ions as shown in Figure 1.3. The interaction hetween

fabrieated magnetie particles and target moleeules ean he described by a key-and-Iock

relationship. Such specific interactions as antibody-antigen.. biotin-streptavidin and ligand­

rnetal have been incorporated into Mer for selectively removing the target cells from

biological system and metal ions from industrial effluents (Thomas. et al.• 1992; Spinke.. et

al., 1993; Nunez. et al... 1995). The following is a brief summary of the current status of

various methods for preparing magnetic carriers.

Functionalization Labelling

Target

(cell,
antigen,
enzyme,
particle or
ions)

(

Key-Lock relation: Antibody-Antigen
Biotin-Streptavidin

LÏiand-metal

Figure 1.3 Schematic diagram for designing magnetic carriers for target species.
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Polymer adsorption and surface polymerization have been used to fabricate magnetic

carriers. Co-precipitation of Fe::· and Fel. with polymers under similar conditions ta those

used in the production of synthetic magnetite has also been used to prepare magnetic

resins. This technique can produce submicron magnetic particles with chitosan (Yen~ et

al.~ 1981)~ dextran (Molday and Mackenzie~ 1982; Molday, 1984) and polypyrrole (Qi.

1995) functionality. The density of functional groups on polymer-coated magnetic

particles is~ in general, lower than those prepared by molecular bilayer assembly. This

limitation is associated with the dangling and coiling of polymer molecules on the

surface. As a result the subsequent uptake of target ceUs or particles will be retarded for

steric reasons (Albert. et al.• 1989).

1.3.2 Molecular Bilayer Assembly Using Amphiphiles

In many applications. a magnetic carrier has been prepared by building two layers of

surfactants on colloidal magoetite (nanometer size in mast cases) as shown in Figure 1.4a

(Huang~ 1990). The ioner layer surfactant has a functional group with an affinity for

magnetite. The outer layer of surfactant cao be built on top of the inner layer through

hydrophobie association between hydroearbon ehains. The functional group of the outer

layer orients outwards from the magnetite and provides the capability for coupling with

the target species. Sïnce the functional group of the outer layer can be tailored. the

selectivity of the coupling cao be controlled. A similar bilayer molecular architecture has

been engineered on the surface of magnetic particles using a phosphate lipid through the

formation of liposomes (Menager and Cabuil" 1995). This type of magnetic carrier with

phosphate lipids on the surface has the feature of biological compatibility and could be

used in drug delivery and drug encapsulation. The main drawback of magnetic carriers

prepared as such is that the outer layer can be unstable when in contact with metal ions in

application, resulting in the loss of capacity and functionality. This can be overcome by

self-assembling a monolayer using a bolaamphiphile with two functional groups at both

ends of a alkylchain. By controlling the relative reactivity of the two functional groups



with the surface~ one functional group can anchor chemically onto the magnetic particles

and the other remains reactive as shown in Figure 1.4b. Exploration of this approach is

one of the objectives of this thesis.

,(
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Bolaamphiphile

Ce.g. COOH-ClS~O- SH)

functional group
with affinity to
magnetic bead

inner layer surfactant

outer layer
surfactant

functional group
with affinity to

target Species\ _ 1 \, l ,
. ~\ I/~...... .....

(

(a) (b)

Figure 1.4 Schematic pictures for (a) Bilayer assembly using amphiphiles on
magnetic particles; (b) Monolayer assembly using bolaamphiphiles on magnetic
particles.

1.3.3 Silanation Using Silane Coupling Agents

(

The most widely used techniques for covalently placing reactive organic groups on

inorganic surfaces is thraugh the reaction of inorganic surface with silane coupling

agents which have dual functionalities, inorganic group at one end and organic group at

the other (Plueddemann, 1982). The inorganic functional group (silanol) can condense
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with surface hydroxyl groups on the substrate through chemical bonding~ and the organic

functional group at the other end retains the reactivity with the target species in solution

(Plueddemann. 1982). Silanation of magnetic particles (Fe10.t) with 3-amïno­

propyltriethoxy silane (APTES) or 3-mercapto-propyltriethoxy silane (MPS) for the

preparation of magnetic carriers and their applications in biological separation were

patented by Whitehead~ et al. (1987). They confmned the presence of silanes on iron

oxide particles based on the following observations: Mter treating the silanized particles

with 6N Hel solutions. the iron oxide was dissolved and a white.. amarphous residue was

left in solution which was nat present if the unsilanized iron oxide was sirnilarly

digested. The acid insoluble residue was believed ta be palymerized silane. However..

there is no detailed repon in this patent on (i) how the stability of silanized films was; (ii)

how the silane coupling agents reacted with the surface: and (iii) how the reaction

conditions. such as the type of salvents. reaction and post curing temperatures. were

contralIed. Stable silanized fIlms have been reported ta fonn on sorne oxides such as

aluminum.. zirconium. tin. titanium. and nickel (Arides. 1992). The fùrns formed on

modes of baron. iran. and carbon were faund less stable. and alkali metal oxides and

carbonates did not form stable bands with silane coupling agents (Arides. 1992). It is

weIl dacumented that the most stable min organic films fanned by silanatian are those on

silica (Plueddemann~ 1982). Therefare. an approach ta improve the stability of silanized

thin organic films on magnetic particle by silanation is ta coat the magnetic panicles with

a thin layer of silica before silanatian, which will be pursued in this thesis.

1.4 OBJECTIVES OF THIS WORK

The overall a bjective of this research is ta develop new methads for preparing magnetic

carriers that have potential uses in the recovery or remaval of metal ions frOID industrial

effluents. Specifically. this program}s designed ta:

1. develop a novel method for preparing rnagnetic carriers by molecular self-assembly

and silanation;
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2. characterize the functionality and coating density of the prepared carriers using surface

sensitive techniques such as diffuse reflectance infrared Fourier transfonn

spectroscopy (DRIFTS), X-ray photoelectron spectroscopy (XPS), zeta-potential

measurement. thermal gravimetric analysis (TGA), and film tlotation:

3. examine the stability of organic thin films on prepared magnetic carriers:

4. determine the selectivity and efficiency of magnetic carriers in the removal of different

metal ions such as silver. COPPeT. and zinc from solution;

5. investigate the stripping off of metal ions from magnetic carriers by acid washing;

6. evaluate the possibility of recycling and regenerating rnagnetic carriers. which

completes the testing of hypothetical approach given in Figure 1.2.

1.S STRUCTURE OF THE THESIS

Molecular self-assembly and silanation are the two rnethods that have been adopted for

the preparation of magnetic carriers in this work. This thesis contains eight chapters.

Chapter one introduces the traditional physical-chernical methods for heavy metal

removal. The comparison of these methods with the magnetic carrier technology (MCT)

is made and the advantages of using Mer are presented. The current state of preparing

magnetic carriers is reviewed, followed by the objectives and the structure of the thesis.

Chapter two reviews sorne characterization techniques used in this thesis. These

include infrared spectroscopy, X-ray photoelectron spectroscopy, thin film flotation and

zeta-potential measurement, and thennal gravimetric analysis. Examples of these

techniques applied to the thin organic film characterization and to the study of minera!

tlotation system are given. The vibrating sample rœgnetometer is also briefly discussed as

it is used to characterize the magnetization of magnetic carriers.

Chapter three introduces a novel rœthod for the preparation of rnagnetic carriers using

molecular self-assembly of bolaamphiphiles (16-mercaptohexadecanoic acid. SH-ClSH24-
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COOH) on magnetic particles (y-Fe203). The self-assembled layers on the magnetic

carriers are characterîzed by X-fay photoelectron spectI'oscopy (XPS), diffuse reflectance

infrared Fourier transform spectroscopy (DRIFfS), and vibrating sample magnetometer

(VSM). The molecular orientation of the surfactants on partic1es was inferred frorn the

critical surface tension values detennined by film tlotation and confirmed by infrared

spectroscopy. The padang density of the surfactant moiecules in self-assembled

monolayer is derived from XPS analysis and thin film flotation. The stability of self­

assembled monolayer is studied by leaching teSL

Chapter four presents the results of the preparation of magnetic carriers by direct

silanation on bare rnagnetic particles using silane coupling agent. 3-aminopropyltriethoxy

silane (APTES). The effects of solvents and curing temperatures on silanation are

discussed. The stability of Ùle silanized films is examined.

Chapter five describes the techniques for thin layer silica coatings on magnetic

particles, including sol-gel and dense liquid silica processing. A novel two-step silica

coating process, sol-gel followed by dense liquid silica is developed. which produces a

stable, densely packed thin silica layer on the surface. Silica-coated rnagnetic particles are

more amenable for the silanation.

Chapter six discusses the silanation of silica coated magnetic particles using APTES in

toluene. The improved stability of silanized films on such surfaces are demonstrated.

Chapter seven presents the examples of the applications of prepared magnetic carriers

in heavy metal removal Stripping off metal ions from loaded magnetic carriers and

reuse/regeneration of magnetic carriers are described.

Chapter eight presents the overall conclusions and recommendations for future wode.
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In appendices the recipes for silica coatings by sol-gel and dense liquid silica processes

are presented.
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CRAPTER 2 CHARACTERIZAnON

TECHNIQUES

2.1 INTRODUCTION

The nature of the surfactant used and its orientation on the magnetic particles govems

the functionality of the magnetic carriers. However, the chemical bonding between the

functional groups of the surfactant and the particle surfaces determines the stability of the

thin organic films on the magnetic carriers (U1man.. 1991). An understanding of the

interactions between the surfactant molecules and the magnetic particles is essential for

controlIing the orientation of molecules on the surfaces. and hence the functionality of the

magnetic carriers. Surface charaeterization techniques are often used to elucidate the

orientation of surfactant molecules on the surface and to examine the nature of the

chemical bonds between the functional groups of the surfactant and the particle surfaces.

A brief discussion on characterization techniques used in this study is, therefore~ given in

this chapter.

Most surface analytical techniques are based on the interactions of eJectromagnetic

"particles" or '~aves" with samp1cs, wbich generates a signal radiation detected or/and

analyzed by proper detectors. Based on the sources of excitation and the modes of

emissio~ varions analytical techniques such as X-ray photoelectron spectroscopy (XPS),

secondary ions mass spectroscopy (SIMS), and infrared spectroscopy (IR) have been

developed. The varions spectroscopie techniques are shown schematically in Figure 2.1.

Among the techniques widely used toelay, using eJectrons as an excitation somee results in

the highest spatial resolution (e.g. Auger electron spectroscopy); using photons as the

excitation source features the bighest energy rcsolution (e.g. XPS); while using ions as

the excitation source gives the highest sensitivity (c.g. SIMS).
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Rdlect.ed photons
(IR)

Emitted photons
(IR)

Figure 2.1 Sdtematic picture of spectroscopie techniques
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Many of these techniques have been extensively used ta study physiochemical

interfacial properties of thin organic films on metal oxides. For example., the orientation

and packing of surfactant I110lecules in thin organic films on rretal oxides have been

studied by infrared spectroscopy with various sampling rœthods (Hair, 1967). The

chemical composition and monolayer structure of surface films have been detennined by

X-ray photoeleetron spectroscopy (XPS) (Briggs and Se~ 1990). The complexœntary

techniques such as scanning tunneling microscope (STM), atomic force microscope

(AFM) and ellipsometry have also been used ta study the topography and thickness of

surface films at the molecular scaIe (Sarid, 1991; Azzam and Bas~ 1977; Biner and

Schulzcr, 1986). Some traditional techniques have aiso found their way into modem

surface science. Contact angles measmed by a goniorœter with different probing liquids.,

for example, were used to evaluate wetting properties (Lee, 1993), surface-free energies

(Fowkes, 1964; Van Oss, 1994), and to get infonnation on surface forces (Xu., et al.,

1996). Som: of these techniques are not suitable to study surface films on fine powder

samples, and each tcchnique bas its own rœrits and drawbacks. A judicious combination
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of diffèrent analytical techniques is. in most cases. needed to draw a complete picture of

surface coatings.

In arder ta perfonn rœaningful surface analysis and interpret the results. it is necessary

to understand the nature of interactions between the excitation beam and samples and the

production/deteetion of signais. It is beyond the scope of this thesis ta give a detaiIed

description of the physical background for every surface analytical teehnique~ but a brief

discussion of the techniques used in tbis work shoukl be useful and is thus given as

follows.

2.2 FOURIER TRANSFORM INFRARED (FTIR) SPECTROSCOPY

Infrared specttoscopy is widely used in determining the chemical structure of organic

moJecules. This technique is based on the absorption of infrared radiation by organic

moJecules which causes the changes in vibrational and rotational energy states of the

molecules. For a simple molecu.le. the amount of energy required to change the vibrational

energy level from one state to another is related to the molecular vibrational frequency (v)

by Planck's Law:

E=hv (2.1)

where the vibrational frcquency is derived from ordinary mechanical model (Simple

Harmonie Oscillator Model) and is given by:

V=_l OC
2n VJi (2.2)

where K is the force constant of the bond between two atoms (N/m); and ~ is the reduced

mass related to the masses of the individual atoms in the bond by:

(

(2.3)
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in which ml and tnz are the mass of atoms 1 and 2., respectively.

The radiation frequency can also he expressed in wavenwnber (v ) as:

-- l ~-5.3 lO-t2~v-- -- X -
2nr J.L jJ.

(2.4)
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where v is the wavenumber of absorption peak (cm"l) and c is the velocity of light in

cm/s.

It can he seen from equation (2.4) that higher radiation energy is needed to cause a

change in vibrational energy state of the molecules with a bond of greater force constant

and/or smalIer masses of atoms. Thus, IR bands will appear at higher wavenumbers for

stronger bonds and/or a sma.llcr mass of the bonded atoms. For example., IR bands for C­

C., C=C and C-=C appear at wavenumbers of ca. 1429., 1667, and 2222 cm-1 respectively,

because the force constant of a carbon/carbon bond is in the arder of single < double <

triple. Similarly, the bands of rœthcylene antisymctric and symmetric stretching modes

appear at higher wavenumbers for gauche conformations of alkane chains in monolayer

than that for weIl packed ones in trans conformations. Compared ta stretching vibrations,

the bending vibration requ:ires less energy, and thus corresponding bands appear at lower

wavenumbers. The difference in the absorption of radiation energy for various vibrational

modes gives tise ta a pattern of IR. bands (Le. spectrum).

The inst:runx:nt used in the past were dispersive spectrorneters that consisted of a

polychromatic radiation source, a monochromator and a detector. This type of apparatus

bas now been superseded by Fourier Transfonn infrared (FTIR) spectrometer which has a

number of advantages. The most signi1icant advantages arc the high sensitivity and fast

speetra acquisition in addition ta bigh accuracy and precision in waveJength detennination.

A few sampling techniques are often used in FI1R spectrorœter including transDÙSsion.

external and internai reflecti.on. diffuse refleetion and photo-acoustic speetroscopy.

•
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( 2.2.1 Transmission Infrared Spectrœcopy
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In the transmission rmde, the radiation passing thraugh the sample is deteeted. For

powder sarnpleS., KBr is often used as the matrix or dilutent in preparing the sample pellets

since KBr is transparent in the nDddle IR range. The possible problems in this method are

the interactions of chemicals to be deteeted with KBr and the need for dry powder

samples. The low smface sensitivity has limited this technique to the bulk cbaracterization.

In the reflection technique, three types of sampling modes are available for diffèrent

applications: external reflectance., internal reflectance and diffuse reflectance.

2.2.2 Extemal Reftectanœ Infrared Spectroscopy

In this rrode, the single IR beam is directed to a bighly ref1ective sample surfaèê and the

reflected IR radiation is deteeted. External reflectance spectroscopy is particularly useful

for studying the structure of thin organic films on the surface that strongly reflects the

incident beam. For substrates of relatively low retlectivity, the sensitivity of the technique

is reduced. The advantages of external reflectance IR spectroscopy are that the incident

beam can be polarized and the incident angle can he controlled to probe the orientation of

molecules on the surface as shawn in Figure 2.2. Two beams, i.e., incident Ci) and

reflected (r), fonn a plane called the plane of incidence. The angle a of incident beam ta

the DOnnai of the surface is known as the incidence angle. When the electrical field of IR

a b c

Figure 2.2 Optical sdlematic of an estemal retlectanee.
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radiation is polarized ta have a component parallel ta the plane of incidence., p­

polarization is obtained (Figure 2.2b). If the electrical field veetors are oriented

perpendicular to the plane of incidence., the radiation is s-polarized (Figure 2.2c).

The first application of this technique ta rretal surfaces was reponed by Grenler

(1966). Adsorption and orientation of xanthates and other thiol collectors on copper rœtal

and cuprous sulfide (cbal.cocite) electrodes., with and without applied potential. bave heen

investigated by Mie1czarski and co-workers (1987; 1989; 1990; 1991; 1993). The

formation of mono and rrmltilayers of surfactants on semiconductors (low adsorption

substrate) was detected and the orientation of the individual molecular groups and the

nature of chemical bonding between the adsorbed species and surfaces were identi:fied by

using the extemal retlection spectroscopy at different incident angles with bath p- and s­

polarized radiation. Equihèrium structures of n-alkanoic acids on alwninum (Golden et al,

1982) and tluorite surfaces (Sivamohan, et al., 1990) have been studied using this

technique, and the relation between film structure and solution concentration of

surfactants was established. The oxidation species on iron plate were aIso identified by

reflection infrared speetroscopy (Poling., 1969). Unfonunately, this technique is not very

useful for powder samples.

2.2.3 Internai Retlectance Infrared Spectroscopy

Intemal reflectance is sorœtiIœs refcrred to as attenuated total ref1ection (ATR) or

multiple internai refleetion. A typical setup for an ATR FITR experiment is shawn in

Figure 2.3. A Brewster-angle rotating Ge polarizer can he placed in the IR be~ in front

of the C face of the ATR crystal that can he made of Si., Ge, or ZeSe. The radiation is

incident on the crystal in such a manner that total ref1ection occurs at the crystal-sample

interface. ATR is more sensitive tban other modes of FTIR., since the nmltiple reflection

path enhances the signal. AIso, it can he nDdified for in-situ studies. Using this technique.

Couzis and Gulari (1993) studied the adsorption dynamics and the structure of adsorbed

sodium laureate on an alumina surface from its aqueous solution. Recently, the amount

and the state of fatty acids adsorbed on the crystal surface have been performed by Kellar
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et al (1993). With !bis technique~ large aImunts of powder samples are often required for

full coverage of the crystal surface~ and the intimate contact between the crystal and

samples bas to be contro1led carefully. When bard materials are analyzed., attention bas to

he paid to avoid scratehing the crystal with the sample.

From IR beam

Figure 2.3 Typical setup of ATR FTIR experiment.

2.2.4 Diffuse Retlectance Infrared Fourier Transform Spectroscopy (DRIFTS)

Diffuse ref1ection results frOID the nmltiple scattering and partial absorption of the light

flux impinging on (ideally) a matte-finish surface. Optical configuration of a diffuse

reflectance cell is shown in Figure 2.4. A small cup, about 10-15 mm in diaIœter and 3-4

mm deep, is used ta hold the sampJe. Microcups, about 2-3 mm in diaIœter, may he used

whenever there is only a limited aImUDt of sample available. In this technique, the IR

beam is focused on the sample by an ellipsoid mirror, and the diffusely ret1ected beam is

collected with a large aperture mirror to direct the beam to the deteetor. This technique is

preferred for fine powder samples and is surface sensitive. Another important feature of

DRIFTS is the dependence of the effective penetration depth on the absorption and

scattering coefficients of the sample. Our experiIœntal results indicated that for strongly

absorbing materials such as magnetite, the IR signal is fairly weak: because of the low

reflcctance, and the technique is less valuable.
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DRIFTS bas been used extensively to study the interaction of silane coupling agent

with silica and to characterize the thin films formed on the silica (Bli~ et aL~ 1988; Bogart

and Leyden, 1994). The adsorption densities of alcohol on silica powders were detennined

using quantitative diffuse ref1ectance FT-IR (Horr9 et aL 9 1992). The orientation of

xanthate molecules on the pyrite surface was also analyzed by DRIFTS (Cases9 et al..

1993). In this thesis wor~ DRIFTS is used to charaeterize the thin organic fihns on

nanosized magnetic particles.

Ellipsoid

Detector

Figure 2.4 Optical configuraûon of a diffuse-reflectanœ œil.

2.3 X-RAY PHOTOELECTRON SPECTROSCOPY (XPS)

In XPS 9 X-rays of a given energy are used to ejeet electrons (called photoe1ectrons)

from core and valence energy levels of atoms on a solid surface. The-kinetic energies of

the emined elcctrons are analyz.ed by the electron spectrOIœter. The block diagram of

XPS instrument is shawn in Figure 2.5.
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Figure 2.5 Schematic representation of photoelectron generation in XPS.

The energy levels of core eIectrons for a given element are sensitive ta the structure

and bonding of the elemen~ even though core electtons are not necessarily involved in

chemical bonding. The value of the core level binding energy determines the type of atoms

present in the solid. while the chemical shifts give information on the chemical

environments of the elerœnts. If oxygen interacts with hydrogen to form a hydrogen bond

on the surface. for example. the binding energy of oxygen will shift to a lower value

compared to tbat without hydrogen bonding. It is weil known that the sttong

electronegativity of oxygen attraets the electron cloud around hydroge~ thus reducing the

binding energy of oxygen nuclei to electrons. wbich accounts for 0 bserved chemical shifts.

An analogue of this chemical shift is the appearance of two different oxygen bands at 531

eV and 528 eV for the oxygen in silica and in iron oxide, respectively. Similarly, the band

position of carbon bound ta oxygen in carboxylic groups will appear at a higher binding



energy value than that bound to hydrogen or carbon in hydrocarbon chains as shown in

Figure 2.6. It is evident that XPS analysis can provide information of the chemical

environment of an element on a solid surface.

(
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Binding Energy (eV)

Figure 2.6 Sdlematic illustration of cbemical sbift in XPS. The binding energy of
carbon bound ta hydrogen appears at 284.8 eV, whereas the binding energy of carbon
bound to oxygen in carboxylic groups appears al 288.3 eV. Therefore, the chemical
environment of elements present on the surface cau he detennined from the chemical shift.

XPS bas been widely used to study the interactions between the surfactant and rretal

oxides (Moses, et al, 1978). Extensive research bas also been devoted to the study of

sulfides oxidation by using XPS (Fomasiero, et aL 1994; Prestidge, et al, 1995). More

recently, a variable take-off angle (defined as the angle between the sampJe surface and the

direction of emission of the photoelectrons) technique bas been used to probe the

orientation of Imlecules on the surface (Homer, et al, 1992). Information on the structure
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of thin organic films as a fonction of depth was obtained by collecting spectra at diffèrent

taire-off angles., since the sampling depth increases with the take-off angle. As a result.,

XPS signals from the bulk materials reduce as tm-off angles becorœ smaller,

representing a more surface sensitive condition. Surface chemical composition can also he

obtained from XPS analysis. For example., in the XPS spectrum of narrow scans., the

integrated band area for each elcm:nt., nonnalized by the sensitivity factors of

corresponding elerœnts and the experimental number of cycleS., can provide a relative

concentration of elements on the surfaces. It should he noted., however, that the XPS is an.
ultrahigh vacuum technique. In SOIŒ caseS., the charging is a problem for non-conducting

sarnples.

2.4 THIN Fn.M FLOTATiON

The wettability is an imponant characteristic of a surface in colloid and surface science.

One of the connnonly used methods to detemIine the surface wettability is to rreasure the

contact angle. It bas been well docwœnted that a smaller water contact angle represents a

more hydropbilic surface., or vice versa. Based on this observation., it hecOIœS clear that

the contact angle measurement can he used to identify the orientation of molecules on the

surface. A typical example is a water contact angle Iarger than 90 degrees for a monolayer

of octadecanethiol on a gold surface., indicating the terminated methyl group being

exposed to the enviroDIIl:nt CBairl. et aL 1989). A zero water contact angle for a

rmnolayer of 16-mercpatohexadecanoic acid (HS-C1sH30-COOH) on a gold substrate

indicates that the carboxylic group is towards the enviromœnt (B~ et al 1989). The

homogeneity of the surface or rmnolayer can also he detemIined by the hysteresis of the

contact angle (XU., et al., 1996). The apparent limitation of contact angle measurement., as

an analytical tool., is that only fiat and smooth surfaces can he studied.

Based on the wetting theory that a particle will he wetted and sunk in a liquid if

interfacial tension of liquid-air is lower than that of solid-air (provided the density of liquid

is lower than the particle), an alternative rœthod., thin film tlotation, bas been developed to

determine the surface wettability of powder samples (William and Fuerstenau~ 1987). A



typical setup of a thin film tlotation experiment is shown in Figure 2.7. A given cumunt of

particles are placed gently on the top of the solution of various surface tensions prepared

from a methanol-water mixture. At a given surface tension of liquid., the wettable

particles sink to the bottom of the beaker, while unwettable particles remain tloating on

the top. After a period of time., usually twenty minutes for wetting and settling of wettable

particleS., the weight fraction of unwettable particles is detern1inecL from which a film

flotation curve can he 0 btained by plotting the weight percentage of unwettable particles

(lyophobic part) as a function of solution surface tension (Figure 2.8). The slope of the

cUrve ret1eets the uniformity of the surface. The steeper the curve., the more hOIlX>geneous

the surface. AIso obtained frOID this curve is the critical surface tension (CST) where all

particles are wetted. The lower the critical surface tension., the more hydrophobie the

surface.

(
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Figure 2.7 Typical setup of tbiD film ftotation experiment.
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Figure 2.8 A typical thin film Rotation curve.

A surface with differcnt terminal functional groups will have different CST values. For

example, it bas been reported tbat the CST value for a methyl tenninated monolayer

fonœd using CuH.sSH on a gold surface is ca. 19 rnJ/m2
, and for a chiorine group

terminated monolayer is ca. 40 rnI/rrf~ 1991). The latter is less hydrophobie due ta

the greater polarity of cblorine compare<! to that of mcthyL thus giving a higher CST

value. Considering the correlation between the polarity of terminated functional groups

and the surface wettability, the orientation of molccu1es 00 the surface cao he derived from

the tbin film tlotatioo measurements.

(

•
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It is well known that most substances carry an electric charge when brought into

contact with a polar medium such as electrolyte aqueous solutions. The existence of

surface electric charges can he easily demonstrated byapplying an extemal electrical field

to quiescent fine particle suspensions. It is conceivable tbat the charged particles move in

the external electrical field due to electrostatic forces. The natw'e of an electrode toward

which a particle moves detennines the sign of the average surface charge carried by this

particIe. For exampIe. a particIe Imving toward a positive electrode carries a negative

surface charge. and vice versa. The transport velocity al a given electrical field strength,

callcd e1ectrical mobility. determines the magnitude of the surface charge. The

electrokinetic potential (zeta-potential, ç ) is the potential drop across the mobile pan of

the eJectrical double layer wbich is responsible for electrokinetic phenomena or motion of

coIloidal part:icles in an electric field. It is assumed tbat the liquid adhering to the soIid

(particIe) surface and the mobile liquid are separated by a plane called the shear plane or

slipping plane. The electrokinetic charge is the charge on the shear plane. It is worth

mentioning that the surface potential is not accessible by direct experimental measurement;

however. it can he caIculated from the experimentally determined surface charge. In the

absence of speci:fically adsorbing ions, the zcta-potential calculated from electrophoretic

measurements is often lower than the surface potential ("'0) calculated from diffuse double

layer theory. The zeta-potential. reflects the potential difference between the shear plane

and the bulk phase. At certain conditions, the surface charge will become zero which is

callcd the point of zero charge (PZC). The point at which the zeta-potential value is zero

is ca1led the isoelectric point (lEP) of colloïdal particles. The adsorption density and the

orientation of the moleculcs on a surface can he inferred by measuring the changes of lEP

before and after adsorption.

Parks (1965) bas compiled and critically reviewed the literature on the measurements of

isoeleetric points for a large numbcr of soUd oxides and hydroxides. He bas shown that

the lEP for an oxide depends on the valence (Z) and radius (R) of the cations. lEP is the



highest for the divalent (Z=2) Iœtal oxides such as MgQ (pHÜlp = 12)~ is in the medium pH

range for trivalent rœtal oxides (Z=3) such as AhÛJ (pHiep =9) or a-Fe2ÛJ (pHiep = 8.5).

and is the lowest (Imst acidic) for metals of valence 4 or higher (e.g.• for SiOz pH;ep =

2.1). Oxidation often reduces the lEP of metal mOdes. For exarnple. for the various oxides

of rmlybdenum. as the valence of Mo increases from Mo20 through M020 s and MoÛ),

the lEP decreases from about 12 down ta about 0.5 (Bolger. 1983). The reverse occurs

for sulfide mineraIs: higher IEP of an oxidized pyrite than that of an unoxidized one is a

typical example (Fomasiero. et ~ 1994). Evidently, the rœasurement of zeta-potential

could offer such information on surface properties in a polar solution as adsorption.

smface dissociation., oxidation/reduetion. ete.

{
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As a surface analytical tooI., Sprycha et aI. (1995) have used the electrophoretic

rmbility measmem:nts to characterize monodispersed conoïdal particles of silica, and

silica coated with alumina and polytœrS. The lEP of alumina-eoated silica is shifted

towards the value for pure~ confirming the dense coating of alumina on the

surface. The si1ica particles sulfonated with acid dyes carry a relatively constant., negative

charge over the entire pH range., mainly due to the strong acidic nature of the dyes that

contain many sulphate groups. Similar zeta-potential changes of air bubbIes in the

presence of various types of surfactant were aisa abserved by Laskowski et al (1989) as

shown in Figure 2.9. As the anioDie surfactant., such as sodium dodecylsulphate (SDS),

adsorbs at the aÏr-water interface, the zeta-potential of air hubbIes becomcs more negative,

indicating that sulphate groups are exposed to the aqueous enviromœnt. With cationic

surfactants. such as dodecylamine (DDA), on the other band. the zeta-potential of air

bubbles becom:s positive, indicating that the positively charged amino groups are towards

the solution. These exarnples clcarly dermnstrate that from the zeta-potential

measurements the adsorption and orientation of molecules on the surface can he inferred.
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Figure 2.9 Zeta-potentiabl of air bubbles as a function of pH in the presence of
ditTerent surfactants at the concentration lower tban the critical micelle
concentration. PEO is a nonionic surfactant with fonnula of C12H2,5(OCHzCH2)230H.
SOS is an anionic surfactant with fannula of C12H2SS0~a.DDA is a cationic surfactant
with formula of C12H2,5NH2• Hydrophobie attraction between the air bubble and the
hydrocarbon chain is a key factor in conttolling the orientation of surfactant molecules
(after Laskowski, et al., 1989).

2.6 THERMAL GRAVIMETRIC ANALYSIS (TGA)

(

TGA is a technique by which physicochemical properties (moisture, crystalline water,

and/or volatile components) of a substrate and/or surface reaction products can he probed

as a function of temperature, whilst the substrate is subjected to a controlled heating rate

(Skoog and Leary, 1992). The mass of the samplc in a controlled atrnosphere is recorded
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continuously as a function of temperatme or tiIre dming heating. The armunt and the rate

of weight 108s at elevated teilipenltures are related to the cbemical structure and

composition of given samples. In generaI. a higher ternperature is required to decompose

more stable materiaJs. For example, the decomposition temperature of PMMA

(polyrœthyl metbacrylate) ca. 400 oC is lower than PTFE (polytetrafluoroethylene) ca.

600 oC, the latter being well known as more stable than the fonner.

Thennal graviIretric analysis bas been used to cbaracterize the thin organic film

coatings on Iœtal oxides (QL 1996). The underlying idea is that most metal oxides

decompose at a higher temperature than the tbin organic films. Therefore, the net weight

10ss in the temperatuIe regiIœ in wbich rœtal oxides remain stable can he attributed to the

decomposition of thin organic films. Figure 2.10 shows thennal gravûœtric analysis

(TGA) of SiÜ2, y-FC2Û3, polypyrrole coated SiÛ2, polypyrrole coated y-Fe203 and

polypyrrole samples (~ 1996). For an the sample analyses, the temperature was initially

heJd at 100 oC until trace aIroUDts of water were completely evaporated. This ensured that

the mass loss during the subsequent temperature scanning arised solely from either the

core material or the polymer. It is evident that at the temperature above 600 oC, both SiÛ2

and y-Fe2Û3 showed negligible mass loss, while polypyrrole coated SiÜ2 and y-Fe2Û3 have

a 33% and 19% mass 10ss, rcspectively. In contras4 the polypyrrole samples alone showed

a 100% mass loss. Therefore., the mass 10ss for polypyrrole coated samples is attributed to

the decomposion of coated polypyrrole layers on the surface. The more weight losses for

polypyrrole coated SiÛ2 suggested that the more polypyrroles were coated on the surfaces.

These findings indicated that TGA is a useful technique to characterize the thin organic

film coatings on metal oxides. In this thesis. TGA is used as a complerœntary technique to

examine the thin organic film coatings on magnctic particles (y-FeZÛ3).



CHAPTER 2 CHARAcrER1ZATIQN TECHNIQUES 34

(

lOOF
90

- 80tt-e.o 70c
ëi 60..e :t"~--=00
4i
:t

30l
20

10 ,

0
100 200 300 400 500 600

Temperature (oC)

A

( 100

90

- 80it-GO 70=ë
60-..

e
" 50=c--= 40DO

4i
~ 30

20

la
0

100 200 300 400 500 600

Temperatun caC)

B

'C

Figure 2.10 Thermal gravimctric analysis of (A): SiOz (1); polypyrroIe coated SiOz (2);
polypyrroIe alone (3); and (B): 'Y-FezÛ3 (1); polypyrrole coated -y-fezOJ (2); and
polypyrrole alone (3).
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( 2.7 VIBRATING SAMPLE MAGNETOl\1ETER (VSM)
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In arder to incorporate Mer iota industrial applications. it is important to mininùze the

reduction of the magnetic propertics of the camcrs. For this purpose. the characterization

of magnetic properties of prepared carriers is. therefore. essential in MCf. One of the

rrethods ta 0 btain a magnetization curve of a magnetic specimen is to use a vibrating

sample magnetorœter (VSM). In a typical VSM shown in Figure 2.11. the speciIren is

made to vibrate in a direction perpendicular to that of the magnetic field at a fixed

frequency, typica1lyabout 80 Hz. The pick-up coils.. with an alternating inductive signa4

are placed with their axes perpendicular ta the main magnetizing field ta minimize

spurious signais arising from field fluctuations. A tinely-tuned signal detecting system is

used to reduce background signais to a minimalleveL lisually a srnall permanent magnet is

attaehed ta the up part of the vibrating system. TIùs small magnet moves inside its own

pick-up coils and induces a reference signal against which the signal produced by the

sample can be rœasured accurately. The magnetization of specimen is obtained by

processing the induced signal from a pick-up coll at varying magnetic fields. A relatively

high sensitivity can he achieved with this configuration. It shouId he noted that VMS is a

technique to detennine the bulk magnetic properties of sampIes. It does not provide any

infonnation regarding the chcmical composition.

The typical magnetization curves of tbree different materials are shown in Figure 2.12.

Ferromagnetic materials, such as magnetite, respond strongly ta a magnetic field. But

diamagnetic materials, such as silica, respond opposite. The diffèrent responses ret1ect the

different extent to which the magnetic dipoles a1ign under an imposed magnetic field. For

a sample of monodispersed particlcs, the magnetization curve can he dcscribed by (Cullity,

1972)

(2.5)

(
wbcre ~ is the magnctic moment of the individual particlcs, T the absolute temperature, k

the Boltzman constant, and M. the saturation magnetization of the sample (Ms = ~.
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( where N is the number of particle/weight of sample). If the magnetization curve passes

through the origin without any hysteresis~ then the sample is considered to he

superparamagnetic. The magnetic particles (y-Fe2Û3) are known ta be a spinel type

Permanent
magnet t Movement

referenee coUs

(

(

pick-up coUs
.-------~

specimen

Figure 2.11 Schematic piclure of vibrating-sample magnetometer.

ferrimagnet with a Neel temperature well above 600 oC (Morris~ 1980). However, as the

particles becorœ smaller and reach a critical size (-20 Dm in most cases), the bulk

magnetic charaeteristics of retentivity and coercivity vanish. Such particles are also called

superparamagnetic and are in a state in which thermal fluctuations supersede the Weiss

anisotropy (Bean and Livingston, 1959). The superparamagnetic feature of nanosized

magnetic particles pennits them to he redispersed without magnetic aggregation after
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{ reImving the external magnetic field. It is., therefore., important to use superparamagnetic

particles as core materials in preparing magnetic carriers in order to reuse them in the next

cycles without any aggregation.

(

M

saturatured
~---__t--

magnetization

~ Ferrimagnetics
(9.g. F9J04)

;"
diamagnetics (e.g.Si02)

H ( or B/~)

{

Figure 2.12 General magnetimûon curve for different materials. M is the particle
magnetization (Nm); H is the field intensity (A/m).
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{ 2.8 SUMMARY

(

(

Severa! analytical techniques used in this thesis for charaeterizing surface films are

brïefly reviewed. XPS is suitable for determination of surface chemical environrnents and

compositions~ while DRIFTS can fmnish an insight into the Im1ecular orientation and

chemical bonding of surface coatings. Sorne classical techniques such as contact angJe~

zeta-potential., and thin film flotation can he very useful in modern smface science. WhiIe

contact angles measured by goniorœter with different probing liquids on flat surfaces can

be used to evaluate wetting properties, smface free energies, rrolecular orientation in

surface fihns~ zeta-potential rœasuretœnts and thin film flotation are preferred for powder

samples. TGA can be used as a complementary technique to examine the thermal stability

of tbin organic film coatings on m:tal oxides such as y-Fe2Û3. The characterization of

magnetic properties of magnetic particles by VSM is aIso described.
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CRAPTER 3 PREPARATION OF MAGNETIC

CARRIERS (1): MOLECULAR SELF·ASSEMBLy

3.1 SELF-ASSEMBLY OF AMPBIPHILES AND BOLAAMPHIPHILES

Amphiphilic molecules possess polar head groups and non-polar chains. Ta minimize

unfavorable solvophobic (solvent-bating) interactions~ they spontaneously aggregate to

foern a variety of microstructures in a solvent at a given concentration (Evans and

Wennerstro~1994). Bolaarnphiphiles consist oftwo funetional head groups on both ends

of an alkyl chain. By controlling the reactivity of the functional groups to the substrate,

desired tn')nolayers can he coated onto the surface using either amphiphiles or

bolaarnphiphiles through moJecular self-assembly as shown in Fig. 3.1 (Fubrhop and Kon,

1994). The rmlecular orientation of amphipbiIe or bolaamphipbile on a substrate is

determined by the reaetivity of the polar groups with the substrate, while the packing of

the moJecu1es is related to van der Waals attractions between the alkyl chains. The

bonding nature and packing density of surfactants on the surface are responsibIe for high

durability of these films.

The surface coatings of surfactants on various types of substrates by IOOIeCuJar self­

assembly have found a wide range of applications in varying areas~ including non-lînear

optical devices~ waveguides~ microstructure electronics~ optical and biological sensors~

material protection (corrosion resistance)~ raw material recovery, and tribology (lJ1man~

1991)~ to name a few. The preparation and cbaractcrization of self-assembled (SA)

tronolayers of various organic surfactants on tlat rœtals or metal oxides have been

reported in a number of publications. The systems studied include alkylsilane surfactant on

hydroxylated surfaccs~ such as silica and aluminum oxide~ alkanethiolates on go~ silver~



(
CHAPTER 3 MOLECULAR SELF-ASSEMBLy

surface group

4Q

Hydrocarbon
chain association

Surface-active

headgroup---....

Chemisorption
at the surface

( Figure 3.1 Schematic representatioD of molecu1ar self·assembly. Orientation of
molecules on the surface depends on the affinity of the polar group to the substrate., and
the packing of molecules on the surface is related to van der Waals interactions between
the hydrocarbon chains. By controlling the reactivity of the functional group with the
substrate., desired monolayer coatings on the surface can be prepared tbrough molecular
self-assembly.

and copper., alcohol and amines on platinum. and carboxylic or hydroxamic acids on

aluminum oxide and silver oxide (Pomeran~ et al., 1985; Allara and Nuzzo, 1985;

Schlotter, et al, 1986; Laibinis, et aL, 1989; B~ et al, 1989; Walczak., et al, 1991;

Parikh. et al, 1994; Folkers, et al., 1995). In more recent publications, bolaamphiphiles

have been used to manipulate the architecture of thin organic fihns on tlat xœtal or metal

oxides such as gold, silica and aluminum oxide (Allara, et al, 1983; lbs and Liedberg,

1991; Uvdal, et al, 1992; Smith, et al, 1992). However, few publications have described

the preparation and characterization of SA monolayers using bolaamphiphiles on metal or

metal oxide powders, particularly of nano-sized magnetic iron oxides.



In this chapter, preliminary studies describing the SA coatings on nano-sïzed rnagnetic

particles (y-Fe2Û3) using 16-rœrcaptobexadecanoic acid (MHA) are reported.

Comparative studies using stearic acid. citric ~ and 3,3'-dithiodipropionic acid

(DTDPA) were aIso described to elucidate the reactivity of polar groups with y-fe2Û3.

Based on the previous studies, it is expected tbat the carboxylic head group (-COOH) of

MHA anchors on the surface of magnetic particles so that the thiol (-SB) on the other end

remains reactive for different uses. The magnetic particles fabricated as such are

anticipated to have potential applications in biological œil separation, precious rnetal

recovery, and as fillers in polymer matrices. Details of the applications will he described in

chapter seven.

(
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3.2 MATERIALS AND EXPERIMENTS

3.2.1 Materials

Magnetic particles (y-Fe2Û3, 99+%) from Alpha Chemicals were further dried in a

vacuum oven at 12 psi and 120 oC for 24 hours prior to the self assembly experiIœnts.

The purpose of drying the particles was ta remove physisorbed water from the surfaces.

The average particle size was found by transmission eIectron microscopy (TEM) to he

about 30 nm Specifie surface area measured by BET method is about 44.2 m2/g. Stearic

acid (99%), citric acid (99%), 3,3'-dithiodipropionic acid (99%), chloroform (HPLC

grade), and hexane (HPLC grade) from Aldrich were used as received. The procedures as

reported in literature (PaIe-Grosdemange, et al, 1991) were used in synthesizing

16-Mercaptohexadecanoic acid (99%). Ail other chemicals were reagent grade. Water,

purificd with the Millipore system, was used in all experimcnts. AIl glassware was cleaned

with ''Piranha solutions" (1/3 H2OVH2S04) at 70 oC for about 20 minutes, and then rinsed

with distilled water until the pH of eftluent was neutral (pH = 6-7). Note: "Piranha

solutions" react violently with many organic materials and shouid be handled with

extreme care.
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3.2.2 Experiments

A) Procedures for SA
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Surfactant solutions (3 mM) were prepared in ch1orofonn y-Fe2Û3 powder (50 mg)

was gently mixed with 25 mL of smfactant solution in a 40 mL via4 whilst bubbling

nitrogen through the solution. The vial was men sea1ed and shaken for 24 hrs using a

laboratory shaker (New Brunswick Scientific Ine., USA). The treated particles were

separated from splution bya band magnet and rinsed repeatedly with chlorofo~ followed

by drY hexane to remove unbound surfactant. The particles were then dried in a vacuum

aven (12 psi) at 40 oC for 12 hrs, and stored onder nitrogen for charaeterization.

B) XPS

XPS spectra were obtained on an ESCALAB Mark-fi instnuœnt with a MgKa anode

(bv=1253.6 eV) at a tm-off angle DOnnai to the sample. The source x-ray was not

filtered and the instrument was calibrated against the Ch band (284.8 eV). The spectra

were recorded using a band-pass energy of 20 eV corresponding ta an energy resolution

of 1.2 eV. The powder samples, placed in a copper cup, were rnaintained under a

background pressure of lxl0-9 torr for -1 hour in the sample chamber before spectral

acquisitions. The spectra presented here were corrected for background charging by

determining the Ch (284.8 eV) signal both at the outset and at the end of a series of

narrow scans for each sample. No signfficant charging was detected during the scan.

Band-fitting and spectral deconvolution were performed using the program Surf-Soft.

C) DRIFTS

The coated samples were characterized by diffuse reflectanee infrared Fourier

transform spectroscopy (DRIFTS: Nicolet advanced diffuse reflectance accessory) using a

Bruker IFS 66 FITR speetrom:ter equipped with a narrow-band Mer deteetor. A sample

of tinely crushed KHr was used as the background. DRIFTS spectra were obtained using

100 scans at nominal rcsolution of 4.0 cm-I and prescnted without base-line correction.
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D) Film Flotation
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The surface wettability of the coated particles was characterized by film tlotation. from

which the critical surface tension was derived. In these experiments. rœthanol was used to

adjust the surface tension of the liquid. Twenty milligrams of coated particles were pIaced

gently on the solution-air interface and left for about 20 minutes. The particles remaining

on the air-liquid interface were skiuDled off. The sunk and tloated particles were weighed

separately after filtrat:i?n and drying. The tloated (lyophobic) fraction was plotted against

the surface tension of the liquid. Two additional surface tension values for a complete

wetting (100% sunk) and nonwetting (0% sunk) condition cao he found from this plot.

and the difference between these (wo values serves as a rœasure of the surface

heterogeneity, in this case, of self-assembled layers.

E) Stabillty of Surface Film

It is well known that the nanosized magnetic particles used in this work are leachable in

acidic solution. Therefore, the leaching of Fe from magnetic particles with and without

treatment in acidic solution can he used as an indication of the packing and stability of the

surface films. If densely packed surface films are fonned and are stable, the leaching of Fe

will he negligible. Ta examine the nature of varions surfactants on y-Fe203 and ta

investigate the susceptibility of the self-assembled layers ta harsh environments. leaching

experim:nts were condueted by placing 15 mg of treated particles in acidic media

(pH=2.8) for 20 hrs. The slmry was then centrifuged using a Sorvall® Re-SB refrigerated

superspeed centrifuge (Du Pond Instruments) at 12000 rpm for 30 minutes. The

supernatant was thcn collccted and analyzed for iron concentration by atarnic absorption

spectroscopy (perkin Elmer 310, USA). The settlcd solids were washed and centrifuged

three times with Millipore water, tben dried in a vacuum oven at 60 oC before taking

DRIFTS speetra. The changes in the DRIFTS spectra before and after 1eaching were used

as an indication of the detaebment of the surfactant from the surface.
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A vibrating sample magnetometer (VSM) was used ta characterize the magnetic

properties of y-Fe2OJ particles with or without surfactant monolayer coatings. The VSM

was calibrated against single nickel crystal before each measurement.

3.3 RESULTS AND DISCUSSION

3.3.1 Orientaüon and Packing of Bolaamphiphiles on y-F~03

XPS analysis: XPS spectra of y-Fe2Ü3 with and without self-assembled layers~ are,

shown in Figure 3.2. The band positions in XPS spectra are given in Table 3.1. The bands

at 724.3, 710.7 and 529.8 eV attributed to iron (Fe2p) and oxygen (Ols) of untreated y-

Fe2Ü3 are consistent with those reponed previously (Moulder, et al, 1992). No

significant spectral changes in the Fe2p band were observed when y-Fe2Û3 was treated with

either stearic acid or MHA. The bands corresponding to Ols (spectra a and b) becarre

broader slightly and skewed towards higber binding energy, probably due to the

contributions of conjugated oxygen from carboxylic acid interaeting with surface irone The

most significant spectral change is. however, the appearance of two C1s bands at 288.3

and 284.6 eV for y-Fe2Û3 powders treated by stearic acid and MHA. In the latter case, a

sulphur band (S2p) at 163.3 eV was also observed. These SPectral changes indicate the

presence of stearic acid and MHA on y-Fe2Û3.

It is weIl documented (Mou1der, et al, 1992) that the band al 288.3 eV is characteristic

of carbon in a carboxylic environment (C-O), whiIe the band at 284.6 eV is characteristic

of carbon in a hydrocarbon chain (C-C). The ratio of the area under Ch band of higher

•
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Figure 3.2 XPS spectra of narrow scans for the elements of interest on y-F~03

surfaces with self·assembled (a) MIIA; (b) stearic acid; and (c) untreated.

binding energy ta that of lower binding energy was caIculated ta he ca. 1: 17 and 1: 15 for

y-Fe203 treated with stearic acid and MHA respectively. These values are in excellent

agreement with thase derived from roolecuJar structure. A similar calculation showed that

the ratio of the area under Ch band (at 284.6 eV) to that of Fe2p (at 710 eV: nonnalized by

the sensitivity factors of the elements and the experiIœntal number of cycles) was 3.7 and

3.6 for y-Fe2Û3 particles coated with stearic acid and MHA respectively. Considering aS

to 8 Dm sampling depth of XPS technique and a Iength of 2.4 Dm for a fully extended

stearic acid 1DJlecule, the carbon to iron ratio of 3.7 suggests that a densely packed

surfactant monolayer is assembled on 'Y-Fe2Û3 particles. The ratio for MHA (3.6) is alImst



the same as for stearic ac~ indicating that the monolayer packing of MHA is similar to

that of stearic acid on y-FezÛ3 particles. (Note: MHA contains 15 carbons while stearic

acid contains 17 carbons in the hydrocarbon chain).

(
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Table 3.1. Binding energy (eV) of x-ray pbotoelectroos at band max:imaa

Binding ener2V (eV)
System 520 Ols F~p Cls

rr-Fe2Û3 odb 529.8 724.3 nd
710.7

ty-Fe2Û3 + stearic acid nd 531.4 724.3 288.3
529.6 710.7 284.6

iY-Fe2Û3 + MHA 163.3 531.4 724.3 288.3
529.6 710.7 284.6

a Band positions are accurate ta ±0.7 eV. b nd., oot deteeted.

The S2p band at 163.3 eV for y-Fe2Ü1 coated by MHA is charaeteristic of -SH or -S-S­

groups. For comparison., the band positions of different sulfur groups reported in literature

(Volmer-Uebing and Stratmann., 1992) are given in Table 3.2. It is evident from

Table 3.2. Binding Energies of the S2p (eV) in organic and inorganic molecules a

Fe-S R-SH R-S-S-R R-S(h- R-SÛ3- Fe2(S04)3

Binding energy 161.5 163.8 163.9 166.6 168.6 168.8
±O.5 ±O.2 ±O.2 ±O.5 ±O.6 ±O.2

FWHMb 2.0 2.0 2.0 2.2 2.2 2.2

a: from Volmer-Uebing and Tratmann (1992); b: full-width at half maximum.

Table 3.2 that the binding energy of S2p is expected ta increase as the tbiol or disuJfide

group is further oxidiz.ed, appearing at around 166-168 eV. These bands were not

observed in our experiments. suggesting that our experimcntal procedure does not induce

a significant oxidation of thiol group to sulfate., wbich is consistent with literature results.

XPS is., however., unable to distinguish whcther the sulfur on 'Y-Fe2~ is in the fOnD of

thiol or disulfide as the band positions for these two states are witbin the resolution Iimit
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of the instrument used here. It is not clear from the XPS results presented above whether

the tbiol or carboxylic groups of MHA is anchored on the surface. Therefofe't the

complementary techniques't such as DRIFfS and film flotation't were used ta elucidate the

orientation of MHA molecules on the surface.

DRlFfS: Infrared spectra of 'Y-FC203 particles with and without MHA self-assembled

layers were obtained using the DRlFTS't a surface-sensitive technique suitabIe for powder

samples. The high (3100 to 2700 cm-Il and low (1800 to 1200 cm-1) wavenumber regions

of the spe~ which contain diagnostic spectral features, are shown in Figure 3.3. For

comparison, the spectrum of the MHA compound dispersed in KBr is aIso included in this

figure. The assigmrent of the bands is given in Table 3.3. Four distinct bands at 2923,

2851, 1527 and 1432 cm-1 for y-Fe2Û3 treated by MHA (spectrurn b) are due ta the

rrolecular vibrations of asytllIœtric and syDlID:tric suetehing of CH2 and COO- groups

(Smith, et al, 1992) respectively, confilIllïng the self-assembly of MHA on 'Y-Fe2Û3. There

is no band observed in the spectral region above 3000 cm-1 where characteristic bands of

CH] stretehing vibrations appear. This is in agreement with the molecuJar structure of

MHA which does not contain a CH] group. Two bands assigncd ta CH'3 stretching

vibrations were observed in this spectral region for y-Fe2Û3 treated with stearic acid

(spectrum c). It is worth rœntioning that direct spectral feature of tbiols (Le. C-S-H) was

not observed. The weak infrared adsorption by C-S and S-H stretching vibrations appears

to he the reason for these two bands being undeteeted. (Note: The C-S band at 600-700

cm-l overlaps with the iron oxide vibrational bands.) Two distinct spectral differences

between the spectrum of bulk MHA (spectrum a) and that of MHA on y-Fe2Ü3 (speetrum

b) were observed. In the low wavenumber region, the carbonyl band at 1702 cm- l for buIk

MHA was shifted to lower wavenumber, 1527 cm-l, and associated with this shift is the

appearance of a new band at 1432 cm-1 when the MHA was present on y-Fe2OJ. This

spectral change indicates that binding between the carboxylic group and m:tal on y-Fe2Û3

occurred, transforming a carboxylic acid functionality ta a carboxyIaœ funetionality with
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Figure 3.3. Infrared spectra in the higb and low.frequency regiODS for (a) MHA in
KBr; (b) MHA on y-F~03; and (c) Stearic add on y-F~03; (d) DTDPA on y-F~03;

(e) y-F~03.
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bath oxygen atoms interaeting with the metal on the surface (S~ et al., 1992). A

similar shift and split were observed when stearie acid was self-assembled on y-fe2Û3. It is

worth mentioning at tbis point that this spectral feature is different from that of MHA self­

assembled on gold substrates where the carboxylic group did not reaet with the surface

and remained exposed to the enviromœnt (Smith et al., 1992). In this case, the reactivity

of the thiol with gold is stronger tban that of the carboxylic acÏd. In contrast., our

observations confinn the stronger rcactivity of carboxyJic group with -y-Fe2Û3 than the

thiol group, leaving the thiol gJOup exposed to the enviromœnt. The above experiJIEntal

evidence dermnstrated that by CODtroDing the relative reaetivity of polar groups of a

bolaamphipbile with a substrate, the surface of desired functional groups can he fabricated



using the self-assembly method. It is important to note the absence of the band at 1703

cm·1 (spectrum b) assigned to the C=O stretehing mode of the carboxyl group, indicating

that al1 carboxyl groups 00 MHA are intimately bound to the y-Fe2OJ surface. This finding

suggests that MHA only forms a monolayer on y-Fe2Û3.

(
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Table 3.3. Vibrational mode assignmeots and band positions (cm-1
) for MHA dispersed in

KBr and self-assembled on y-FelÛ3.

MHAin
Mode Assienment KHr monC7layer
va(CHV 2923 2923

vs(CHV 2851 2851

v(C=O) 1702 nda

va(COO-) nd 1527

vs(COO-) nd 1432

and, not deteeted.

In the high wave number regio~ the band positions for CH2 stretebing are almost the

same for both bulk and self-assembled MHA. However, the 012 stretehing bands for

MHA on y-Fe2Û3 are sharper with a narrow band width at half band height, indicating

rrore ardered (crystalline) polymethylene chains and hence confirming the fonnation of a

densely packed surfactant monolayer as derived from XPS spectra. It should he noted

that the relative geometrical orientation (ie. tilt angle of alkyl chains) of MHA on y-Fe2Û3

powder cannot he deterrnined directiy using the DRIFTS technique.

Ytlm FIotation: The results of film tlotation using y-FelOJ with and without smface

coatings are shown in Figure 3.4. The untreated y-Fe2Û3 particles are readily wetted by

water as expected for bigh energy surfaces of oxides. A similar result was obtained for the

y-FezÜ3 particles treated with citric~ on which hydrophilic carboxylic acid groups are

exposed ta water. The y-Fe2Û3 particlcs tteated with 3,3'-dithiodipropionic acid (DTDPA)

showed a moderate hydrophobicity with 20% of particles tloating on the air-water
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interface (Figure 3.4c). In eontras4 the particles treated with stearic acid and MHA are

strongly hydrophobie, all the partieles floating on the air-water interface.

The critical surface tensions of 27 and 33 mN/m at the low Iimit (0%), and 32 and 43

mN/m at the high lirnit (100%) of film tlotation eurves were obtained for the y-Fe2Û3

particles treated with stearic acid and MHA, respectively. For stearic acid coated y-Fe2Û3

particles, the critical surface tension for complete wetting (27 mN/ml approached the

surface tension of nonnal hydrocarbon Iiquids (25 mN/ml, or CH3 tenninated crystalline

tronolayers (22 mN/ml (Ulman. 1991; Israelachvili., 1992), confirming a compact

m>nolayer on y-Fe2Û3 terminated with methyl groups. The sman difference (5 mN/ml

between smface tensions for complete wetting and nonwetting conditions (Figure 3.3 a)

implies a homogeneous surface, Le., suggests the formation of a relatively uniform

tronolayer. Considering the findings from XPS analysis that MHA had the SaIne surface

coverage as stearic acîd., it can he concluded that the densely packed monolayers of MHA

were self-assembled on l-Fe2Û3.

The critical surface tension of MHA-eoated y-Fe203 particles remained low (33

mNlm), confirming that hydrophi1ic carboxylic groups anchored onto the surface with

relatively hydrophobie tbiol or/and disuIfide groups exposed to the environment. This

finding also suggests that the original hydropbilic nature of magnetic parti.cles was

shielded, eonfirming a fully packed surface coating. It should he noted that this value is

slightly higher tban that for stearic acid coated particles, which can he attributed to the

relatively polar nature of thiol or disulfide groups compared ta rœthyl groups. The

difference between the two limiting critical surface tension values (10 mN/m) increased

slightly, showing an increase in surface hcterogeneity of MHA coated particlcs compared

to stearic acid coated particJes. It is possible that some of thiol groups were oxidized to

disulfide (Zhong and Porter, 1994). The presence of these (wo sulfur species with different

polarity may have contributed te the inacased surface heœrogeneity.
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( Figure 3.4 Partition curve of the film notation using y-Ft!203 self-agembled with
(a) stearic acid; (h) MHA; (e) DTDPA; and (d) citrie acid and untreated.

It is interesting to note the signfficant difference in surface wettability of y-Fe2Û3

particlcs coated with MHA and DTDAP. As shawn in Figure 3.4 c, two carboxylic groups

of DTDPA are expected to anchar ta y-Fe2Û3 particles with a disulfide group being

exposed to water. Therefore, thiol or/and disulfide are the terminating group for bath

MHA and DTDPA coated y-Fe2.Ü3 particles. A higher wettability of DTDPA-coated

particlcs compared to MHA-eoated particles seems ta he related ta a lower DTDPA

surface caverage, suggesting tbat long chain hydrocarbon association of amphiphiles is

required ta self-assemble a densely packed monalayer, such as MHA on y-FezÜ3. The

arcbitecturc of self-assembled surfactant layers using MHA is schematically shawn in

Figure 3.4 and 3.5.

(

•



(
CHAPTER 3 MOLECULAR SELf-ASSEMBLY

(a)

52

(b)

{

Figure 3.5. Schematic representation of ..,.F~03 coated with (a) MUA monolayer
with tbiol group on surface; (b) Qudized MUA IOOnolayer showing disulphide
functionality.

3.3.2 Stability of Self·assembled MODolayer

The leacbing results for magnetic particles with and without surface coatings are given

in Table 3.4. It can he seen that about 30.1 mg Fe per gram of particles was Ieached out

from bare magnetic particles. In contrast. Fe was not detected in the acidic leachate of

magnetic particles treated with MHA and stearic acid. Mter the Ieacbate was removed and

the powder dried. the same critical surface tension values as unleached particles were

obtained. AIso, there is no significant change in DRIFTS spectra before and after acid

leaching. Similar results were also obtained from the base leaching (pH = 10.1). These

findings further confirm that the rronolayer fonncd on magnetic particles by MHA and

stearic acid is tightly pac1œd to prevent the leaching solutions from reaching the bare

magnetic Particles. It also suggests that the monolaycr coatings with stearic acid and

MHA are stable in bath acidic and basic solution.

Compared with MHA and stearic acid tmDolayer coatings, Fe was detected from the

acidic leachate of DTDPA coated particles. This implies that either the surface is not fully

covered by DTDPA molecules pr the films formcd by DTDPA are unstable and may be

detaehed in acidic solution. As discussed previOusly, DTDPA bas two carboxylic groups

with short hydrocarbon chains. From infrared spectrum (Figure 3.3 d) it is evident that
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these two carboxylic groups reacted with the surface, as indicated by the absence of an IR

band of the free carboxylic group (1702 cm-I
). It is unlikely that DTDPA fonned a densely

packed rnonolayer mainly due to geometric constraints between the two carboxylic groups

and weak hydrocarbon chain association. Thus, uncovered surface sites by DTDPA

molecules are subject to attack of acidic solution. releasing Fe into the leachate. These

observations confirm the packing information derived from DRIFTS and film tlotation

experiments.

Table 3.4 The amount of iron Ieached" out from magnetic particles with and without
surface coatings&.

system Fe ions (m~l;J.C1lllparticle)

y-Fe2Û3 30.1

y-Fe2Û3 with DTDPA 13.2

y-Fe2Û3 with MHA ni!

y-Fe2Û3 with stearic acid ni!

a: LeŒbing was conducted in acidic solutions (pH = 2.8).

3.3.3 Magnetic Properties of Prepared Magnetic Carriers

The room temperature magnetization curves for they-Fe2Û3 panicles, obtained with a

VSM, are shown in Figure 3.6. A saturation magnetization of 52.7 A.M2!Kg at 1 Tesla

was obtained for untreated y-Fe2Û3 particles, representing a strong magnetization. Onlya

marginal decrease in the saturation magnetization (2 A.M2!Kg) was observed when y­

Fe2~ particlcs werc coated with MHA. A common feature of these two magnetization

curves is their small hysteresis and coercivity of magnetization, indicating that these

particles are close ta superparamagnetic at room temperature. This magnetization

characteristics
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Figure 3.6 Room temperature magnetizaüon curve of y-F~O] obtained with a
vibrating sample magnetometer: solid line for uotreated and dotted line for MHA­
coated particles.

suggest that nano-sized y-Fe2Û3 particles do not hecome pennanently magnetized after

exposure to an extemal magnetic field. This property pennits the particles to he

redispersed without magnetic aggregation. Hence, the magnetic carrier prepared as such

can he reused or recycled in practice.

3.4 SUMMARY

Using XPS, DRIFTS and film flOtatiOD, it has been shown that 16­

mercaptohexadecanoic acid (MHA) was anchored onto y-Fe20 3 surface through chemical

bonding between the carboxylic head group of MHA and iron on the surface, leaving the

thiol or disulfide groups reactive. The self-assembled MHA film on y-Fe20 3 was densely

packed and rcsistant to acid and base attaek. In contras!, DTDPA with a short alkyl chain



resulted in disordered., loosely packed films due to the geomettic constraints between the

two carboxylic groups and weak hydrocarbon chain associations. It was concluded that

magnetic carriers with desired functionalities can he prepared using bolaamphiphiles

thraugh molecular self-assembly.

(

(

(
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CHAPTER 4 PREPARATION OF MAGNETIC

CARRIERS (ll): DIRECT SILANATION USING 3­

AMINO-PROPYLTRIETHOXY SILANE

4.1 INTRODUCTION

In the previons chapter, the preparation of magnetic carriers with reactive thiol or

disulfide groups by a novel rœthocl molecular self-assembly using a bolaarnphiphile, was

described. This rœthod appears attractive due to the high stability of the monolayers and..
high density of surface functional groups. However, for achieving a desired monolayer

coating, the reactivity of the two functional groups with the substrate bas to he

significantly different. An ideal case would he that one functional group anchors

chemically on the surface while the other is umeactive ta the surface. This requirernent

limits the type of functional groups that can he directly intI'oduced onto magnetic particles.

Ta search for a more general approach for preparing magnetic carriers, direct siIanation

using silane coupling agents seems ta he an attractive choice. A typical silane coupling

agent bas the structure Y-(CHz)Il-Si-X3, where X represents the alkoxy or halide groups

and y, an organic functional group, including amine, thioL carboxyL phosphate, vinyL

cyanide, and rœthacrylate (Plueddemann, 1982). The Si-X3 group can he readily

hydrolyzed in the presence of water and a catalyst ta forro silanol groups (Si-OH) which

couple readily with surface Iretal hydroxyl groups CM-OH), forming Si-O-M bonds upon

dehydration. As a result, the organic funetional groups remain reactive on the surface. A

schematic representation of hydrolysis of silane coupling agents and silanation on an

inorganic substrate, such as fœtal oxides, is shawn in Figure 4.1. It seerns feasible to

prepare magnetic carriers by silanizjng the magnetic particles using silane coupling agents.
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Figure 4.1 Schernatic representation of the hydrolysis of silane coupling agents and
silanation on a metal oside surface. Silane coupling agents are hydrolyzed in the
presence of water and catalyst to fonn a silanetriol that can condense with surface
hydroxyls to fonn a chemical bond (Si-O-smface).

Silanation was initially introduced ta improve the adhesion between different polytrers

and between a metal or glass fiber and polyrœric resin (Pluedde~ 1982). A large

volwœ of Iiterature is available on the silanation using silane coupling agents to tailor

surface properties of various substrates (Leyden, 1986; Mitta4 1992). The silanation bas

now been extended to such applications as the modification of silica surfaces for use in

synthetic transformations (Angeletti, et al, 1988), molecular recognition (Hecld, et al,

1990), chromatographie separations (Buszewski and Lodkowski, 1991), preconcentration

of trace metaIs (Plueddemann, 1985), and inmx>bilization of artificial membranes and

biomolecules (Markovich, et al, 1991; Muramatsu, et al, 1987; Battistel, et al, 1991;

Matteucci and Carothers, 1981).

An attempt bas aIso been made by Whitehead et al (1987) to directIy silanjze rnagnetic

particles. The functionai groups they proposed include aminophenyL, amino, hydroxyL,

aliphatic, and mixed functional groups. They mainly described the preparation and

potential applications of magnetic carriers prcpared from direct süanatio~ but gave no
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detailed information on the characteristics of the silanized fihm;" in particular the film

stability and possible "leaching'" of iron from the substrate in acidic solutions.

In this chapter, the preparation of magnetic carriers by the direct silanation of magnetic

particles using 3-aminopropyltriethoxy silane CNHrCHrCHrCHrSi-(OCH1.CH3h,

APTES) is studied. APTES was used mainly due to the interest of making magnetic

carriers with reactive amino groups, through which heavy rœtals in industtial effluents can

he removed or recovered. The silaniz,ed organic films were characterized by x-ray

photoelcctron speetroscopy (XPS)'1 diffuse-reflectance Fourier ttansfonn infrared

spectroscopy (DRIFTS), surface electrokinetics, and solution analysis of leachates. The

characteristics investigated include the state of the amino groups, the binding of silane on

magnetic particles, and the stability of the silanized films.

4.2 THEORETICAL CONSIDERATION OF SILANATION

The formation of thin organic films on various substrates by silanation using silane

coupling agents is a rrmltistep, complex process. A triangle relationship among substrate"

silane" and solvent, with the parameters to he considered is shown in Figure 4.2. Among

these complicated interactions, the type of solvents and experimental conditions, such as

surface pretreattœnt, reaction t:im: and temperature" silane concentration and curing

temperature, have the most signi1icant e:ffeet on the structure and stability of the silanized

films. A brief discussion on the effect of these factors on the silanation will., therefore, he

useful for designing the siIanation experiments.

4.2.1 Surface Cbaracteristia

Surface characteristics have significant effects on the condensation of silane coupling

agents with the surface and the stability of the silanized films. Extensive literature is

available on the effect of silica pretreatment on silanation (Haïr and TripP'l 1995;

Vranclœn. et al 1995; Bogart and Leyden. 1994). It is weil known that a silica surface
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( Figure 4.2 Schematic representation of varions interactions in silanation.

contains different types of silanol groups such as isolated~ geminal., silanetriol and

hydrogen bonded silanols as shown in Figure 4.3 eTIer, 1979; Ber~ 1994). Silanetriols

(QI) and silanediols (geminal, ci) are known as having one and two bridging oxygens

HO °IHOH
\. /

~ >0.33 nID

Silica

silanediol(geminal)
Q2

single (isola1ed) silanol
Q3

Silanediol
vicinal

Vicinal

(

•Figure 4.3 Schematic illustration of various silanols on silica surface.
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(Si-O-) bonded to a central silico~ respectively (ie. QI bas three hydroxyl groups bonded

to a central silicon and (j' bas only two hydroxyls). An isolated silano! <Ci) bas an OH

group, located at a distance su:fficiently far from neighboring hydroxyl groups to prevent

hydrogen bonding, bonded to a central Si atorn with three bridging oxygens.

These surface silanols (QI, et and Q3) have different reactivities with water and silane

coupling agents. 1t is weil documented that water cm physically adsorb on the hydrogen

bonded silanol. wbile isolated silanols show a weak affinity for water, but strong reactivity

with silane molecules (Flinn, et al, 1994). The nature and hence reactivity of surface

silanols with silane coupling agents also change with temperature. 1t bas been reported

that heating silica at 150 oc removes an physisorbed water, while heating at 400 oc

reversibly reduces hydrogen bonded silanols and increases the amount of free silanols.

Heating between 400 and 800 oC irreversibly eliminates adjacent hydroxyl groups and

reduces the amount of free silanols, thus inhibiting the siJanation reaction CVrancken, et

al, 1995). Above 800 oC, it is believed !bat few hydroxyl groups remain amongst

hydrophobie siloxane bridges. The result is the progression of surface hydrophobicity and

the degradation of reactivity ta silane coupling agents as shawn in Figure 4.4.

OH
1

Si
/1\

Silanols Straïned siloxane groups

Increasing hdrophabicity

Stable siloxane groups

reducing reactivity for silanation

Figure 4.4 Schematic representatioD of the changes of surface silanals at various
temperatures.

For magnetic particles (l-FelÛ3), few references are available to show the effeets of

such pretreatment on the state and the density af surface hydroxyls. Sïmmons and Beard

(1987) studied the acid-base properties of hydrated oxides on iron metal surface. They

found a surface hydroxyl concentration of 2.6 OHlnm2
• wbich is lower than that (ca. 4.2
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OHlmn2
) for silica (Vranclœ~ et al. 1995: Zhuravlev, 1993). Fawkes. et al (1988)

reported that the FeOH on y-Fe2Û3 can react with either acidic or basic molecuJes,

indicating the amphoteric nature of the surfaces. In the work presented in this chapter. all

samples are pre-dried at 120 oC in a vacuum oven in arder to remove physisorbed water

while avoiding the removal of metal hydroxyl groups necessary for silanation.

4.2.2 Solvents: Water vs. Toluene

SaIre recent publications on the silanation of silica with APTES in organic solvents

mainly focused on the effect of expe~ntal pararœters slicb as reaetion tirne.

temperature. and silane concentrations on surface coverage (Vandenberg. et al. 1991).

The effect of surface water and curing temperatures on APTES-sïlica reactions was also

investigated extensively (Vrancken. et al. 1992). When an anhydrous organic solvent was

used. a trace amount of water on the substrate surface was found essential for an initial

hydrolysis of alkoxy groups of silanes to produce precursors for subsequent condensation

and laterai polyrœrization on the surface. In the presence of excess water, on the other

~ the formation of the H-bonds between the amino moieties or water and silanols on

silane molecules stabilized the silanols and prevented lateral cross-linking on the surface.

In toluene, H-bonding between the silane amino groups and surface silanols bas been

postuJated to occur preferentially, thus enabling the free silane silanols to cross-link on the

smface (Kallury. et al. 1994).

Kunh and Bein (1995) have studied the formation of thin films and monolayers of

APTES on alumina and gold substrates using reflection-absorption FTIR spectroscopy,

ellipsometty, contact angle. and quartz-erystal microbalance measurerrents. They found

that adsorption of APTES from aqueous solutions yields a film thicker than a monolayer.

suggesting the fOl"C13.tion of oligomeric species on the surface. The deposition of APTES

from its vapor on silica substrate resulted in a film of approximately !Wo or three layers

thick. In a humid enviroJllœnt the film thickness increased steadily with exposure tîrœ.

Bogart and Leyden (1994) studied the effect of humidity on the modification of Cab-O-Sîl

using alkoxysilane in the presence of a1kane amine in dry toluene (25 oC for reaction. 140
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oc for curing). They found that the adsorbed water influenced the surface silane coverage

both in the presence and absence of an amine catalyst. The advantage of using an amine as

a catalyst became less obvions with increasing surface adsorbed water~ which resulted in a

decrease in surface silane coverage. Cab-O-Sil fused silic~ equih"brated at 50% relative

humidity and reacted in the presence of an amine catalyst~ showed the highest silane

coverage for short chain alkyltrialkoxysilanes~ whereas low surface moisture was favorable

far reaction with long chain alkyltrialkoxysilanes. Chen and Braner (1982) aIso studied the

effect of amine catalysts on the bonding of rœthacryoxyprapylsilane to silica surfaces. The..
stability af the modified surface was investigated by aging the samples in water for

approximately 280 hours. Silica silanized from nonaqueous solutions in the presence of an

n-propylamine catalyst was found ta contain much larger amounts of silanes as compared

to the reaction without the amine catalyst. The films forrœd in nonaqueous solutions were

more stable tban those in aqueous solutions. These findings indicate that the solvents and

the presence of trace amount of water on the swface have significant effect on the

properties of the silanized films.

Twa major types of solvents: anhydrous organic salvent (e.g. toluene) and water. have

been used in previous silanation studies. Compared to organic solvent~ water is more

economic and non toxie. 11lerefore, far mast industrial applications, silanatian is

performed in aqueous media. In chis study~ we are investigating the effect of solvents on

the silanation of magnetic particles (y-Fel03) using APTES. Two soIvents, water and

taluene~ are examined to see whether a desirable surface film can he fabricated on

magnetic particles.

4.2.3 Hydrolysis Kinetics

The hydrolysis of silane coupling agents is an essential step for the adsorption and the

condensation of silane molecules with surface hydroxyl groups. In arder to better control

the silanation reactio~ it is necessary to unclerstand the mechanism and rate of hydrolysis

and condensation.
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The hydrolysis of alkoxy silanes is generally considered to he nucleophilic substitution

at silicon of the silane molecule in the presence of acid or base., which catalyzes the

hydrolysis as shown in Figure 4.5. The hydrolysis proceeds through a stepwise process. In

the first step the monosilanol (Si-OH) is fo~ followed by bisilanol (Sî-(OH)2) and

silanettiol (Si-(QH)3). It was reported that the hydrolysis of alkoxy silane followed

pseudo-fust-order kinetics where the rate appeared to he acïd- and base-catalyzed (Blum,

et aL., 1992). The formation of monosilanol was the slowest., thus the rate determining step

(Bl~ et al.., 1992).

The hydrolysis of alkoxy silanes is affected by many factors., including water content.,

temperature., solvent., catalyst., and the type and concentration of silanes used. In general

an increase in water content and temperature enhances the hydrolysis. Blum., et al. (1992)

reported that the hydrolysis of 3-aminopropyluimethoxy silane (APTES) in an acetone and

water mixture increased with water content. The hydrolysis rate of alkoxy groups aIso

depends on the type of organofunetional group at the other end. The hydrolysis of the

alkoxy group is slower in alkyl silane than in aminoorganosilane due ta the self-catalysis of

amino groups. Plueddernann (1982) reported that the alkoxy groups 10

aminoorganosilanes such as APTES were hydrolyzed almost immediately in water at

alkaJine pH. Contributing factors may he the hydrophilic nature of organofunctional

groups and their impact in self-catalysis. In our experiments., the reaction tiIœ is kept at

about 3 hours ta cnsme the complete hydrolysis of APTES in the solvents used.

4.2.4 Surface Condensation

In the solution containing hydrolyzcd silane coupling agents., two possible condensation

reactions may occur when a substrate is presenL The monomeric or oligomeric siIanols

may either reaet with each othcr to farm a polymer or couple with surface silanols (ie.

condensation on the substrate) to form a silanjzed film This condensation process is

influenced by many factors including Ci) the rate at which the active species are fonncd., (hl

their relative ability ta he attraeted to the particulate surface, (ili) their orientation with

respect to the surface, and Civ) the type of Iayers fonœd on the surface. In most
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Figure 4.5 The hydrolysis of alkosy silane in the presence of acid or base as
catalyst. Only the first step of hydrolysis is shown. As the hydrolysis proceeds~ the
silanetriol monomer will fol1I1.

•
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adsorption or hydrogen bonding with surface hydroxyl groups, followed by dehydration ta

fonn covalent bonds (Si-Q-surface) accompanied by lateraI cross-linking on the surface.

The released water molecules may aet as a prormter for funher hydrolysis of aIkoxy

groups. Condensation reactions may continue to forro nmltilayers on the surface,

depending on the orientation of the molecules in the tirst layer. For example, SOIre APTES

couJd be attaehed on the surface through amino groups by forming hydrogen bonds

between the hydrogen of surface silanols and the nitrogen of the amino groups, leaving

APTES silanol groups free at the other end for funher condensation. Due to the favorable

condensation reaction between silanol groups of APTES and surface silanols, most

APTES moJecuJes are chemically bonded in the tirst layer, while physisorbed species,

probablyas oligomcrs, are the major part in the outer layers. Most of these physisorbed

species can be washed away with a suitable solvent while the chemisorbed species on the

surface remain attached

Blum, et al. (1992) studied the adsorption of aminopropyltrimethoxyl silanes (APTMS)

onto silica from a 10:1 acetone-water mixture and showed that maximum loading (0.7

mmol APTMS/IOO m2
) was achieved at a silane concentration of 1 glI00 ml Funher

increases in silane concentration did not increase the surface coverage. To eosure the

maximum coverage of magnetic particles by silane moJecules and ta study the effects of

solvents on silanatio~ a high concentration (10%) of APTES in water and toluene was

used in our experiments. The magnetic particles were weil dispersed in the solvents before

the addition of APTES to create an environment for enhancing the condensation of

silanols with surface hydroxyls.

4.3 MATERIALS AND EXPERIMENTS

4.3.1 Materials

The magnetic particles ('Y-Fe2Ü3) used as before were dried in an aven at 120 oC in

order to remove any physisorbed water from the surface. Dried samples were stored in a

desicator before use. The 3-aminopropyl triethoxysilane (APTES) purchased from
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Petrarch~ System (Bristo~ PA) with a purity of 98% was used as received. Glass distilled

toluene with a purity of 99.9% from OnmiSolv and in-house distilled absolute ethanol

were used. Water used was prepared with a Milipore water treatIrent system. AIl glass

ware was cleaned by the procedure described in chapter 3.

4.3.2 Silanation

A 3 gram sample of y-fe2Û3 was mixed by vigorous stirring with 90 ml of solvent

(water or toluene) in a 500 ml three neck tlask equipped with a condensing tube. After the

particles were well dispersed, 10 ml of APTES was added slowly ta the~ and the

suspension was heated ta refluxing temperature., then refiuxed for 3 hours, while

maintaining nitl'ogen bubbling and mechanical. stirring. The suspension was then cooled

and centrifuged at 9000 rpm (DynacTM centrifuge) for 20 mins. After washing twice with

the solvent, and once with ethano1. the panicles were dried in the aven at 80 oC for three

hours. The dried samples were stored in a vacuum desicator prior ta surface

characterization. (Note: when water was used as a solvent., the pH of the suspension was

ca. 10.5.)

4.3.3 Film Characterization

As rœntioned in section 4.2. either silanols or amino groups of silane coupling agents

cao react with the surface hydroxyls, leaving the other exposed to the environmcnt. Ta

examine the orientation of silane molecules, several techniques as described in chapter!Wo

can be used. Among the techniques ciescribed., the mast infonnative are FfIR and XPS. In

the FTIR., the -O-CHz-Œ3 stretehing band provides the information on the hydrolysis of

silanes, wbile the Si-O-Si and N-H stretehing/deformation bands yield valuable structural

information about APTES on the surface. In the XPS., the N(ls) binding energy region

furnishes an insight into the interaction between the surface hydroxyls and the silane amino

groups. In this chapter, these two techniques are used to determine the orientation and

interaction of molecules on the surfaces. Other techniques such as zeta-potential



measurements and elemental analysis are aIso used as the complementary methods ta

complete the picture of silane molecules on the surface.
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Silanized panicles were characterized by XPS and DRIFTS using the procedures

described in the previous chapter. As reference~ the transmission IR spectrum of APTES

was obtained using a liquid celI with KBr windows at the same wavenumber resolution as

DRIFTS. The zeta-potential of the magnetic particles with and without silanation were

measured in 5 mM of KCl background electrolyte solution using a Lazer-zee meter

(Mode1501. USA). About 5 mg of panicles was conditioned for 10 minutes in 100 mL of

test solution. The slurry pH was adjusted by NaOH and HO stock solutions. The

suspension was then taken for zeta potential measurement. The results presented here are

the average of three independent measurements with a typical variation of ±3 mV.

The magnetic properties of siIanized particles were characterlzed by home-made VSM.

Elemental analysis was perforrned using the Model 240 XA elemental anaLyzer (Control

Equipment Corporation~ Lowea MA~ U.S.A.)~ in which acetanilide was used as an

internal standard.

4.3.4 Stability of Surface Films

Ta examine the stability of surface films~ leaching tests were conducted. Twenty

milligrarns of y-Fe203 with and without silanation was mixed separately with 25 ml of

acid (0.0 l N HO) or base (0.0 l N NaOH) solutions for 20 hrs. The suspension was then

centtifuged using a Sarvall® Re-5B refrigerated superspeed centrifuge (Du Pond

Instruments) at 12000 rpm for 30 minutes. The supematant was collected and analyzed for

iron concentration by atomic absorption spectroscopy (Perkin Elmer 310~ USA). The

settled solids were washed and centrifuged three times with Millipore water~ then dried in

a vacuum oven at 60 oC. Finally~ the samples were stored in a desicator. Changes in zeta­

potential before and after contact with acid or base were used as an indication of the

detachrnent af silane molecules from the surface.
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4.4.1 Orientation of Silane Molecules on the Surface

The molecular orientation of silane coupling agents on the surface bears a significant

impact on the applications of si]anjzed particlcs. In most applications~ a desirable

organofunetional group reactive on the surface is required for coupling with other

materials. An understanding of molecular orientation and the reactivity of the functional

group on the surface is needed for exploring the applications of the silani7ed materials.

XPS Analysis: XPS spectra of relevant elements on "(-Fe2Û3 silanized using APTES

from water and toluene solutions (cureci at 80 oC) are shown in Figure 4.6. As reference,

the corresponding XPS spectra of untteated magnetic particles are also included in this

figure. The appearance of nitrogen (Nls) and silicon (Si2p) bands (at 399.4 and 101.8 eV,

respeetively) after silanation in both water and toluene solutions indicates that silanes are

deposited on the surface. A close examination of the spectra shows that the nitt'ogen bands

are broad and asynnnetric. Deconvolution of the nitrogen band resulted in two distinct

bands centered at ca. 399.4 and 401.3 eV, indicating nitrogen in two different

environments: one free and the other from the protonated amino groups, respectively

(Homer, et al, 1992). Two oxygen bands at binding energies of 531.8 and 529.6 eV were

observed. The band at higher binding energy (531.8 eV) is assigned to the oxygen

connected to the silico~ wbile the one at lower binding energy (529.6 eV) is attributed to

the oxygen in "(-Fe203 (Moulder, et al., 1992).

Based on the best fitted, deconvoluted band areas, the ratios between the two nitI'ogen

and the two oxygen bands were calculated, from which the proportion of the protonated

ta free amino groups and the relative percentage of the [WO oxygen components on

APTES silanized magnetic particles are obtainec1 and the results are given in Table 4.1.

•
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{ The proportion of the oxygen in Si-Q environrnent (531.8 eV) was found to be higher

in the film silanired from water than that from toluene (Table 4.1)" suggesting that more

silanes are deposited on the surface from a water solution. This observation is consistent

with the elctœntal analysis which indicated a nitrogen content of 0.36 and 0.42% for the

particlcs silanized in toluene and water, respectively. The higher ratios of other elements

such as silico~ nitrogen and oxygen to iron for APTES films silanized from water than the

ones from toluene furtber confirmed that more APTES molccules were deposited on

magnetic particles from water.

(
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Figure 4.6 The XPS spectra of e1ements on the surface of y-F~03with and without
deposition of API'ES (a) from water; (b) from toluene; (c)• ..,.F~03 ooly.
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Table 4.1 The proportion of amine protonation and the two oxygen components and
assay of surface atom ratios of APTES films formed from water and toluene on l-Fe2Û3&

-NH2 (%) -NH)· (%) 0 1• (%) Ola (%) Si2p Nia Olab

Solvent (399.4 eV) (401.3 eV) (531.8 eV) (529.6 eV) /Fe2P3rz lFe2PJn lFe2P3n.
water 73.6 26.4 24.3 75.7 3.1 0.4 2.8
toluenc 83.4 16.6 13.7 86.3 2.1 0.3 1.3

a: reactioo is condueted at refluxing temperawre, and samples are cured at 80 oC in~ b:
oxygen band at 531.8 eV.

Table 4.1 also shows that the film deposited from aqueous solution contains a higher

proportion ofprotonated amine (26.4%) compared to that from toluene solution (16.6%).

It should he noted that the pH of suspension increased from ca 5.0 to 10.5 upon the

addition of APTES, indicating that approximately 10-3
.5 M hydroxide ions were released

probably due to the protonation of amine groups. Compared to toluene, therefore, more

protonated amines were anticipated to he present in aqueous solutions and hence in the

film silanized from these solutions. Further calcu.lations, based on the amount of Of1

released, suggest that no more than 0.07% of the amino groups were protonated in

aqueous solution, while a nmch higher fraction of amines was protonated on the surface.

This simple calcuIation indicates that the protonated (and hence positively charged) amines

adsorb preferentially 00 the surface, probably by long range electrostatic attractions, since

magnetic particles carry negative surface charges at tbis pH (pH 10.5 is weIl above the

isoe1ectric point, IEP, of magnetic particles ca. pH 5). It bas been reported from angle­

resolved XPS studies that mast protonated amines were indeed located near the acidic

glass smfaces (Fowkes, et al, 1990).

In dry toluene, on the other band, the protonation of the amino groups was less

significant compared to that in water. A Lower fraction of protonated amine in the

silanized film was therefore expeeted. The electrostatic interaction in organic solvent is

unlikely to he significant. These factors contribute to the observed Low degree of

protooation of amino groups in the silanized film from toluene. Hydrogen bonding

between the amino groups and surface hydroxyls or surface water is considered to he

responsible for the protonation of amino groups (Fig. 4.7).
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Figure 4.1 Schematic representation of possible orientations of APTES on the
surface. The hydrogen bonded water may prevent the laterai polymerization of silanol on
the surface., but may promote the adsorption of amino groups toward the surface.

We also noticed that the degree of amine protonation (26.4%) on magnetic particles is

less than that on silica (43%)., both silanized in aqueous solutions (Homer., et al.~ 1992).

One reason may he due to a manger electrostatic attraction between positively charged

amine and the more negatively charged silica (iep at ca. pH 2.1) as compared to y-Fe203

(pH iep = 4.5) which requires less protonated amine ta neuttalize its surface charge. The

acid-base interaction between silane and substrates may aIso play a raie in this regard.

Homer, et al. (1992) found that the amino groups of APTES were protonated by

interaction with hydroxyl groups on the surface of silicon., iro~ titani~ and magnesium.

The extent of protonation was greatest on silicon and titanium; followed by iron; and least

on magnesium, which correlates weil with the predicted IEP"s of these rœtal oxides as

listed in Table 4.2. According to the theory developed by Parn (1965), magnesium oxide.,

having an lEP near 12.0., is basic. Silicon and titanium oxides., with !EP's near 2.1 and 4.1,

respectively, are relatively acidïc. Iron oxide with an lEP near 8.5 lies in between. The

rcduced fraction of protonated amines present on the surface of a substrate of increasing

basicity (43, 32., 21 and 9% pratonation far APTES on silico~ titanium., iron and

magnesium. respectively) indicatcs a significant acid-base interaction effect on both the

degree of silanation and the orientation of silane molecules on the smface.
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The above XPS analysis confiuued that the magnetic particles can he silanized with

APTES from either water or toluene solutions. The coverage of APTES from water on

magnetic particles is higber than that from toluene, and a higher fraction of the amines

were protonated in the films siJanized in water than in toluene. However, XPS analysis is

unabIe to detennine the degree of hydrolyzation of ethoxy groups and subsequent cross­

linking, which has a significant impact on the density and stability of the film.

Table 4.2 Degree of amine protonation of APTES on various acid-base substratesll

Substrate Protonated amine (%) Primary amine (%) IEP
NH3+ NH2

(401.3 cV) (399.2 eV)

Silicon 43 57 2.1
Titanimn 32 68 4.2
Iron 21 79 8.5
Magnesiwn 9 91 12.0

~ XPS is taken at 75° take-off angle Cafter Homer~ et al., 1992).

DRIFTS Characterization: The DRIFTS spectra of magnetic particles silanized with

APTES in water and toluene~ and cured at 80 oC in air, are shown in Figure 4.8. For the

reference, the IR spectrum of bulle APTES is aIso shawn in this figure (spectrUm c). In the

high wavenumber regio~ the spectrUm of APTES contains the cbaracteristic bands of ­

NH2• -CH3, -CH2, and Si-Q-C vibration modes. The bands at 3380 and 3292 cm-l are

assigned to -NH2 as~tric and symm:tric stretchings (Culler~ et al.~ 1984; Battjes, et

al, 1992), respeetively, while the weak band at 3187 cm- l ~y he due to intermolecuJarly

hydrogen bonded amino groups. The bands at 2974 and 2887 cm- l are characteristic of ­

CH3 asyrmœtric and syrmnetric stretehings in the ethoxy group of APTES, and the bands

at 2927 and 2865 cm
o

• are assigned to asymœtric and symmetric sttetehing modes of ­

CH2 in alkyl chains. In the low wavenumber region, the broad band at 1606 cm-· is

assigned to the bending mode of free amino groups~ which are characteristic of APTES.

The bands at 1167, 1105, 1083. ?59 cm-· are charaeteristic of Si-Q-C vibrations. The

detailed band assignments are summarized in Tabre 4.3.
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As shown in Figure 4.8, a broad band at 3360 cm-l, assigned ta free amino asymmetric

stretehing, appeared on the spectra of magnetic particles silanized in either water or

toluene solutions (spectta a and b). The broad bands at 3245 and 3124 cm- l due to

stretching vibrations of protonated and hydrogen bounded amine groups, respectively,

were aIso observed. In additio~ the bands at 2927 and 2865 cm- l assigned to the

asyrtnretric and synnnetric stretching of CH2 in alkyi chains were present. These

observations confirm the silanation of APTES on y-Fe20] as suggested in the XPS

analysis.

Table 4.3 Mode Assignments and Band Positions for APTES.

wavenumber (cm- I
) Assignment

3380 -NH2 asvm str
3292 \- -NH2, sym str
2974 CH3, asvm str (-OCH2CH))
2890-2855 -CH2, gym str (CH20·hCHz), CH), svm SttiOCH2CH3)

1606 NHz, dei (bending)
1483 CFh oropvl, svm def
1442 CH3 svmdef
1410 CHz adiacent to Si (scissors)
1167, 1105. 1083, 959 Sî-Q-C

In the low wavenumber region, the characteristic bands of Si-Q-C at 1167, 1105, 1083

and 959 cm- l (spectrum c) disappeared for APTES silanized on magnetic particles in bath

water and toluene (specttnm a and b). Inste&L !wo broad new bands at 1115 and 1010

cm- l characteristic of siloxane bonds appeared, suggesting that most ethoxy groups were

hydrolyzed, and a siloxane bond was formed on the surface by condensation and/or lateral

polymcrization of APTES. Note that the bands at 1580 and 1477 cm- l are due to the

deformation bendings of free amine groups on the surface (it appears at 1606 cm- l in

liquid) and hydrogen bonded or protonated amine groups, resPectively.
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Figure 4.8 Infrared spectra for (a) magnetic partides silanized by APTES from
water; (b) magnetic partides silaniRd by APfES from toluene; (c) APfES only; (d)
"t-F~03. Insets show IR bands of amino groups in APTES.
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It is interesting to note that wben silanation was conducted in toluene.. small bands at

2974, 2887, and 1079 cm-l were observ~ indicating that small fraction of APTES

silanirerl from toluene remained unhydrolyzed. The unhydrolyzed ethoxy groups on the

surface may inhibit the lateral polymcrization of APTES, tbus resulting in a poorer

packing density and lower surface coverage as compared to the film silanired from water

in which the hydrolysis is more effective. This observation is consistent with the findings

from XPS and elemental analysis.

Zeta-Potential Measurement: Zeta-potentiaIs of silanired magnetic panicles. were

found to he signiticantly higher tban unsiJanized ones as shown in Figure 4.9. The IEP's

of the particles silanized from water and toluene were at ca. pH 8.5 and 9.2.. respectively..

which were higher man the IEP (pH =4.5) of unsilanized particles. These findings confirm

the deposition of APTES on magnetic particles by silanation. with most amino groups

being exposed to the environment. The difference in the treasured zeta potentials of the

particles silanized from warer and toluene indicates the different coverage and orientation

of APTES on the magnetic particles. Since XPS and elemental analysis have shown higher

surface coverage of APTES on magnetic particles silanized from water.. the slightly lower

zeta-potential values observed for thcse particles suggests that more amino groups were

hidden inside the films, as compared to the case for toluene. As a result.. the contribution

from amino groups to the number of positive surface sites decreases, while that from

silanol groups to the number of negative sites ïncreases. It is anticipated that these two

counter effects result in a lower lEP values for the particles silanized from water. This is

consistent with XPS analysis~ wbich showed a higher degree of protonation of amino

groups near the surface (Le., a lower degree of the free amino groups in the surface films)

(Fowkes~ et al.. 1990).

It is interesting to note tbat the eleetrokinetics of magnetic particles silanjz.ec1 with

APTES from toluene were seen ta resemble those of air bubbIes in dodecylamine (a

cationic surfactant) solutions~ in which case the amino groups were exposed to water

(Figure 2.9). The similarity betwcen the two systems further suggests that the rnajority of
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( amino groups in APTES silanized on the surface were exposed to the enviromœnt and

remained reactîve.

The above experirnental results showed tbat the silane coupling reagents can he

silaniz,ed on magnetic particles to obtain desirable magnetic carriers. It bas also

demonstrated that the coating density and IOOlecular orientation of APTES on the surface

are conttolled by the competing interactions shown in Figure 4.2. From the application

point of view, it is important to know whether the silanired film fully covers the particles

and how stable the film is, in addition to concerns about the density of the desired

functional groups. For this purpose, the stability of silanized APTES films is studied as

given below.
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Figure 4. 9 Zeta-potential of magnetic particles with and witbout silanation by
APTES in different solvents.
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Leaching Test: As shawn in Table 4.4, the aImunt of iron leached out in 0.01 N Ha

solutions decreased from 60 mglg for unsilani:red ta 34 mg/g for siJanired y-Fe2Û3

particles (either from water or from toluene). Clearly. the amount of iron lcached remained

sigrrificant for silanizeci particles, suggesting that the original particlcs were not fully

covemL which may have been compounded with SOlre degree of detaehIrent of the

APTES in acidic solutions. The formation of disordemL loosely paclœd films on oxidized

silicon waters using APTES bas been reported by Bierbaurn, et al (1995). It is believed

tbat weak van der Waals interactions between short aIkyl chains are not sufficient ta

induce chain ordering. The loosely packed films will result in an exposure of sorre

magnetic particles ta enviromnen4 thus providing a channel for acid or base solution ta

reach the surface and ta attaek the APTES-surface bonds. To improve the stability of

Sllanized films, a silane coupling agent with a long hydrocarbon chain rnay he required. It

is anticipated that van der Waals interactions between long aIkyl chains Ce.g. -(Œ2)lS) will

he sufficient ta improve the packing density of silane moIecules on the surface. A complete

coverage will prevent the surface from being exposed to the environment, thus avoiding

the breakage of Si-Q or Fc-Q bonds on the surface.

Table 4.4 The Fe ions leached from magnetic particles with and without silanation.

Fe ions (mgJg particles)
y-Fe2Û3 60.3
y-Fe2Û3coated bv APTES from water 34.0
y-Fe2Û3 coated bv APTES from Toluene 34.1

Zeta·Potentiai Measurements: DetaehIœnt of SÙanjz.ed APTES in acidic and basic

solutions was confirmed by zcta-potential measurements as shown in FIgUre 4.10. After

acid leaching, the zeta potentials of magnetic partic1es silanized with APTES frOID water

shifted baclc towards the original zeta potential values of unsilanired particles. Figure 4.10

also shows a nmch larger shift in lEP values after base leaching (from pH 8.5 ta 4.3),

suggesting that the APTES coating is less stable in basic tban in acidic enviromœnts. IR
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( spectra of silanized films after acid or base Ieaching showed a signi:6cant decrease in the

intensity of APTES characteristic bands., confirming a signi:6cant degree of detaehrncnt of

silanes from the surface. Whether the detaehment of APTES is due ta the breakage of Si­

Q or Fe-Q bonds remains uncertain. It is wen docum:nted mat the Si-Q bond is relatively

stable in acidic solutions compared to that in basic solutions (Der., 1979). It appears that

the breakge of Fe-O bonds on the surfaces accounts for the above observations. (Should

the breakage he at Si-Q bonds., the destrueted surfaces shouId resemble a silica surface

with an IEP around pH 2.)
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Figure 4.10 The cbanges of the zeta-potentials of AFfES siJanized magnetic
partides from water before and after acid or base leaching.
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( Similar trends in electrokinetics were observed for the particles siIanized with APTES

from toluene (Fig. 4.11). After base leaching, the lEP values of the siIanized particles were

sbifted from pH 9 to 4.3, indicating that the films fonred from toluene were unstable in a

basic environment. However, after acid leaching, the lEP values were only sh:ifted from

pH 9.0 to 8.5, suggesting that the films fonred from toluene were relatively stable in a

acidic envrronment, as compared to the ones silanized from water (Figure 4.10). These

findings may he attributed to a higher degree of free amino groups in the films silanjzed

from toluene, as shown in XPS analysis.
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Figure 4.11 The changes of zeta-potential of AYrES silanized magnetic partides
from toluene before and after acid or base leaching.
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( 4.4.3 Magnetic Properties of SilaDized Magnetic Particles

Magnetization curves of magnetic particles" with and without silanation, are shawn in

Figure 4.12. It can he seen tbat the magnetization of magnetic particles reduced ooly

marginally after silanation. The satuIated magnetization of sj]anired magnetic particles

from toluene is higher than that from water, indicating less silane being loaded onto the

surface from the toluene. This is consistent with XPS and eletrental analysis results. The

very small coercivity and hysteresis in the magnetization curves for siJanjzed magnetic

panicles indicates that the particles rernain paramagnetic. These magnetic features permit

the application of silanjzed magnetic particles in magnetic carrier teehnology.
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Figure 4.12 The magnetimtion of magnetic partides witb and witbout silanation (a)
"..F~03; (b) sllanized from tuluene; (c) silanized from water.
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( 4.5 CONCLUSIONS
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1. XPS~ IR.. and zeta-potential rœasurerœnts indicate that silaaation of magnetic particles

using APTES was successful from solutions of water and toluene.

2. The degree of protonation of the amino groups in the films fonned from water was

higher than the ones from toluene~ 50 was the silane coverage.

3. The IEP (9.2) of magnetic particles siJanized from toluene was higher than the one

(8.5) from water, probably due to the lower degree of protonation of the amino groups

in the film.

4. The films fonned from toluene were relatively stable in acidic solutions compared ta

those fonned from water~ but bath films were unstable in alkaline solutions.

5. The saturated magnetization of magnetic particles reduced marginally after silanation.
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CHAPTER 5 PREPARATION OF MAGNETIC

CARRIERS (ID): SILICA COATING

5.1 INTRODUCTION

In chapter 4~ direct silanation 00 nanosized magoetic panicles (y-Fe203) using APTES

in water and toluene was discussed. It was found that the silanized films on magnetic

particles from toluene were relatively stable in acidic solution (0.01 N HO) compared with

the ones from water. In basic solution (0.01 N NaOH), however~ silanized films both from

\vater and toluene were unstable. It has been weil documented that the silanized filins 00

silica are relatively stable compared to those on iron oxides (Arkles, 1992). Therefore. the

stability of silanized films is anticipated to he improved if a thin layer of silica can he

coated on magnetic particles prior ta silanatioo. The objective is ta develop a method ta

deposit a thin~ densely packed silica layer on magnetic particles, rnaking the surface more

amenable for subsequent silanation, while maintaining the maximum magnetizatioo

required for applications. Ta explore tbis idea, the silica coating 00 y-Fe20] using the sol­

gel process and/or dense liquid silica coating (DL process) is studied in tbis chapter. A

schematic diagram for preparing the magnetic carriers by silica coating and subsequent

silanation is shawn in Figure 5.1.

5.2 SOL-GEL PROCESS AND DENSE LIQUID SILICA COATING

There are rnany methods available for silica coatings on different substrates (flat

surfaces or powder samples). These include chenùcal vapor deposition (Tsugeki, et al,

1994; Hoffman. et al, 1995). electron beam evaporation (VigiL et al, 1995). sol-gel

process (Brinker and Scherer, 1990; Sando. et al, 1995; Shih, et al, 1995; Tada, 1995),

and dense liquid silica coating (fler, 1959; Furlong, et al, 1980; Fument, et al, 1989,

Furlong, 1994). The sol-gel process and the dense liquid silica coating are more suitable



for powder samples. The present study will therefore~ focus on the sol-gel process and

dense liquid silica coating.
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Figure 5.1 Schematic representation of the preparation of magnetic carriers by
silica coating and silanation process. The magnetic particles were first coated by a thin
silica layer (step 1), and then silanized by silane coupling agents (step 2). The targets~ e.g.
metal ions (M) in aqueous solution~ are loaded on magnetic carriers through functional
group L (step 3).

5.2.1 Sol·Gel Process

Silica caating by sol-gel process is based an the hydralysis of the precursars such as

tetraethoxy silane CTEGS) in the presence of water and catalyst.. follawed by the

condensation with surface hydroxyls. The hydrolysis of TEOS in the presence of water

and catalyst (acid ar base) has been reparted to forro monasilicic acid and ethanol (Brinker

and Scherer, 1990):

(5.1 )

(

Under proper conditions.. the monosilicic acid can he further condensed ta form an

ailgomer~ and then polymerized to form a network structure of silica as shawn belaw:

OH OH OH OH 6ta <'> f61 1 1 1 1 1. 1
OO-Si-QH + OO-5,-oH -. HO-Si-o-Si-oH + K,O -. - HO-Si -Si-o Si-GH

1 1 1 1 - 1 1 1
OH OH OH OH ? ?? (5.2)



For a hydroxylated substrate. the silanol groups preferentially condense with surface

hydroxyls ta form chemical bonding (Si-O-Surface), building a two to three dimensional

net work. In the sol-gel process, organic solvents such as ethanol are often used.

Therefore. a silica film can be coated on the substrates slighùy soluble in water by tbis

method. In addition, uniform coatings can be obtained by controlling the hydrolysis rate of

metal aJkoxides (Bosch, et al, 1995; Tada, 1995). A low solubility of a silica in ethanol

was found to contribute to a high coating efficiency. These features made the sol-gel

process useful for fabricating inorganic thin films of unique propenies, such as tailored

porosity, refractive index, and compositional homogeneity (Briiuc:er and Scherer. 1990).
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5.2.2 Dense Liquid Silica Coating

Dense liquid silica coating is a process in which the aqueous silica. such as sodium

silicate, is used as a precursor for the formation of the silica layer on substrates under the

controlled supersaturation conditions (lIer, 1979). In essence, dense liquid silica coating

invoLves the heterogeneous surface nucleation from supersaturated aqueous solutions. To

better understand the process and to obtain optimal surface coatings, a brief discussion on

the nucleation and crystal growth theory is given below.

A) Homogeneous Nucleation

Nucleation is tenned as the formation of new crystals or new phases. It is a common

phenomenon in nature; as we all experienced the appearance of liquid drops on grass or

leaves in the moming and the formation of air bubbles in boiling water. It is also a

common observation that organisms deposit highly oriented. flaw-free ceramics from

aqueous solutions under ambient conditions onto the substtates as delicate as living tissues

such as teeth (Bunker, et al, 1994). Nucleation and crystal growth can occur either in

solution (homogenous) or on the surface of other solids (heterogeneous). According to

nucleation and crystallization theories (Evans and Wennerstrom, 1994), the free energy for

the formation of stable nuclei (AG) in aqueous systems (homogenous nucleation) depends



on the degree of supersaturation (S), temperature (n, solid-liquid interfacial energy (cr),

and interfacial area (A), and is given by:

(
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~G =-nkTlnS + uA (5.3)
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where k is the Boltzman constant. For the formation of spherical particles in aqueous

solution, the supersaturation level S is defined as the concentration in excess of the

solubility limi~ and A is equal to 41tf2
. Equation (5.3) thus becomes:

4 r 3 C ,
IlG = --rr-kTln-+ 4JZ'r-U

3 V," Cs
(5.4)

(

where C is the standing concentration: C~ is the equilibrium concentration: and Vm

represents molecular volume.

When C > C1 the tirst terrn on the right-hand side will make LlG < 0 for sufficiently

large r, but for sufficiently small r, the positive second term will dominate. Consequently, a

maximum in dG occurs at sorne intermediate value of r. At the maximum of LlG, the

equation (5.4) becomes

Tl
C 2oV,"

k n(-)=--
Cs rr:

(5.5)

(

•

which is known as the Kelvin equation. Here C represents minimum standing

concentration required for the formation of tiny nuclei with radius of rc. It can he seen that

the high supersaturation level is needed for homogeneous nucIeation. If we introduce a

seed particle of radius Tl into the solution, the particle will grow if rl is larger than rc•

Otherwise, it will vanish (Ostwald ripening). In the presence of seed panicles, nucleation

rate will be increased dramatically at a given supersaturation level. Since the Tc is often in

the range of a few angstroms ta a few nanometers for homogeneous nucleatian~ even

impurity particles such as dust cao he larger than Tc and thus act as foreign particles for

nucleation, which becomes the case for heterogeneaus nucleation.
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8) Heterogeneous Nucleation
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Heterogeneous nucleation refers to the new crystals or new phases fonned on foreign

particles or substrates. Dense liquid silica coating is a typical example of heterogeneous

nucleation. The surface free energy for heterogeneous nucleation is described by tmee

terms as shown in equation (5.6):

dG = -nkTln S + (j cl Ad + «(j cs - (j JI )AC1
(5.6)

(...

where subscripts C, 5, and 1 represent interfaces invo lving the coated fihn. the substrate.

and the liquid phase, respectively. Comparing equation (5.6) with equation <5.3), it is clear

that due to the presence of foreign particles, heterogeneous nucleation usually occurs at

lower supersaturation levels than those required for homogenous nucleation. The coating

on a seed particle with the same chemi.cal composition and crystal structure as the films to

he coated represents a special case, called homogenous coating, where crcs becomes

negligible and the solid-solution interfacial energy of the substrate is sirni1ar to that of the

cluster. As a result, the free energy change associated with homogenous coating becomes:

dG = -nkTlnS ~ 0 (5.7)

(

One example satisfying this condition is the silica coating on a silica substrate. which is

illustraœd in our two-step silica coarings on nanosized magnetic panicles.

An important aspect of the heterogeneous nucleation is to control the interfacial energy

between the substrate and the film to be coated (cres) (Bunker. et al.~ 1994; Mann. 1988).

The surface with desired functianal groups such as carboxylic, amine. sulfate, may lower

the interfa.cial energy between the substrate and the film ta he coated, i.e.• cres. For

example. carboxylic groups on the surface are favored for calcite deposition (Mann. et al.~

1993), amine for silica deposition (Stwmn and Morgan, 1995), and sulfonic acid for iron

oxyhydroxide formation (Rieke. et al.~ 1995). The functionalization of surfaces with these

groups can be achieved by molecular self-assembly, silanation, and chemical (e.g. etching)

or physical (e.g. plasma) treatment. In recent years, several investigators have shown that



by manipulating surface energies through chemical modifications and solution additives.

the filin composition, morphology. growth pattern., orientation. and even chirality of

growth in aqueous media can he modified and controlled (Mann. 1993; Heywood and

Mann., 1994). A typical example is the ceramic thin-film formation on functionalized

surfaces through biomirnetic processing (Bunker, et al.., 1994). The study on the

nucleation and crystal growth of inorganic rnaterials on functionalized surfaces has

improved our understanding of the formatian of teeth and kidney stones in the human

body (Mann, 1993).

(
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The supersaturation level (S) for film coatings cao he controlled in many ways to

achieve heterogeneous nucleation., including: Ca) inducing a chemical reaction to produce a

species in excess to its solubili~ (h) lowering the solubility by either drowning out

aqueous solutions with organic solvents or adjusting the pH of the solutions: (c) constant

addition of precursors to the system ta maintain the supersaturation leveL For coatings of

inarganic materials on a desired surface from aqueous solutions. nucleation and crystal

growth are generally induced when solution conditions (pH, concentration. and

temperature) are changed from a regime in which precursors are soluble to a regime in

which solutions are supersaturated as shown schematically in Figure 5.2.

In dense liquid silica coating., the solubility of aqueous silica and/or monosilicic acid in

aqueous solution can he readily changed by adjusting the solution pH as shown in Figure

5.3 (Furlong., et al, 1979). Sodium silicate is highly soluble at alkaline pH, ca. 1l.5. As the

pH decreases., the system moves from regime A in which sodium silicates is soluble to

regime B where the supersaturation is reached and nucleation occurs. As coating

proceeds., the consumption of sodium silicate will change the degree of the supersaturation

level (moving to C) until reaching the solubility limit of precipitated silica (ca. 2.5xlO-3 M).

By controlling the supersaturation level (constant reactant addition), the silica layers will

form on the substrate through heterogeneous nucleation.

Dense liquid silica coating (DL process) was first developed by ner in 1959 Cner.,

1959). A silica layer was initially coated on titania from aqueous solutions to prevent the



photodegradation of organic resin in paint filins. In its broad applications. silica coating on

surfaces of carbon and steel rnaterials was used to prevent their oxidation in harsh

(
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Figure 5.2 Schematic solubility diagram for understanding surface coatings.
Solubility generally depends on temperature and pH. Heterogeneous coating occurs when
solution conditions change from CA), a regime in which precursors are soluble. to (B), a
condition of supersaturation. In general, homogeneous coating occurs at a lower
supersatutation level than that for heterogeneous coating. Proper supersaturation
promotes surface coating without bulle precipitation. In a batch process, the consumption
of precursors in surface coating can change the degree of supersaturation (moving to C).
In generaL for optimum surface coatings the regime for homogeneous nucleation should
be avoided.

•
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( enviromœnL Silica coatings on substrates such as alumina were used ta obtain a desirable

surface wettability, adhesio~ chcmical reactivity, and acid-basc properties. (Niw~ et al,

1990). As a low-temperature process in which water and sodiwn silicates are used, the DL

proccss is environmentally benign and econol11ÎC. However, for silica coating on substrates

that are slightly soluble in water, the dissolved species may react with monosilicic acid,

thus reducing the concentration of reactive species and lowering the supersaturation level

for surface coatings. Extensive literature of silica coatings on various substrates using the

DL process is available. However, there seems ta he no report on silica coatings on

nanosized magnetic particles (y-FC2Û), which is studied in this wode.
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Figure 5.3 ScheJDaÛc illustration of solubility domains for amorpbous silica in
aqueo~ solution. (A) represents the initial concentration of soluble sodium silicate at
high pH value (ca 11.5). As the pH decreases, the system moves from regime (A) in which
the sodium silicates are soluble to regime (B) where the supersatuation is reached, and the
nucleation OCCUIS.



Single step silica coating by either DL method or sol-gel process was canducted on

nanosized magnetic particles (y-Fe203). Based on the experimental results of single step

coating, a two-step silica coating process. i.e.. sol-gel followed by dense liquid silica

coating, was developed. The concept behind tbis approach is ta coat a silica layer on

panieles by the sol-gel process tirst. The objective of this step is ta obtain a thin. unifarm.,

most likely paraus. silica layer on partieles. Once the surface is covered by a thin silica

layer. the DL caating is applied ta fill the pores in the tirst layer and to grow the film

uniformly. Because of the presence of the tirst silica layer prepared from the sol-gel

process. althaugh porous. the second step represents a homogeneous coating which can

he achieved in a more controUed manner at lower supersaturation levels than thase

required for the direct DL coating. By using the two-step silica coating.. a unifarm thin.

and densely packed silica layer is anticipated ta form ooto magnetic particles for (i)

preventing Fe from being leached into acidic solutions. and (ü) making the surface more

amenable for silanation using silane coupling agents. while maintaining the maximum

magnetic propenies as required in magnetic carrier technology.

(

{
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5.3 MATERIALS AND EXPERIMENTS

5.3.1 Materials

The same magnetic panieles ( y-Fe203) as used before were dried in a vacuum oven at

12 psi and 120 oç for 24 hours prior to the coating experirnents. The quartz distilled

TEOS from Petrarch ~ System and the reagent grade armnonium hydroxides (30 wt%)

from Caledon were used as supplied. Millipore water was used in all experirnents. An

aqueous silica solutions (27 wt% SiÜ2) from Aldrich was used in dense liquid silica

coating experiments. Amorphous fused silica panicles with an average particle size of

about 24 nm and specific surface area of 100 m2/g were kindly provided by Cabot

Corporation. Cab-Q-Sil division (Tusco(a. IL, U.S.A.). The silica particles were used as

recieved.

•
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5.3.2 Experiments

A) Sol.gel Process
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In a typical coating experirnent, 0.9 gram of magnetic panicles was mixed with 40 mL

of pure ethanol under uItrasonification for 30 minutes, followed by addition of 14 mL

TEOS solution (0.2 mL TEOS in 13.8 mL pure ethanol). 6 mL of 30% N~OH solution

(as catalyst) was then added dropwise iota the suspension, and the reactions were allowed

to continue for 5 hours to ensure the complete hydrolysis of TEOS and the formation of

monosilicic acid necessary for the coatings. The treated panicles were separated from

solution by a hand magnet, rinsed twice with pure ethanol, and then dried in the aven at

different temperatures for eight hours, which permits the study of post-reaction. In the

experiment discribed above, the amount of added TEOS corresponds to 6 wto/{I silica level

(on y-Fe201 basis). provided that all TEOS are fully hydrolyzed and coated on magnetic

panicles. In other experirnents, the silica levels were controlled by changing the amount of

added magnetic panicles when keeping the same concentration of TEDS. The less the

added magnetic panicles. the higher the silica levels (See appendix 1 for detailed

calculation ).

8) Dense Liquid Silica Caating

Iler's rnethod (Der, 1959) was used in dense liquid silica coating experiment. A given

weight of y-Fe203 (see Appendix mwas rnixed with 90 mL of Millipore water in a 500

mL three neck t1ask under vigorous mechanical agitation. The pH of the suspension was

raised to 9.5 ± 0.1 by adding 0.1 N NaDH. and the suspension was heated up to 90 ± 3

oC. Ten milliliter of 0.1 M aqueous silica solution was then added to the flask concurrently

with 0.1 M H2S04 within one haUT while maintaining the solution pH at 9.5 ± 0.2. The

reaction was continued for one hour, after which the suspension was cooled to room

temperature and centrifuged. The solid product was then washed three times with

Millipore water and finally dried in a vacuum oven at 110°C for 24 hours.
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C) Two-Step Silica Coating
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Magnetic particles were fust coated using the sol-gel process described above in a

TEOS concentration corresponding ta 6 wt% silica One gram of the coated particle was

then mixed with 90 mL of Millipore water in a 500 mL three neck flask under vigorous

mechanical agitation. The slurry was heated up ta 90 ± 3 °C~ and the pH of the slurry was

raised to 9.5 ± 0.1 by adding 0.1 N NaOH. Ten milliliters of 0.1 M aqueous silica solution

was introduced~ within one hour~ into the flask~ concurrently with 0.1 M H2S04 ta

maintain the solution pH at 9.5 ± 0.2. The reaction was continued for another hour. after

which the suspension was cooled ta room temperature and centrifuged. The solid product

was then washed three times with water and finally dried in a vacuum aven at 110°C for

24 hrs. The total amount of added silica is about Il wt% (on y-Fe203 basis).

D) Characterization Techniques

The particles with and without silica coatings were characterized by DRIFfS. XPS.

Zeta-potential measurements~ VSM~ and leaching tests. The experimental procedures and

operating conditions are the same as described in chapters 3 and 4.

5.4 RESULTS AND DISCUSSION

5.4.1 Sol-Gel Process

A) Surface coatings

XPS: The XPS survey scan spectra for magnetic particles coated at various silica levels

using the sol-gel process are shawn in Figure 5.4. The XPS narrow scan spectra for the

elements of interest are shawn in Figure 5.5. The XPS band positions and their

assignrncnts are given in Table 5.1. Compared with the spectrum of bare magnetic

particles, the appearance of SÎ2p band at 103.4. eV (spectra a and b) in the spectra of

TEOS tteated magnetic particles indicates that the silica was deposited on the surface. The
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Figure 5.4 XPS suney scan spectra of magnetic particles treated al various silica
levels (a) Il wt% ; (b) 6 wt%; (c) y-Fez03.
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Figure 5.S XPS narrow scan spectra of the elements of ioterest on the magnetic
particles treated at varions silica levels (a) ll-wt%; (b) 6-wt%; (c) y-FeI 03.
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Table 5.1. Band Maxima (eV) Obtained from XPS Dataa

94

(

Bindinll EnerllV (eV)
SYstem Oh Si2n F~n Cls

y-F~Ü3 529.8 ndb 724.3 284.6
710.7

silica coated 'Y-F~03 529.8 103.4 724.3 284.6
532.8 710.7

CL Band positions are accurate 10 ±O.7 eV. b: not detected.

weak Ch band at 284.6 eV might come from either the background carbon or

unhydrolyzed ethoxy group. It appears that the carbon was mainly from enviromœnt since

this band was also observed on spectra c for untreated y-FeZÜ3. Two distinct oxygen

bands at 529.8 and 532.8 eV~ respectively~ were observed for the magnetic particles

treated with TEOS. As discussed in the previous chapter~ the band at 529.8 eV was

attributed to oxygen in magnetic particles. Therefore~ the band at 532.8 eV is assigned to

the oxygen in coated silica. A similar binding energy (532.9 eV) for oxygen in silica has

been reported (Moudler~ et al.~ 1992). Table 5.2 summarizes the results of band fittings~

Le., the proportion of the (WO oxygen components and the ratio of nonna1ized band areas

of the oxygen (532.8 eV) and silicon to that of Fe2p31l band (at 710.7 eV). As shown in

Table 5.2, in parallel with an increase in silicon to iron ratio, the proportion of oxygen in

silica (band at 532.8 eV) increased from 60 ta 73 % as silica levels increased fram 6 to Il

wt%, suggesting an increased deposition of silica on the surface at higher silica leveL It

should he noted that the oxygen (532.8 eV) to silicon ratio was found to he about 2 for

both cases, indicating the films coated on magnetic particles are indeed silicon dioxide (Le.

silica).

DRlFfS: DRIFTS spectra of y-Fe20 3
particles with and without silica coatings are

shown in Figure 5.6. To identify the surface reaction hetween TEOS and magnetic

particles7 the infrared spectra of TEOS and silica (Cab-O-Sil) are aIso shawn in this figure.

The characteristic band positions and mode assignments are given in Table 5.3. As shawn
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Table 5.2 The proportion of the two oxygen compooents and the elemental ratio on
magnetic particles treated by TEOS.

TEOS Silica Level Ols (%) Si2pt Olsb OlsD
(wt%) Fe~/2 1Fe2P3n /Si2p

concentlëUiOll Si<h "tFetÛ3
(mole/dm; (532.8 eV) (529.8 eV)

0.015 6 60.2 39.8 1.8 3.8 2.1
0.015 lIa 13.7 26.3 4.1 9.3 2.2

a: Silica level increased with decreasing the amoont of "tFez03 used in coaring experiment when keeping
the same concenttation of TEOS. See appendix l for detailed calculation. b: Oxygen band al 532.8 eV_

before, y-Fe2Ü3 does oot bave any cbaracteristic band in the spectral region above 800

cm-l
( Figure 5.6: spectrum d ). When magnetic particles were coated with TEOS from

etbanol solutions, two characreristic bands at 1204 and 1085 cm- l on spectrum b were

observed. The presence of these two bands, assigned to asymrœtric stretehing of the

siloxane bond (Si-a-Si) (Shafei and Mokhtar, 1995), confirms the deposition and

polyrœrization of hydrolyzed TEOS on rnagnetic particles. A weak band at 3745 cm-l,

characteristic of silanol groups originating from the hydrolysis of TEOS (Bergna. 1994),

was observed (spectrum b), indicating the presence of free silanol groups on the surface. A

similar band at 3745 cm- l was a1s0 present in the IR spectrum of Cab-O-Sil fused silica.

These findings indicate that silica was deposited on y-Fe2Û3, further supporting the XPS

results.

It is interesting to note that a weak: band at 928 cm- l appears on spectrum b, which is

absent in the spectra for silica (spectrum a) and TEOS chemicals (spectrum c). This band

is, therefore, probably associated with Si-Q-Fe vibrations, suggesting the formation of Si­

Q-Fe bonds on the magnetic particles. SeycdImnir, et al (1982) observed a similar band

at 925 cm-l for a silica gel support impregnated with an aqueous solution of (NlLhM02O,

(6% Mo on SiOz) and ca1cined al 500 oC. They assigned this band ta Si-Q-Mo vibrations,

an analogy to Si-Q-Fe vibrations as in our case. IR bands at 950, 963 and 965 cm- l
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Figure 5.6 DRIFTS spectra of (a) Cab-O-Sil fused silica; <b) TEOS coated on y­
F~03; (c) TEOS chemicals; (d) y-F~03. The coatings are performed at O.OIM TEOS
and 1.76 M NILOH ethanol solution. Inset shows unhydrolyzed ethoxy group in spectrum
b.

Table 5.3 Mode Assignments and Band Positions of Infrared Speco"a in Fig.5.6.

wavenumber (cm- I
) AssiJ!nment

3745 simde (isolated) silanoJs (Si-OH) or ~enninal
3665 vicinals
3407 hydrogen bonded OH with H20
2978 CH3 asym so" (-OCH2CH3)

2924 Vas (-CH2)

2890-2855 -CH2 sym so", CH3 sym str in -OCH2CH3

1481 CH2 syrndef
1441 CH3 syrndef
1204, 1085 vuCSi-Q-Si)
1167.1105,965 Si-Q-C
928 Si-Q-Fe
811 vs(Si-Q-Si)



observed previously have been attributed ta the formation of Si-O-Ti, Si-O-Al (Kinney

and Staley. 1983) and Si-O-Pb bonds (Miller and Ishida, 1986) on the surface of

corresponding metal oxides. These spectral findings suggest that nanasized magnetic

particles in our coating experiment acted as foreign nuclei. and silanol groups of

hydrolyzed TEOS condensed with hydroxyl group on the surface to fonn Si-O-Fe

covalent bonds. It is believed that the hydrolyzed TEOS bound on the surface was further

palymerized to fonn a thin layer silica coating.

(
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From the IR spectra, it is not clear what would he the state of silanol groups on the

surface. The possible forms of silanols on silica coated magnetic panicles are schematically

shown in Figure 5.7. The band at 3745 cm-Ion the IR spectrum of silica could be

attributed ta either isalated silanol Q.r silanediol (genninal) (Vranchen. et al.. 1995). It is

weil known that the hydrogen bonding causes a reduction in the Q-H stretching frequency.

and the magnitude of band shift depends on the strength of hydrogen bond. and thus on

the Q-H to 0 distance. The small shoulder at 3655 cm- l in spectrum b is probably from

vicinal (H-banded) silanol, that is the Si-OH groups located on neighboring QJ sites in

which the OH to a distance is sufficiently small sa that hydrogen bonding occurs (Hair.

1980; Brinker and Scherer.. 1990). A broad band at 3407 cm-I is characteristic of hydrogen

bonded water on the surface.

single (isolated) silanol silanediol(genninal)
Cl Q2

Silanediol
vicinal

Vicinal

( Figure 5.7 Possible forms ofsilanols on silica coated y-F~03



ft is important ta note that TEOS coated on magnetic particles as such is oot

completely hydrolyzed as indicated by the presence of a characteristic band of ethoxy

groups at about 2978 cm-1
• The unhydrolyzed ethoxy groups may have two different

impacts on the preparation of magnetic carriers. If they are exposed ta the envrronment..

the subsequent silanatioo will be hindered. If they exist in the f1lIm.. they will prevent

cross-linking and hence reduce the packing density and stability of the coatings. It is

therefore essential ta eliminate these residual ethoxy groups.

(
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H) Effect of Curing Temperature on Silica Coatings

The unhydrolyzed ethoxy groups 00 the surface, although small in amount.. are a major

coocern in the sol-gel coating process because they may occupy the sites available for

subsequent dense silica coating and si1anation. Ta completely remove these unhydrolyzed

ethoxy groups and to enhance the cross linking of TEOS (i.e. polymerizatioo) on the

surface, a post-treatment is needed. A conveni.ent approach ta remove the unhydrolyzed

ethoxy groups is ta cure the filIm at elevated temperatures. The DRIFTS spectra of

magnetic particles coated using the sol-gel process and cured at different temperatures are

shawn in Figure 5.8. It can he seen that the broad band at 3440-3540 cm-1 in specrrum b

disappeared at or above a curing temperature of 1500
Ç, indicating the removal of

physisorbed water from the surface. At the curing temperatures above 400°C. the

characteristic bands of alkyl chains at 2978 to 2855 cm-1 disappeared, suggesting the

removal of unhydrolyzed ethoxy groups frOID the surface. An increase in the intensity of

·1
the Si-Q-Si band at 1204 cm with curing temperature indicates the enhanced crosslinking

of siloxane bonds on the surface.

The above results demonstrate that silica coating on iron oxide surfaces is feasihle by

the sol-gel process. For subsequent silanation using silane coupling agents, the

dehydroxylation of silica coated on magnetic particles at high curing temperatures raises

sorne concerns because the reactive silanol groups are necessary for silanation. The
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Figure 5.8 Infrared spectra of magnetic particles with and without TEOS coatings
al various curing temperatures (a) y-F~03; (b) 90 oC; (c) 150 oC; (d) 400 oC. Inset
shows the rehydroxylation of TEOS coated magnetic particles upon exposure to water
steam.

disappearance of the band at 3745 cm- l for the coated panicles, cured at temperatures

above 400 oC., indicates that most of silanols have been removed from the surface. TIùs

observation is consistent with that reponed in literature., Le., silanols on silica surface are

dehydroxylated at temperatures above 400 oC., forming siloxane bridges (Zhuravlev.,

1993). Strained siloxane bridges are reported to form on the silica thermally

dehydroxylated at temperatures about 500 oC (Vansant., et al., 1995). At higher

temperatures., the strained siloxane groups are relaxed to fonn stable siloxane groups., as

schematically shown below (Bergna, 1994):
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Silanals StI'ained Silaxane groups Stable Siloxane groups
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The strained siloxane bridge can he readily rehydroxylated upon exposure ta water. The

appearance of an IR band at 3745 cm- l as shown in inset Figure 5.8 indicated the

rehydroxylation of strained surface siloxane groups upon exposing the dehydoxylated

silica filins (at 400 oC) ta water steams for two minutes. At curing temperatures higher

than 500 oC., the silaxane bridge generated can only he rehydroxylated at a lirnited rate.

For example., it has been reported chat it took 5 years of contact with water at room

temperature to rehydroxylate completely a porous silica sample calcined in air at 900 oC

(Zhuravlev, 1993). The above observations suggest chat curing temperature has ta he

controlled in silica coatings using the sol-gel process. It appears chat a curing temperature

of 400-500 oC would be optimal for removing unhydrolyzed ethoxy groups while siloxane

bonds formed are readily rehydroxylated ta recover the surface silanols upon exposure to

water vapor.

C) Structure of Coated Silica Layer

Zeta-potentiaJ: The zeta-potentials of magnetic particles with and without silica

coating are shawn in Figure 5.9. The IEP of the particles coated with TEOS at about 6

wt% silica level shifted toward that of amorphaus silica., indicating that silica was indeed

deposited on the surface. As the silica level increased to about Il wt%, the IEP of coated

particles was faund to be identical ta that of amorphous silica., indicating a complete

coverage of the swface by silica. Based on theoretical caIculations., only 5.5 wt% of silica

caating is needed ta completely coyer the magnetic particles with a SiÜ2 layer. provided

that one SiOz molecule occupies 0.1 nm! on the surface (Bergna., et al., 1994). The IEP

value (2.9) of y-Fe2ÛJ. coated at silica level about 6-wt%. is higher than that of silica

particles (2.1), suggesting that the surface may not he fully covered with silica. This is

funher confirmed by leaching tests.
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Figure 5.9 Zeta-potentials of magnetic particles as a function of pH: (a) uncoated
magnetic particles; (h) coated at 6 wt% si6ca level; (c) coated at Il wt% silica level;
(d) Cab-O-Sii fused silica.

Leaching Test: As shown in the previous chapter, Fe was detected in leachate of bare

magnetic particles in 0.01 N Ha solution. This finding suggests that the leaching test is a

convenient and valuable approach to examine the structure and the stability of the coated

silica layer on the surface. Ideal1y, if the surface were completely covered by a densely

packed, stable silica layer, no Fe should he leached out in acid. Our experimental results

indicated that~ even when the surface is coated at a silica level about Il wt %, Fe was still

detected in leachate as shawn in Table 5.4. Considering that the surface was fully covered

by silica as indicated by zeta·potential measurement, it is evident that the silica layer on the

surface cantains significant amaunt of pores, through which Fe was leached out

(
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Table 5.4 Data of silica coatings on nanosized magnetic particles by the sol-gel process.

TEDS Anunonium Sîlica Fe leached in lEP Ms
sample and concentration concentration level 0.01 NHCL (pH) (emulg)

methods (mole/dmJ
) (mole/dm3

) (wt%) (mg/g)

y-Fe20 3 -- -- -- 60.25 4.5 52.0
Sol-Gel 0.015 1.47 6 4.30 2.9 46.8
Sol-Gel 0.015 1.47 Il 1.10 2.1 43.2
Sol-Gel 0.015 1.47 27 l.10 2.2 35.1
Sol-Gel 0.015 1.47 54 ni! 2.1 30.8
SiOz -- -- -- 0.00 2.1 --

At higher silica levels (54 wt% Siû!), no Fe was detected in acid leachates.. indicating

the formation of a densely packed silica layer on the surface. However, magnetization

measurements as shown in Figure 5.10 indicated that the saturated magnetization of

coated magnetic partic1es was reduced more than 40 % at such high silica levels (54 wt%

SiOû. These results indicated that to maintain the maximum bulle magnetic propenies of

coated particles while having a min dense layer of silica.. a different approach is needed.

5.4.2 Dense Liquid Silica Coating

XPS: XPS survey scan spectra of magnetic panicles coated at various silica levels

using DL process are shown in Figure 5.11. The XPS narrow scan spectra of the elements

of interest are shown in Figure 5. 12. Comparing to the spectrurn of bare magnetic

particles, the appearance of Si2p band at 102.3 eV after dense liquid silica coatings

indicates that the silica was deposited on the surface. As in the sol-gel process, two

distinct oxygen bands at 529.8 and 532.8 eV, one fram magnetic particles and the other

from coated silica, were observed. Table 5.5 sununarizes the results of band fittings, i.e.,

the proponion of the two oxygen components and the ratio of normalized band areas of



(
CHAPTER 5 SILICA COATING 103

60

50

40-=.0 30
~
N"" 20
~
< 10

.§ 0-

.~
-10- -20~=Ci)
-30:a

~
-40

-50

-60

-1.5 -1.0 -0.5 0.0 0.5 1.0

Magnetic Field (Tesla)
1.5 2.0

{

(

Figure 5.10 Magnetization curves of magnetic particles coated al various silica
levels using sol-gel proeess.

the oxygen (532.8 eV) and silicon ta that of Fe2p312 band (at 710.7 eV). It is interesting ta

note that as silica levels increased from Il ta 27 wt%, the proponion of the oxygen band

at 532.8 eV increased from 34 to 41 %. Also noted is the increase in the silicon ta iron

ratio with increasing SiCh leveL indicating that an increased amount of silica was

deposited on the surface. These two consistent observations suggest an increased SiCh

coating with increasing Si02 level in DL process.

The ratio of oxygen ta silicon (ca. 1.3 and 1.5) on mganetic particles coated at law

silica levels (11 and 15 wt% SiÛ2) is less than the stoichiometric value of silica (2.0). Dnly

at higher silica LeveL (27 wt% Si(h) is the ratio (2.2) close to the stoichiometric value of

•
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Figure 5.11 XPS survey scan spectra of magnetic particles coated at various silica
levels using DL process (a) Il wt%; (b) 27 wt%; (c) 'Y.Fez03.
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Figure 5.12 XPS oarrow scan spectra of the elements of ioterest on magnetic
particles coated at varions silica levels using DL process (a) Il wt% siDca; (b) lS
wt% silica; (c) 27 wt% silica; {dl y-F~03.



Table 5.5 The proportion of two oxygen components and elemental ratio on magnetic
particles coated at various silica levels using DL process.
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sample Silica level (wt%) Ols (%) Si2pl Ols· Ols·
Fe2p112 IFe2p312 ISi2D

SiÛ! y-Fe20 1

(532.8 eV) (529.8 eV)

DL 11 11 34.4 65.6 0.7 1.6 1.3
DL 15 15 31.6 68.4 0.7 1.7 1.5
DL 27 27 41.3 58.7 0.8 1.8 2.2

a: Oxygen band at 532.8 eV.

silica (2.0). This is different fram the sol-gel pracess where the ratio of oxygen ta silicon is

close ta 2 even at low silica Level (6 wt% SiOz). This observation is probably attributed ta

the non-uniform silica coatings on magnetic particles at Low silica Levels using the DL

process. Following DRIFTS and zeta-potential measurements. the structure of the coated

silica films was further elucidated.

DRIFrS: DRIFfS spectra of silica and y-Fe203 particles with and without dense liquid

silica coatings are shown in Figure 5.13. Two new bands at 1053 and 1155 cm-l in

spectrum a and b were observed on the magnetic particles processed by dense liquid silica

coating. These two bands were assigned to asyrrnnetric stretching of the siloxane bond (S i­

Q-Si). AIso shawn in this figure is the apperance of a new band at 3742 cm-l, charateristic

of silanoL groups of coated silica. These observations confirm the silica coatings on

magnetic Particles. In contrast ta the sol-gel process. there is no residual hydrocarbon

bands on the spectra of silica coated panicles. Therefore. post treatment and

rehydroxylation are not needed.

Zeta-potential: The zeta-potential of magnetic particles with and without a silica

coating is shown in Fig. 5.14. The IEP of the magnetic particles coated with Il wt% silica

was shifted toward that of amorphous silic~ indicating the silica coatings on the surface.

As the silica level increased to about 27 wt%, the IEP of coated particLes approached to

•
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Figure 5.13 DRIFfS spectra of dense liquid silica coatings for (a) 15 wt% silica; (h)
Il wt% silica; (c) 'Y.Fez03.

that of amorphous silica. As mentioned earller, theoretical calculation indicated that only

5.5 wt% silica coatings should he enough to completely caver the surface of magnetic

panicles. The IEP value (3.1) of the magnetic panicles coated at Il wt% silica level is still

higher than that of silica (2.1), suggesting that the surfaces are not completely covered

with silica. In comparison, the sol-gel process is more effective where the lEP of the

magnetic particles coated at Il wt% silica level is close te that of silica.

The following leaching test provides more information on the coated silica layer and

further supports the findings obtained from the XPS, DRIFTS, and zeta-potentia!

measurements.
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Figure 5.14 Zeta-potentials of the magnetic particles coated at various silica levels
using DL process: uncoated particles (solid circle); Il wt% (open circle); 15 wt%
(downtriangle); 27 wt% (open square); Cab-a-Sil fused silica (up triangle).

Leaching Test: The results of leaching tests and magnetization measurements are

listed in Table 5.6. It can he seen tbat, even when the surface is coated at a silica level of

Il wt %, Fe was still detected in the leachate as shown in Table 5.6. As the silica level

increased, the Fe leached was reduced, indicating the increase of surface coverage at high

silica leveI. However, even at higher silica level (27 wt%), Fe was found in the acid

leachate, suggesting an incomplete coverage of the surface by the silica. Cornpared ta the

sol-gel process, at the same silica leve~ more Fe was leached out from y-Fe20] coated by

DL process, indicating that the DL process is less effective than the sol-gel process.

Magnetization measurments indicated that DL coated particles reI1Ïained

superparamagneti.c. However, at a given silica level, the saturation magnetization is lower

for the particles coated by sol-gel process than by DL process. This finding again suggests



that DL coating is less effective than the sol-gel process. The detailed reasons for the

differences between the two processes will be discussed in section 5.5.
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The above results indicated that the sol-gel process is more effective than DL coating.

At low silica levels, the sol-gel process foons a porous silica layer, while DL process

forms non-uniform coatings. Both processes did not forro a thin, densely packed silica

coating as required by magnetic carrier technology. Therefore, a search for an alternative

method is needed.

Table 5.6 The silica coatings on nanasized magnetic particles by DL coatiIÎg.

concentration of Sîlica Fe leached in IEP Ms
sample and aqueous silica level 0.01 N HCL
methods (mole/dm3

) (wt%) (mg/g) (pH) (emulg)

Y-fe203 -- -- 60.25 4.5 52.0
DL Il 0.01 Il 2.75 2.9 48.5
DL 15 0.01 15 1.65 2.5 48.7
DL 27 0.01 27 1.50 2.3 48.1

5.4.3 Two-Step Silica Coating

The underlying idea of two-step silica coating is based on homogeneous coating. Once

the magnetic particles are coated by silica, the next coating is on silica itself. Two-step

silica coating on magnetite particles was reported by Philipse et al. (1994) who prepared

stable magnetic tluids. Silica was tirst coated enta the magnetite particIes by the DL

process, then followed by the sol-gel rnethod. The resultant thick silica layer (a few times

larger than the diameter of the magnetite particIes) was used ta reduce anisotropie

magnetic dipolar attractions of magnetite. C1early, tbis coating method is not suitable for

our purpose. A reverse coating arder was, therefare, tested in our two-step coating

process. A thin silica layer was first coated on the magnetic partieles by the sol-gel process

in an organie solvent, by which a thin uniform silica layer on the surface (although porous)

was obtained. In the second step, the dense liquid silica coatings were applied mainly ta fill

the pores in the first layer.



XPS: To compare the two-step silica coating with each single step~ XPS spectra of

narrow scans for the elements of interest in each coating step are shown in Figure 5.15.

Table 5.7 sununarizes the results of band fittings~ i.e.~ the proportion of the two oxygen

components and the ratio of normalized band areas of the oxygen (532.8 eV) and silicon

ta that of Fe2p3f2 band (at 710.7 eV). It can be seen that~ at the same silica leve4 the silicon

to iron ratio in the coatings by a two-step process is close ta that by the sol-gel process

alone~ but significantly higher than that by dense liquid silica coating. This semiquantative

XPS analysis suggests that more silica was coated on the panicle surface from the sol-gel

or two-step process than from the DL methad. (The weak carbon bands at 284.8 eV are

probably from the environmenL)

{
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Figure 5.15 XPS narrow scan spectra of the elements of interesl (a) two-step
process; (b) sol-gel process; (c) DL process.
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Table 5.7 The proportion of the two oxygen components and the elemental ratio on
magnetic particles coated at the same silica level using different processes

110
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system Silica level Ols (%) Shp/ Ois
1 0 11

1

(wt%) Fe!n312 !Fe~!t'JJ12 /Si20

SiOl y-Fe20 3

(532.8 eV) (529.8 eV)

sol-gel 11 73.7 26.3 4.11 9.3 2.2
two-step Il 73.6 26.4 4.12 8.9 2.2
DL [JI'OCes8 11 34.4 65.6 0.71 1.6 1.3

a: Oxygen band al 532.8 eV.

DRIFTS: The DRIFfS spectra of silica .coated magnetic particles using different

coating methods are shown in Figure 5.16. The appearance of siloxane bands at 1204 and

1085 cm- l indicate that silica was coated on the surface by ail of these methods. The inset

of Figure 5.16 shows the characteristic band of surface silanols (3743 cm- l
). It is evident

that surface silanols were. weil generated in the films formed by two-step silica ~oatings.

Compared with the sol-gel process~ a unique feature for dense liquid silica coating and

two-step coating is that no curing step is needed because sodium silicates are used as

precursors which do not contain any hydrocarbons. It is the combination of this advantage

of the sol-gel process and the dense liquid silica coating that rnakes the two-step process

successful in the fabrication of densely packed.. th.in silica films on magnetic panicles.

which were further coni"rrmed by zeLa.-potential measurments and leaching tests.

Zeta·Potential Measurements: The zeta-potentials of magnetic particles with and

witbout silica coatings are shown in Figure 5.17. The lEP (3.0) of silica-coated magnetic

particles by dense liquid silica coating alone was higher than that of Cab-O-Sil fused silica

(2.1), indicating that the surface was not fully covered by silica. In contrast~ the sol-gel

process aIone provided a better coverage as the IEP of the coated particles was closer to

that of fused silica. However, the best coating was achieved by the two-step process,

where aimost identical electrokinetics to natural silica was observed.
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Figure 5.16 DRIFTS spectra of magnetic particles coated al Il wt% silica level
using various coating methods (a) two-step process; (b) sol-gel process; (c) dense
liquid silica coating; (d) y-F~03. Inset shows the characteristic bands of silanol group at
3743 cm- l
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( Figure 5.17 The zeta-potentiaJs of silica coated magnetic particles using different
processes al Il wt% silica level.



Leaching Test: The results of the leaching tests, IEP, and saturation magnetization

values are given in Table 5.8. As shown, no iron was detected in the leachate when the

panicles were coated using the two-step process, indicating the densely packed silica layer

on the surface. It is believed that when a porous silica layer formed in the tirst step by sol­

gel process reacted with liquid silica solution. the pores in the coated layer were filIed by

dense liquid silica through homogeneaus surface coatings, thus farming a densely packed..

unifarm thin silica layer on the surface. A schematic diagram for different coatings is

shawn in Figme 5.18.

(
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Table 5.8 The results of silica coatings on magnetic particles by the sol-gel, DL and two­
step processes at Il wt% silica level.

TEOS concentration Fe lEP Ms
sample and leached in 0.01 N HO
methods (mole/dm) (mg!g) (pH) (emulg)

y-Fe203 -- 60.25 4.5 52.0
DL coating 0.010a 2.75 3.0 48.5
sol-gel 0.015 1.10 2.4 43.2
two-step 0.015+0.01a nil 2.2 42.5

a: concentration of liquid silica: Ta keep the same silica and supersanmuion level. the amount of magnetic
particles used is different in each step (see appendix l and II for details).

Sol-gel coating

Ca)

DL coating

Cb)

Two-slep coating

Cc)

{

Figure S.18 Schematic illustration for the films prepared using ditTerent silica
coating methods. At law silica levels. the sol-gel pracess farms a porous thin silica layer
(dashed circle); the DL process forros a nan-unifonn coating; the two-step process forros
a densly packed~ thin silica layer (saUd circle).

•



Magnetic Properties: The magnetization curves of silica coated magnetic particles by

different processes are given in Figure 5.19. The magnetic particles coated using DL

process showed the highest saturation magnetization.. further confirming that less silica is

deposited on the surtàce. The magnetic particles coated using sol-gel or two-step

processes showed a similar magnetization characteristics. The remained saturation

magnetization (ca. 43.2 emulg) after two-step process permits the applications of silica

coated particles in magnetic carrier technology.

(
CHAPTER 5 SILICA COATING 113

60
·,·Fe 0

50 DL: l

40
Sol-gel

- Two-step
:Q

30::t-"" 20
~
~ 10

( .~ 0-
.~

-10- -20.w==.Il
-30:u

~
·40

-50

-SO

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0

Magnetic Field (Tesla)

Figure 5.19 Magnetization of magnetic particles coated at Il wt% silica using
ditTerent coating processes.

5.5 GENERAL OBSERVATIONS

(
The proportion of oxygen in the Si-O-Si environment (532.8 eV) and the ratio of

silicon to iran as a function of silica levels for different coating processes are shown in



Figure 5.20. It can he seen that at the same silica level the proportion of oxygen from

coated silica and the silicon ta iron ratio for the panicles coated using sol-gel and two-step

processes are higher than that using dense liquid silica coating.
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Figure 5.20 The proportion of the oxygen component in coated silica (532.8 eV)
and the ratio of silicon to iron as a fonction of silica levels for DL process (sollid
circle); Sol-gel process (solid square); and Two-step process (open circle).

Based on the solubility limit of precipitated silica (ca. 2.5xlO-3 M) and initial

concentration of aqueous silica used in DL coating experiment (ca. lxlO-2 M equivalent ta

silica level of 27 wt %; see appendix II for detailed calculation), the maximum silica

coating on the surface are about 20 wt%, Le. four layers of silica. since ooly 5.5 wt%

coated silica is required for a monolayer coverage as calculated previously. This

calculation indicates that if the coatings were unifOITI'4 the magnetic particles would be

. fully covered by up to four layers of silica (about 1.3 nm in thickness) and be protected,

Le., no Fe would he leached out from the coated magnetic particles in acidic solutions.

Leaching tests, however, showed that even when magnetic particles were coated at 27



wt% silica level by DL process.. a substantial amount of Fe was detected in the leachate

(Table 5.6).. indicating the incomplete surface coverage by silica. In the study of silica

coatings on alumina (d =150 nm).. Bergna.. et al. (1994) found.. based on similar

calculations, that only 1 wt% SiÛ2 coatings should be sufficient to coyer entire surface if it

were deposited in a uniform monolayer (0.35 nm thick). However, 5 wt% of silica

coatings was actually needed to fully coyer the surface, indicating that the actual amount

of silica needed for a full coverage of the surface by DL process was much higher than

that for a theoretical monolayer coverage. A similar observation was also obtained by

Furlong (1994) and Howard and Partitt (1977) where the adsorption of sodium silicate on

titania at pH 9.5 did not proceed to complete surface coverage and the uniform coatings at

low silica levels were not achieved. Similar incomplete coverage by sodium silicates was

aIso noted on geothite (Yokoyama, et al., 1980) and on sorne fluoride minerals (Marinakis

and Shergold.. 1985).

(
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Non-uniform coatings in the DL process appear to he related to the difference of the

surface energy in homogeneous and heterogeneous surface coatings. As discussed before.

dense liquid silica coating is a surface heterogeneous nucleation process. It involves the

adsorption of reactive species on the surface, possibly as clusters.. and the subsequent

growth on the surface. Sïnce the formation of a uniform layer of silica on y-Fe203 creates

a new interface as compared to the growth of SiÜ2 on nucleation centers, unfavorable

energy condition drives SiÛ2 onto SiOz islands on which silica grows nonuniforrTÙY as

shown in Figure 5.18 b. This hypothesis agrees with the nucleation and crystal growth

phase diagram shown in Figure 5.2 and 5.3. As a result, only at high silica coating levels

will the surface be fully covered through island growth and cross-linking. Detailed

assessment cf a wide range of silica coatings on various substrates such as TiÛ2, a.-Al3Û2,

and y-fe203 showed that complete surface coverage indeed requires a silica concentration

to he increased ta a level sufficienüy high to induce a lateral polymerization of adsorbed

species on the surface.



In the sol-gel process, the hydrolysis of TEOS produces the monosilicic acid that can

condense with surface hydroxyls to form a chemical bond. As hydrolysis proceeds with

reaction rime, the chemically bonded monosilicic acid can polyrœrize laterally to foon two

ta three d..irœnsional networks on the surface. The in-situ generation of rmnosilicic acid by

controlling the hydrolysis of TEOS in ethanol followed by condensation with the surface

hydroxyls seems responsible for the unifonn coating on the surface. The reduced

electrostatic force between the surface and reactive species in ethanol (often used as a

solvent in the sol-gel process) mayalso he a contributing factor. As a result, if monosilicic

acid instead of sodium silicate is used as precursor.. the dense, unifonn silica coatings are

anticipated by the DL process.

(
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In our two-step coating process, since the surface has aJready been covered by a thin

layer silica fonœd in the sol-gel process, further silica coating using the DL process is on

the si1ica surface. This is equiva1ent to the seeded nucleation (or homogenous surface

coating) where (l'cs in equation (5.6) is zero and (l's! equals ta (l'cl. The free energy change

associated with the coating is, therefore, negative.. favoring the surface coatings at lower

supersaturation levels. Our results obtained with the two-step process demonstrated that

the porous silica layer fonœd by the sol-gel process is further densified by DL coatings..

fonning a densely packed, thin silica layer on magnetic particles.

S.6 CONCLUSIONS

1. Silica coatings on magnetic particles were achieved by bath sol-gel process and dense

liquid silica coating.

2. In the sol-gel process, curing temperatures of 400-500 oC were needed to remove

unhydrolyzed ethoxy groups on the surface whiIe ensuring siloxane bonds formed to

he rehydroxylated readily upon exposure to water vapor to recover the surface

silanols.



3. A uniform but porous silica layer was coated on magnetic particles by the sol-gel

process, while a non-uniform silica coating formed using the dense liquid silica coating

at low silica levels.

{
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4. Densely packed.. thin silica layers were coated on magnetic particles by an innovative

two-step process, Le., sol-gel process followed by dense Liquid silica coating.
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CHAPTER 6 PREPARATION OF MAGNETIC

CARRIERS (IV): SILANATION ON SILICA

COATED MAGNETIC PARTICLES

6.1 INTRODUCTION

In chapter 4, it was shawn that APTES films direcüy silanized anto y-Fe203 were

unstable in a1kaline solutions, although the films silanized from toluene were relatively

stable in acidic solutions. An idea to coat y-Fe2Û1 with a thin silica layer before silanation

was proposed in order to obtain a stable silanizeci film In chapter 5, it was shown that

densely pac~ thin silica films were successfully coated onto y-Fe203 using the sol-gel

process- followed by dense liquid silica coating. The purpose of silica coating is to make

the surface more cuœnable for silanation. It bas been weIl docurœnted that siIanized films

on silica are relatively stable compared 10 thase on other metal oxides (Arkels, 1992).

In this chapter, the silanation of silica coated magnetic particles using APTES in

toluene is studied. Toluene is used as a solvent simply due to the fact that the films formed

on the magnetic particles are reJatively stable cornpared ta those fonœd from warer as

shawn in chapter 4. The silanized films on silica coated magnetic particles are

characterized using XPS, DRIFTS and zeta-potential rœasurements. The leaching tests

are conducted in acidic or basic solutions in order ta examine the stability of the silan jzed

films. The thennal stability of the films is aIso examined by thermal graviIretric analysis

(TGA).

6.2 MATERIALS AND EXPERIMENTS

AlI the rnaterials used and experiIœntal procedures were the sam: as before. A thin

silica layer was coated on magnetic particles using the two-step process: sol-gel followed
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by DL process, as described in chapter 5. The silica coated magnetic particies were dried

at 120 °e to remove physisorbed water before silanation. The silanation was conducted by

refluxing in toluene. Alter wasbing twice with toluene, the sampies were cured in a

vacuum aven at 80 oC for three hours. Thermal gravimetric analysis (TGA) of the

magnetic particles with and without silanation was conducted using a Seiko 220 TGA

instrument at a heating rate of 3 oC/min in N2 (160 ml/min). The temperature was kept at

1100e before scanning until a constant mass was achieved to ensure that trace amounts of

water were compIetely eliminated. The experirD:ntal procedures for XPS, DRIFTS, and.
zeta-potential measurement were the same as those used in the previous chapters.

6.3 RESULTS AND DISCUSSION

6.3.1 XPS analysis

XPS spectra of y-Fe2Û3 with various treatments are shown in Figures 6.1 (survey

scans) and 6.2 (narrow scans). A nitrogen band centered at 399.2 eV was observed on the

spectrum of silica coated magnetic particles sjlanized with APTES, indicating the

deposition of APTES on the surface. The deconvolution of the nitrogen band showed that

two distinct components centered at 399.4 and 401.3 eV, respectively, were present,

suggesting the two di:fferent nittogen enviromrents: one for free and the other for

protonated amino groups. This finding is consistent with the results discussed in chapter 4

where two nitrogen components were also found for the APTES films silanized on hare

magnetic particles. From the integrated area of these (wo cornponents, the proportion of

protonated ta free amines was calculated and the results are given in Table 6.1. For

comparison, the results obtained in chapter 4 for the APTES films direetly silanized on

bare magnetic particles are aIso presented in this Table. It is interesting to note that the

degree of protonation of the amine groups in the films formed on silica coated surfaces is

ooly slightly bigher than the one on bare y-Fe2Û3 (Table 6.1). It bas been reported that the

hydroxyls on silica surfaces are Imre acidic than those on magnetic particles, and the
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Figure 6.1 XPS survey scan spectra (a) silica coated y.Fez03 silanized with APTES;
(b) sillca coated y-Fez03; (c) y-Fez03 ooly.
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Figure 6.2 XPS narrow scan spectra of nitrogen (a) APTES on silica coated y­
F~03; (h) Silica coated y-F~03; (c) y-F~03 only.
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density of these hydroxyl groups on silica surface~ ca. 4.7 OHlnm2 (Zhuravlev, 1993~

Uoyd~ et aL~ 1992), is higher than on magnetic particles, ca. 2.6 OHlnm2 (Simmons and

Beard~ 1987; Fowkes~ et aL~ 1988). The more acidic hydroxyl groups on silica coated

magnetic particles may provide Imre favorable conditions for basic amino groups of

APTES to reaet with the surface. As a resul~ more protonated amino groups would he

expected to form on the surface. However, more surface silanol groups on silica coated

magnetic particles may provide favorable conditions for coupling reactions with silane

silanols. These two competitive interactions may account for our observation that the

fraction of protonated amines on silica coated magnetic particles is only slightly higher

than on bare magnetic particles. However, from the XPS analysis~ it seems unlikely to

compare the relative surface coverage of APTES on silica coated magnetic particles with

that on bare magnetic particles due to the presence of a thin silica layer on the fonner.

Table 6.1 The degree of amine protonation of APTES films on "(-FelO] with and without
silica coatings&

-NH2(%) -NH3+(%)

(399.4 eV) (401.3 eV)

APTES on bare "(-Fe2Û3 83.4 16.6

APTES on silica coated "(-Fe2Û3 81.6 18.4

a; reaction was conducted at refluxing toluene and samples were cured at 80 oC.

6.3.2 DRIFTS

The in:frared spectra of silica coated magnetic particles with and without silanation are

shown in Figure 6.3. It is interesting to note that the Peak at 3743 cm-l, assigned to

surface silanols, on the spectrum of silica coated magnetic particles (spectrum b)

disappeared after silanation by APTES (spectra a), indicating the coupling of surface

silanol groups with silane coupling agents. In contras~ a band at 3360 cm-Ion spectrum a

(inset ofFigurc 6.2), assigned to the free amino asyrnrœtric stretebing~ was observed. The

two weak bands at 3274 and 3160 cm-Ion spectrum a are ptobably due to stretching

•
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vibrations ofprotonated and hydrogen bonded amino groups. The bands at 2927 and 2860

cm-l are assigned to the asymmetric and symrœtric stretching of -CH2 in alkyl chainsy

respectively. The band at 1580 cm-1 is assigned to deformation bending of free amino

group on the surface. These IR spectral features confirm the deposition of APTES on 1­

Fe2Û3 and the presence of two types of amine groupSy consistent with XPS results.
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Figure 6.3 DRIFTS spectra for (a) APfES on silica coated y-Fez03; (b) siDca
coated y-F~03; (c) y-F~03. Inset shows the enlarged spectra from 4000 to 1300 cm-l.

The absence of the characteristic band of -QI3 asymmetric stretehing (at 2974 cm-I) in

ethoxy groups on spectrum a (APTES siJanized on silica coated magnetic particles)

indicates that silanes are fully hydrolyzed on the surface. This observation is different from

the results obtained from APTES films silanized on bare magnetic particJes where residual

ethoxy groups were found on the surface. The IOOre acidic feature of surface silanols on

silica coated magnetic particles mayenhance the hydrolysis of silane coupling agents upon
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condensation which releases water for further hydrolysis of silanes. In additio~ the higher

density of silanols may provide more favorable conditions for coupling with silanes. These

twa factors may accaunt far our observations that silanes are fully hydrolyzed and weIl

deposited on silica coated magnetic particles.

6.3.3 Thermal Gravimetrie Analysis (TGA)

The weight 10ss of magnetic particles with different treatIrents as a function of

temperature is shown in Figure 6.4. It can he seen that both silica coated and uncoated

magnetic particJes reached a constant weight 10ss of ca. 1 % at a temperature about 400

oC (curve a and b). These two curves are. therefore. used as the baseline for comparison

with the weight 10ss of silanized magnetic panicJes. The magnetic particles silanized

directly with APTES from water (curve e) showed the most significant weight 1055 (ca.

2.5 %) al 500 oC., whi1e the ones silanired from toluene (curve c) showed the least weight

10ss (ca. 2.0 %). The silica coated magnetic particles silanized with APTES from toluene

showed an intermediate weight 10ss (ca. 2.2 %). Sïnce the weight loss of silica coated and

bare magnetic particles is the sarœ and constant (1 %) at this temperature. the observed

increase in weight 1055 is attributed ta the decomposition of silanized filins on the surface.

The more weight 10ss at the final temperature (about 550 oC) indicates that more silane

coupling agents have decomposed from the surface. which., in tum., can he considered as

more silanes were present on the surface. From tbis point of view. it is evident that more

APTES were deposited on bare magnetic particles from water than from toluene. This is

consistent with previous XPS and elcrœntal analysis results. For the silanation in toluene.

relatively large amounts of silanes were deposited on silica coated than on bare magnetic

particles due ta the higher reactivity and surface density of silanols on silica coated

magnetic particles.

Detailed analysis of these TGA curves shows that the si)anired films on silica coated

magnetic particJes decompose much slower than thase on bare magnetic particles.

indicating the high thermal stability of the surface films. On bare magnetic particles. the

thermal stability of APTES films siJanized in toluene is slightly higher than in water.



(
CHPATER 6 SILANATION ON SILICA COATED MAGNETIC PARTIQ ES 124

100 _ .......~-...,..-...,...-.,----,~....,.-...,...-.,-----,-....,.-..-op-~

99 (a)......
(b)~0...-.

(II
(II

0
~ 98...
J:
al..
~

97
d)

96 ......-~.......--'--~-"---.-._ ......_ ......_"---"_........_ ........--..

( 100 200 300 400

Temperature (OC)

500 600 700

Figure 6.4 Thermogravimetric anaIysis for (a) silica coated magnetic particles; (b)
bare magnetic particles; (c) APfES on bare magnetic particles from toluene; (d)
APfES on silica coated magnetic particles from toluene; (e) APfES on bare
magnetic particles from water.

6.3.4 Zeta-potential Measurement

(

Over the pH range studied9 silanation of APTES on silica coated magnetic particles

increased zeta-potentials significantly as shown in Figure 6.5 9 further confirming the

deposition of APTES on the smface. The electrokinetics of silica coated magnetic

particles siJanized by APTES is aImost identical to APTES deposited on the bare magnetic

particles. This observation is consistent with our XPS results that the proportion of
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protonated amino groups in APTES films silanized on silica coated magnetic particles was

ooly marginally higher than that on bare magnetic particles.
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Figure 6.5 The zeta-poteotiai of magnetic particles with and without APTES
silanatioD.

6.J.5 Stabüity of silanized film

(

Leaching tests to deteet Fe in Icachates are not suitable for studying the stability of

APTES films on.silica coated magnetic particles because the magnetic panicles are

proteeted by sili.ca coatings even if APTES films were detaehed. However, a significant

reduction in zeta-potential was observed upon the detaehment of silanized APTES films as
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shown in previous chapters (Figure 4.10 and Figure 4.11). If APTES is completely

detaehed from the surface, the zeta-potential would return to that for the original surface,

in this case, silica coated magnetic particles. Therefore, zeta-potential measurerœnt can he

a useful alternative for studying the stability of silanized films on the surface.

The zeta-potentials of APTES films siJan;zed on silica coated magnetic particles as a

function ofleaching rime were shown in Figure 6.6. In acidic solutions (pH<5.0) the zeta­

potentials remained the same with Ieaching tïrœ, indicating a stable APTES film on silica

coated magnetic particles in an acidic enviromœnt. However, in alkaline solutions (pH

10.1), the zeta-potential becomes progressively more negative with leaching tÏIre. After 20

hours, the zeta-potential reached the value of silica (aIso see Figure 6.7). TIris finding

indicates that the silanjzed films were unstable in a1ka]jne solution.

It is interesting to note that at neutral pH (6.7) the zeta-potentials of sjlan;zed APTES

films on silica coated magnetic particles became more negative with leaching time but

leveled off, after ca. 25 hrs, at a value (-10 mV) significantly higher than that (-33mV) of

silica coated magnetic particles (Figure 6.6). This finding suggests that the silane molecu1e

may not he completely detaehed from the surface at this pH instead a dynamic equilibrium

seems ta he established.

To further illustrate the relative stability of APTES films si]anized on magnetic panicles

with and without silica coatings, the zeta-potentials were measured as a function of pH

after particles were soaked in solutions for 20 hours., and the results are shawn in Figure

6.7. It is evident tbat in acidic solution., the süanized films on silica coated magnetic

partic1es are more stable as compared to those on bare magnetic particles. This may he

related to the differencc in chemical bonding and the packing of silane molecules on the

surface. On silica coated magnetic particles, more siloxane bonds (Si-Q-Si) may he fonœd

tbrough the coupling between surface silanols and silanols of APTES due to a high density

of Si-OH on the surface. On bare magnetic particles, the lower density of surface
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hydroxyls (Fe-OH) may only form a small number of Fe-Q-Si bonds on the surface by the

coupling reaction. As discussed in chapter 4, The strength of Sî-Q bond is higher than Fe­

o bond in acidic solutions (a weil known example is chat acid can dissolve iron axide but

not siIica). The di:fference in the sttength and density between these two types of bonds

may bave contributed ta the observed difference in the stability of these two silanized

~. Bath films were found ta he unstable in alkaline solution., simply due ta the fact that

even silica can he dissolved in aJkaJine solution.
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pH:6.7

•
••

••
•

••••.••••••••••••••••• -- •••• - ••• - •- . - -- •••• pfl=6.7 silica coated -y-fe 0
2 3

H=10.1 H 10 1 ~1: -_..--1 Fe 0•••• _- p = . ::Uüca~ 1-
2 3

30

•20

~ 10>
( e..,...
~ - 0as-..,

C
G)

-10..,
Ca.•CIl -20li
N

-30

40

o 10 20 30 40 50 60 70 80 90 100

Tlme (hours)

Figure 6.6 The zeta-potential of APfES siJanized particles as a fonction of leaching
time.
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Figure 6.7 The zeta-potentials of APrES silanized particles aller soaking 20 hours
in solutions of various pHs.

6.3.6 Magnetic properties

The room ternperature magnetization curve for y-Fe2Ü3 particles with various

treatments, is shown in Figure 6.8. Little change in saturated magnetization is observed

after silanation using APTES on silica coated magnetic particles. The particles remained

superparamagnetic at room temperature, allowing the reuse and/or recycling of magnetic

carriers.

{

•
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Figure 6.8 Room temperature magDetÏ7.ation curves of silica coated y-F~03 before
(solid line) and alter (dot line) silanation using AYfES.

6.4 CONCLUSIONS

1. Magnetic carriers with amino groups were prepared by silanation of silica coated

magnetic particles using APTES in toluene.

2. The proportion of protonated amino groups in si]anized films was slightly higher on

silica coated than on bare magnetic particles.

3. Stability tests indicated that in acid and neutral solutions~ the silanized films were more

stable on silica coated tban on bare magnetic particles. but both were unstable in
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aIkaline solutions. An improverœnt in film stability is needed for the uses of the

prepared magnetic carriers in aJkaJine solutions.

4. The magnetic property of the prepared magnetic carriers permits their applications in

magnetic carrier teChnology.
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CHAPTER 7 APPLICATIONS OF PREPARED

MAGNETIC CARRIERS

7.1 INTRODUCTION

Magnetic carrier technology bas found wide applications in biologicaI cell separation

(Molday and Mackenzie. 1982), raw rnaterial recovery (Liu and Fried1aender, 1994),

waste remediation (Nune~ et al, 1995), and drug delivery (Rozenfeld. et al, 1994). The

distinct features of magnetic carriers prepared in this work: specifie functional groups on

the surface. high saturation magnetization and superparamagnetism allow their

applications in these areas. The present work focuses on the removal or recovery of heavy

rœtals frOID aqueous solutions. The potential applications in biological cell separation,

magnetic fluid, and magnetic catalysis are aIso discussed.

7.2 APPLICATIONS IN HEAVY METAL RECOVERY OR REMOVAL

Amino groups can reaet with rnost of transition metals to form complexes (Davis, et al

1984), while thiol and disulfide groups have sttong affinity ta precious rœtals such as gold

and silver (Zhong and Paner, 1994). Using amine-type collectors is a common practice in

oxides tlotation (Klassen and Mokrousov, 1963; Fmc~ 1973). Recently,

diethylenetriamine (NHz-CHrŒz-NH-CHrCHz-NHz) bas been used in sulfide minerai

flotation ta minimize the inadvertent activation of gangue minerals by rœtal ions (Rao, et

al, 1995; Kelebe~ et al. 1995; and Yoon. et al, 1995). The silanized silica by silane

coupling agents with reactive functional groups such as primary amine. diamine and

triamine bas been used ta preconcentrate trace heavy metal ions frOID aqueous solutions

(Leyden and LuttrelL 1975; Plueddemann. 1985).

A unique feature of using magnctic carriers is that the rœtalloaded magnetic carriers

can be separated from the streams by magnctic separation. in which the interference of
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non-magnetic particles can he mïnimized. Two types of magnetic carriers prepared in this

work: one with thiol or disuJfide groups and the other with reactive amino groups., can

therefore he used to capture heavy rœtals often present in industrial effluents. Presented in

this cbapter are the studies on the uptake of metal ions by magnetic carriers and the

loading capacity. The stripping of metal ions from loaded magnetic carriers by acids,

required for recovering rœtals and recycling magnetic carriers, is aIso examined. A

preliminary study on possible recycling of magnetic carriers is presented.

7.2.1 Materials and Experiments

MateriaJs: Amine-type and thiol-type magnetic carriers were prepared by silanation of

APTES on silica coated magnetic particles and molecular self-assembly on bare magnetic

particles as described in chapters 6 and 3, respectively. The standard copper sulphate

(0.198 mg/mL) and zinc sulpbate (49.9 mM) stock solutions from Aldrich were used in

loading test. Water was treated with a Millipore system Glasswares was cleaned by a

mixture of sodium hydroxide and ethanol (1: 10), and rinsed thoroughly with distilled

water. AlI otber chemicals were reagent grade.

Capacity Test: The capacity is defined as the maxirmun amount of rœtal ions that can

he loaded on magnetic carriers. To examine the loading capacity of magnetic carriers, the

adsorption of metal ions (e.g. copper) wim di:fferent concentrations on the magnetic

carriers was conducted at the solution pH about 5.3. 50 mg of magnetic carriers was

mixed with 25 mL rœtal ion solutions for about 30 minutes. The slurry was then

centrifuged using a Sorvall® Re-5B superspeed centrifuge (Du Pond InstruIrents) at

12000 rpm for 30 minutes. The supernatant was then collected and analyzed for metal ion

concentration by atomic absorption spectroscopy (Perm Elmer 310, USA). The amount

of metal ions loaded on magnetic carriers was determined from the difference of the initial

and equilibrium rœtal ion concentration in supernatant. The adsorption of Iœtal ions on

magnetic carrier as a function of pH was studied in a sinùlar way. The solution pH was

adjusted by Hel and NaOH solutions.
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Stripping and the Recyding: In the stripping tes4 the magnetic carriers with loaded

llEW ions were mixed with 25 mL of 0.01 N HNÛ3 (or 0.01 N Ha) for about 30

minutes. The suspension was then centrifuged and the supernatant was analyzed using the

procedures described above. The stripping efficiency was calculated as the percentage of

the loaded metal ions that detaehed. After rermval of the Supematan4 the magnetic

carriers colIected in the centrifuge tube~ referred to recycled magnetic carriers~ were mixed

with 25 mL of copper solutions. The loading capacity of recycled magnetic carriers was

detennined using the same procedures as in initialloading capacity test.

7.2.2 Remlts and Discussion

A) Adsorption of Metal Ions on Magnetic Carriers

The adsorption of copper ions on amine-type magnetic carriers as a function of metal

ion concentration is shown in Figure 7.1. For comparison the adsorption of copper ions on

silica coated magnetic particIes is also included in this Figure. It can he seen that at pH 5.3

copper ions were effectively adsorbed on magnetic carriers~ while ooly marginal

adsorption on silica coated magnetic particles't possibly as counterions~ was observed.

Figure 7.1 also shows that the adsorption of copper ions on magnetic carriers increased

with copper concentrations~ reaching a limiting value of 0.18 rnM!g't which is considered

as the loading capacity of magnetic carriers. This value is equivalent to 11.4 mg copper

peI gram of magnetic carriers. With this carrying capacity value~ it is estimated tbat 10

gram of magnetic particIes is needed to remove 100 ppm of copper ions from one liter

solution. equevalent to one percent solids, which appears ta he suitable for magnetic

separation. It is aIso interesting to note tbat al low copper concentration (ca. 12 ppm), the

loading of copper ions on amine-type magnetic carriers was very effective, reaching a

100% of retmval efficicncy. Even at maximun adsorptio~ about 75% of copper ions

were removed from a coppet solution of 32 ppm initial concentration. The trade-off

between the removal efficiency and capacity should he considered in practical applications.
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( Figure 7.1 Uptake of copper ions on magnetic carriers as a fonction of copper
concentration.

(

The efIeet of pH on the uptake of copper and zinc by magnetic carriers is shawn in

Figure 7.2. The initial copper concentration in these experiments was fixed at 0.185 mMIL

Ce.g. 11.8 ppm). It is eroent that below pH 3, the loading of metal ions on magnetic

carriers was not effective. This is probably related ta the state of amino groups on

magnetic carriers. At low pH., the amino groups are most likely protonated so that the

magnetic carriers are positively charged. This will result in a strong eleetrostatic repulsive

force between the magnetic carriers and positively charged metal ions. The competitive

adsorption of hydrogen ions with mctal ions onto amino groups at lower pH may aIso

contribute ta the observed low loading efficiency. As expected., the loading efficiency

increased with pH, reaching the maxium. i.e.., the complete removal of mctal ions from

solutions at pH about 5.2 for coppet and 7.4 for zinc. At high pH., the uptake of metal ions
•

on magnetic carriers reduced, probably due ta the detaehmcnt of silane coupling agents

from magnetic carriers. A similar observation was reparted by Leyden and Luttrell (1975)
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in the preconcentration of trace rœtals using amine-type silanes immobilized on silica. It is

wen dOC1lIŒnted that siloxane bonds break up at pH above ca. 10 (TIer~ 1979;

Plueddernann. 1982). A well known example is the dissolution of silica in an alkaline

solution and the cleaning of glass ware with concentrated NaOH. The important

implication here is the selective loarling of rœtal ions onto magnetic carriers. At pH 4~ for

example" about 70 % of copper ions" as opposed ta ooly 10 % of zinc ions~ were removed.

Thcse findings indicate that the selective removal or recovery of rœtal ions can be

achieved by controlling the solution pH.

The maximum loarling at diffèrent pHs for different tretals appears ta he related to the

distribution of rœtal species and their complexing nature with amines (Sturnm and

Morg~ 1995). The stronger catalytic effect of copper than zinc may have resulted in the

detaeluœnt of APTES films from the surface at lower pH (6.0) as compared ta zinc (8.0)

(Yang, et al" 1995). Ta study why the maximum removal was achieved at these pH values

is beyond the scope of this thesis.

pH

1

• Coppcr

• Zinc

10 12

(
Figure 7.1 Effect of pH on uptake of Metal ions on amine-type magnetic carriers.
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In arder to detennine the loading efliciency of surface functional groups, i.e. the ratio

of copper ta amina group on magnetic carriers, the sarnple with maxinmm metal loadings

(0.18 mMolelg) was analyzed by XPS. The survey scan spectra of magnetic carriers with

and without copper loading are shown in Figure 7.3., and the narraw scans of the

interested elements are shown in Figure 7.4. The new bands centered at 934 and 945 eV,

characteristic of copper ions., were 0 bserved for copper loaded magnetic carriers

(spectrum a in Figure 7.4: CU2p), indicating the uptake of copper ions by the magnetic

carriers. The nitrogen band of loaded magnetic carriers (spectrum a in Fig.7.4: Nts) was

shifted ta higher binding energy upon copper loading. The band fitting showed only one

nitI'ogen band centered at 401.3 eV, unlike the unloaded magnetic carriers which showed

two distinct nitI'ogen bands centered at 399.4 and 401.3, respectively. These XPS resutls

suggest that most nitrogen atoms (more speci:ficallyamino groups) reacted with copper

ions. A nitrogen to copper ratio, ca1culated using the correspanding band areas and

sensitive factors., was found to he ca 1.1., indicating that one amino group reacted with

one copper ion, which is different from solution complexation of four to six cordinations.

This is probably due to the two diIœntional georœtric constraint of primary amino groups

on the surface.

Ta examine the application of the thial-type magnetic carriers in precious and heavy

metals removal or recovery, a 'irroof of concept experiIœnt" was conducted as follows:

20 mg of magnetic carriers was brought in contact with about 20 nù of 10 mM AgN03

and CuS04 solutions for 30 minutes. The particles were separated from solution by band

magnet and washed tbree times with Millipore water to remove unbounded metals. The

samples were then dried in a vacuwn aven at 60 oC for ovemight. The metal loaded

magnetic carriers were characterized using XPS spectroscopy. The survey scan spectra are

given in Figure 7.5., and the narrow scans are shown in Figure 7.6. As shown above, the..
bands centered al 934 and 954 eV on spectrum c (Figure 7.6: Cu2p) are cbaracteristic of

copper ions, indicating the adsorption of copper from the solutions. The- presence of
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Figure 7.3 XPS survey scan spectra: (a) copper loaded on magnetic carriers; (b)
magnetic carriers; (c) silica coated y-Fez03; and (d) y-Fez03.
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Figure 7.4 XPS narrow scan spectra of interested elements: (a) ropper loaded
magnetic carriers; (b) magneüc carriers; (c) silica coated y-Fez03; and (d) y-F~03.



œAPrER 7 APPLICATIONS 138

( satellite band at 943 eV suggests that the majority of copper ions were in cupric form

(CU2
) on thiol-type magnetic carriers. However" the area ratio of cupric satellite band to

its 2P3fl band was lower than eXPeCted for pure cupric ions" suggesting that sorne of the

copper ions were in cuprous state. It appears that sorre of cupric ions were reduced as a

result of thiol oxidation ta disulfide, sulphonate or sulphate" whi.ch accaunts for the

presence of an additional weak su1fur band at bigher binding energy (Figure 7.6: S2p). In

the case of silver-loaded magnetic carriers" two bands at 368 and 374 eV were observed

(Figure 7.5: spectrum ci; Figure 7.6: Ag3d)" suggesting the uptake of silver thiol-type

magnetic carriers.
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Figure 7.S XPS survey sem spedra: (a) y-F~03; (b) thiol.type magnetic carriers;
• (c) alter copper loading; and (d) alter silver loading.
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Figure 7.6 XPS spectra of DamJW scans for the interested elements (a) y-F~03; (b)
tbiol-type magnetic carriers; (c) alter copper loading; and (d) after silver loading.

The loading efficiency was evaluated by calculating the sulfur ta mctal molar ratio,

based on the band area norrnalized by the eJetœnt sensitivity factors. The calculation

shows a 60% coverage of surface sulfur by copper ions and 80% by silver ions,

demonstrating a high loading efliciency. These values suggest that each silver ion binds

with one sulfur on magnetic carriers. Whether each copper ion binds with two surface

sulfurs is, however. not clear. It appears that cuprous ions bind predominately with one

while cupric ions with two sulfur atOI1lS. This accounts for the low coverage of sulfur by

copper ions (60%), yet higher than 50% as expected for a 2:1 S:CU co-ordination. These

preliminary rcsults showed that thiol-type magnetic carriers prepared by molecular self­

assembly can he used in recovery or removal of metal ions from solutions.



CHAPTER 7 APPLICATIONS 140

( H) Stripping of Metal Ions and Recycling of Magnetic Caniers

(

Stripping of Iretal ions from loaded magnetic carriers is a major step for the subsequent

recovery of metals by electrowining, while the recycling of magnetic carriers is a necessary

step to offset the high priee of magnetic carriers and lower the cost in industrial

applications. Many rœthods such as acid washing (Pluedde~ 1985), EDTA

(ethylenediamine tetraaeetate) extraetio~ and electrowining can he used to strip off rnetal

ions from loadOO magnetic carriers. An ideal method wouJd detaeh metal ions effectively

while maintaining maximum reactivity of magnetic carriers. In this section, a preliminary

study on the detaehment of metal ions from loaded magnetic carriers by acid washing was

condueted. The silanized filins rernained on the magnetic carriers were characterized by

XPS, DRIFTS, zeta-potential measurement, and loading test.

The results of the stripping tests using nitric acid are given in Table 7.1. As reference,

the results from initial copper loading tests are a1so included in this Table. The amount of

copper detaehed vs. the amount of copper loOOed is shawn in Figure 7.7. The straight line

thraugh the origin represents the thcoretical detaching curve, Le., 100% detachment. It

can he seen that within the experiIœntal errors, 100000 rœtal ions were detaehed

completely from carriers by 0.01 N ~ suggesting that the recovery of copper by

subsequent eIectrowinning processes is feasible. The mechanism of detaehrœnt of copper

by aci.d washing seems similar to that in the regeneration of exhausted ion-exchange resin

often used in wastewater managerœnt. The detaehment is mast likely accomplished by ion

exchange due to the high chemical potential of hydrogen ions in acidic solutions. which

compete with copper ions for amino groups on magnetic carriers.

After stripping off metal ions, the next step is ta find out the density and reactivity of

silanized films rernained on magnetic carriers. For this purpose, the recycled magnetic

carriers were characterized by XPS, DRIFTS, zcta-potential mcasurerœnts and the copper

loading test.
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Table 7.1 Data of loading and stripping of copper ions a.

141

Initial Cu2
+ Cu2+ left in Uptake of eu2

+ Cu2
+ detaehed Detaehing

concentre supematant (mglg) (mglg) efficiency
(ppm) (nnm) (%)
7.92 0.02 3.96 3.97 100
11.88 0.01 5.94 6.11 103
15.84 1.56 7.13 7.18 101
23.76 4.68 9.54 9.95 104
39.6 14.24 10.61 10.74 101

a: loading test is condueted using 50 mg magnetic carrier and 25 mL copper solutio~

stripping test is condueted in 25 mL of 0.01 N fINÜ3.
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Figure 7.7 The amount of copper detached vs. the amount of copper loaded.

XPS survey scan spectra of magnetic carriers with various treatIœnt are shawn in

Figure 7.8, and the 1WI'OW scans of the interested clements are given in Figure 7.9.
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Figure 7.8 XPS suney scans of magnetic caniers (d); after copper loading (a); acid
wasbing (b); and copper reloading (c).

Cu

~
~ N

1t' 11
(8)

~

(8)

~(b) (b)

~(c)
(ct "'\:..,-,

(~~(d)

·Q70 ·980 .QI5CJ .;40 -a3Q .i2Q -410 ~ ~ .3D5 -3laQ

BlDcllac Eaerv (eV) BlDdilII Eaerv (eV)

Figure 7.9 XPS spectra of D8ITOW sam for the interested elements: (a) copper
loaded magnetic carriers; (b) coppel" reloaded magnetic carriers; (c) add washed
magnetic carriers; (d) magnetic carriers.
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TIle disappearance of copper band in spectrum c after acid washing confirmed the

detaehmcnt of copper ions. The nitrogen band on spectrum C after copper detaelurent is

characteristic of silanized APTES films, suggesting that the APTES films retained on the

rnagnetic carriers. Ta have a semiquantitative analysis of the amount of surface films

rernained on the surface, the proportion of two-oxygen cornponents and the moIar ratio of

interested eleIrents to iron were caIculated using corresponding areas and sensitive

factors, and the results are given in Table 7.2.

Table 7.2 The pmportion of two oxygen components and the ratio of interested element.

Ota(%) 0 11 (%) Si2p 0 15& Nb Nb
(532.8 eV) (529.6 eV) lFe2D3f2 lFe2D3f2 /Fe2P3f2 /CU2D

magnetic carriers 60.4 39.6 3.1 7.0 0.8 --
copperloaded 58.9 41.1 2.1 5.4 0.3 1.1
copper detached 55.8 44.2 2.4 5.5 0.3 --
copper reloaded 55.6 44.4 2.3 5.3 0.4 1.3

a: Oxygen band al 532.8 eV.

The remained oxygen component at 531.8 eV after copper detaeluœnt suggests that

the silica coatings are still on the surface. It cao be seen that the nitrogen ta iron ratio for

copper detaehed magnetic carriers reduced from the original value of 0.8 for magnetic

carriers to ca. 0.3, suggesting the detaehment of immobilized silanes from the surface.

DRIFTS spectra of magnetic carriers with various tteatn1ents are shown in Figure 7.10.

The band at 1580 cm-1 assigned to amino groups on rnagnetic carriers (spectrum c) was

sbifted to 1615 cm-1 after coppet loading (speCtruIn b). This band shift ta a higher

wavenumber indicates that it was amino groups of magnetic carriers that reacted with

copper, consistent with XPS results (FtgUre 7.4). The new band at 1711 cm-1 for detaehed

magnetic carriers (spectrum a) is attributed to oxidized amines, possibly imides, which

have little afIinity to copper (Goelzhaeuser, et al 1995), thus reducing the reactivity of

magnetic carnes with copper as shawn in the following copper reloading tesL Considering

that amino groups are susceptible to oxidation (Lund and Baizer, 1991), using EDTA to

extract loaded copper from magnetic carriers may be bencficiaL The minimal breakage of

siloxane bonds, and hence the detaehment of APTES films from the magneti.c carriers are
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{ anticipated. Therefore, using EDTA or similar complexing reagent to detaeh rœtal ions

from loaded magnetic carriers is worth exploring.
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Figure 7.10 DRIFTS spectra for (a) copper detached magnetic carriers; (b) copper
loaded magnetic carriers; (c) magDetic carriers. Inset shows characteristic bands of
amino group.

The dctaebment of süanized films after dctaehing copper ions is funher con:firIœd by

zeta-potential rœasurement. The lEP value (at pH about 6.1) of magnetic carriers after

detaehing copper ions (Figure 7.11) is lower than that of original magnetic carriers (lEP at

pH about 8.9), indicating the detaehmcnt of the films from the surface. However, the

possible contribution of amino group oxidation ta the shift of IEP ta a lower pH value

cannat be mled out.

(
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Why surface films were detached after stripping off capper from magnetic carriers by

acid remains to be resolved. In chapter 6~ based on the zeta-potential rœasurement of

magnetic carriers in acidic solution (Figure 6.6) it was concluded that the silanized films

on silica coated magnetic particles is relative stable in acid solution (pH =2.1). Ta further

examine the stability of silanjzed APTES films and the effect of acid soaking on the

reaetivity of amino groups~ the following experirnent was conducted. Frrst~ 50 mg of

magnetic carriers were soaked in 0.01 N hydrochloric acid for about 1 hour. The slurry

was then centrifuged and the supernatant rcmoved. After washing once with Millipore

water~ the magnetic carriers colleeted in centrifuge tube were mixerl with 25 mL copper

solution (31.3 ppm) ofpH about 5.3 for 30 minutes and the amount of capper loaded was

detennined using the same method as described previously. The objective of this

expetiInent is to examine whether the film detaehment byacid soaking is the major cause

for the reduccd copper loading capacity. The rcsults given in Table 7.3 show that copper

•
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loading capacity for acid soaked magnetic carriers retained about 81% of original capacity

(9.3 over 11.5). In other words9 the copper capacity is reduced only by 19% aftcr acid

soaking. This reduced copper loading capacity suggests that sorre arnino groups may have

been protonated or oxidized after in contact with acïd9 thus becoming unreactive to

copper.

Table 7.3 aIso shows that copper loading efficiency for recycled magnetic carriers

retained ooly about 40 %9 nmch Iower than acid soaked one (81%). This finding suggests

a catalytic etIect of copper on detaehment of siJanjzed film by acid. A recent repon

showed that copper ions can indeed catalyze the hydrolysis of silane coupling agents

(Yang9 et al. 9 1995). XPS results given in Table 7.2 showed that the nittogen to copper

ratio for copper reloaded magnetic carriers (1.27) was higher tban that for initialloaded
....

the ones (1.1)9 indicating that sorœ of the amino groups are indeed ox:idized after acid

wasbing, thus becoming unreactive to copper ions. This is in good agreement with the

results obtained from DRlFfS SPeCtta on wbich a new band at 1711 cm-l, assigned to

oxidized amines, for recycled magnetic carriers appeared. It is therefore evident that both

the oxidation of amino groups and the detaehrœnt of silanired APTES films contribute to

the reduced zeta-potential and coppet rcloading efficiency.

Table 7.3 Copper loading capacity of acid soaked magnetic carriersA
•

system Initial Cu2+ Cul + left in UpraJœof Cur+ Detaeh Reloaded Relœd
concentre supemataDt Cu2+ detaehed ef6ciency Coppel' efficiency

(DDIIl) (uom) (m2I1z) (mW2) (%) (mWR) (%)
acid 31.3 12.7 9.3 9.1 m.3 3.9 41.9

soaIrinR
noacid 31.3 8.2 11.5 11.8 102.8 S.O 43.5
soakinJl

a; coppel' dctaehing by 0.01 N HO; allioading test is conducted al pH 5.5±O.1.

To avoid the catalytic effect of copper and to improve the stability of surface films,

using long alkyl chain silane coupling agents may he necessary. It is anticipated tbat the

strong van der Waals attractions between long alkyl chains, Iike the case in rmlecular self­

assembly, will improve the packing density of silane tmlecules on the surface9 thus

preventing the siloxane bonds on the surface from the attaek of acid or base. The isolation
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of loaded copper ions from the surface by long alkyl chains may minimize the catalytic

effects of copper ions on the breakage of the siloxane bonds on magnetic carriers.

Therefore, it seems better to prepare magnetic carriers using long alkyl chain silanes

through molecular self-assembly. Our preliminary study indeed showed an improved

coating density and stability of silanized films even on bare magnetic particles using OTES

(octadecyltrimethoxy silane) through molecular self-assembly.

These fundamental studies dernonstrated that it is feasible to use magnetic carriers in

rreta! recovery and/or removaL The loaded rretal ions on magnetic carriers cao be

detaehed completely by acid washing. Although the loading efficiency of recylced

magnetic carriers is reduced, the improvement of film stability on magnetic carrier will

make recycling of magnetic carriers feasible. The concept of using Mer in recovery or

selective removal of metal ions proposed in Figure 1.2 has thus been proved.

7.3 POTENTIAL APPLICATIONS

7.3.1 Toxie Specïes Removal

The removal of toxie species such as heavy metals fram cantaminated water ta achieve

the high quality living enviromœnt is of increasing imponance. Since amines are knawn ta

camplex with most of heavy rœtals, the magnetic carriers prepared in this work will find

potential applications in these aIeaS. It bas been reported that APTES immobilized on

silica was able to remove the toxie species such as arsenic anions and heavy rœtals (Le.,

Hg, Pb, Cr, Ni) from aqueous solution (Leyden, 1975). Thus, the use of magnetic carriers

with reactive amino groups to capture these toxie specics from aqueous solutions, and

then to separate them from the streams by magnetic separation are ooly a step away from

practice.

7.3.2 Biological Cell Separation

Magnetic carrier with amino groups cao aIso he used ta immobilize enzyrœ, prote~

ete. by following the routes as shawn below (Bruning and Grobe, 1995):
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The rnagnetic carriers with thiol or disulfide groups aiso have potential applications in

various areas. The special affinity of thioi with antibodies makes thiol-type magneric

carriers of special interest. It bas been shown that monoclonal antibodies (mAb), usually

containing disulfides in the basic ~ is readily cross-lïnked to another incubated

antibody, forming tetrarœric antibody complexes (Molday and Mackenzie, 1982). The

thiol-type magnetic carriers as shawn in Figure 7.12a can. therefore, he sensitized with a

mAb of specifie paratopes, such as anti-glycophorin. generating sensitized magnetic

antibodies. These magnetic antibodies recognize glycophorin, one kind of protein CM and

N blood group antigens) in red blood cell rrembranes. When the sensitized magnetic

carriers are introduced into a biological system., the cel1s containing giycophorin will he

captured by magnetically sensitized rœdia (Figure 7.12b). These fractions may then he

separated using magnetic separation zœthods. In the case where the thiol on magnetic

carriers gets oxidized, the disulfide can be readily reduced nonenzymatically by glutathione

to a tbiol funetionality, thus aetivating magnetic carriers for œIl separation (Mathews and

van Holds, 1990).

The potential application of magnetic carriers with reactive amine and thiol groups in

biological system such as immobilization of cytochrOIœ bs is aIso possible (Hong, et al,

1994), and prospective in these fields is wide open.
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Figure 7.U Schematic representation of magnetic carriers for biological cell
separations (a) activated with an antibody; (b) attached 10 a targeted celi.

7.3.3 Otbers

The thiol or disulfide group on the magnetic carriers can aIso he oxidized to the

functionality of sulphonate or sulfate (Collins and Sulœnik, 1995). The calcium or barium

thus cao he loaded on these magnetic carriers, and then separated from streams by

magnetic separation (FIgure 7.13). nus feature of magnetic ca.Tfiers may open up new

research area in controlling the bardness of water. The sulfate group on the surface of

magnetic carriers can impose a negatively charged surface, which will he useful for

stabilizing magnetic fluids.

The magnetic carriers with various functional groups may also he used as a template

for improving a thin inorganic film coatings (Bunker, et al, 1994), which may result in a

new route for making magnetic ccramics and catalyst (Whitesides, et aL, 1976; Hill, et al,.
1976).
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Figure 7.13 Scbematic representatioo of the uptake of calcium and barium ions on
thiol-type magnetic carriers.

7.4 CONCLUSIONS

1. Magnetic carriers with reactive amine groups were proved te he effective for removal

or recovery of heavy metal ions such as eu2
+ and âI2

+ from aqueous solutions.

2. Selective separation ofcopper from zinc was achieved by controlIing the solution pH.
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3. Loaded metal ions on magnetic carriers were completely stripped off by 0.01 N nitric

or hydrochloric acid.

4. The functionalized magnetic particles with reactive thio and/or disulfide groups were

capable of capturing metal ions such as silver and copper from aqueous solution.

5. Magnetic carriers with reactive tbiol or amine groups have potential applications in

biological cell separation~ immobilization of enzyme~ and magnetic tluids.

6. The recycling of magnetic carriers is feasible.
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8.1 SUMMARY AND CONCLUSIONS

8.1.1 Preparation of Magnetic Carriers by MolecuJar Self-assembly

1. By controlling the reactivity of functional groups with surface. 16­

mercaptohexadecanoic acid (MHA) was anchored onto y-Fe203 surface through

chemical bonding between the carboxyüc head group of surfactant and iron on the

surface, leaving the thiol or disulfide groups reactive.

2. The molecular orientation of MHA self-assembled on y-Fe203 was inferred from

XPS, DRIFTS and fùm flotation.

3. The self-assembled MHA film on y-Fe203 is immobilized and resistant to acid and

base attack.

4. Magnetic carriers with reactive thiol and/or disulfide groups are capable of capturing

metal ions such as silver and copper from aqueous solution and have potential

applications in biological ceU separation, immobilization of enzytre, and magnetic

fluids.

8.1.2 Preparation of Magnetic Carriers by Silanation Using 3-Aminopropyl

Triethoxy Silane (APTES)

1. XPS, IR, and zeta-potential measurerœnts indicated that APTES can be directly

silanized on magnetic particles from water or toluene solutions. APTES tihm

farmed on bare magnetic particles frOID taluene are relatively stable in acid solution

compared ta the fiIms formed from water. Bath films are unstable in alkaline

solution.

•



CHAPTER 8 SUMMARY AND CONCLUSIONS 153

(

(

(

2. Silica eoatings on magnetic particles were achieved by bath sol-gel and dense liquid

silica process. A uniform but parous siliea layer was coated on rnagnetic particles by

sol-gel proeess. At low supersaturation level.. a non-uniform silica coatings were

formed by dense liquid silica process. Densely packed. thin silica layer was coated

on magnetic particles by a novel two-step process. i.e... sol-gel followed by dense

liquid silica.

3. Magnetic carriers with amino groups were prepared by 3-amino-propyltIiethoxyl

silane (APTES) silanation in toluene on silica eoated magnetic partieles. Stability

test indicated tbat the silanized films on silica coated magnetic particles in acid

solution were more stable than on bare magnetic particies. but unstable in alkaline

solutions. An improvement can he made by using longer aIkyl chain silane coupling

agents.

8.1.3 Applications of Prepared Magnetic Carriers

1. Magnetic carriers with reactive amine groups have been proved ta he effective for

removal or recovery of heavy rnetal ions such as Cu2
+ and Zn2

+ from aqueous

solutions. Selective separation of copper from zinc can be aehieved by controlling

the solution pH. Loaded metal ions on magnetic carriers can he stripped off

effectively using 0.01 N nitric or hydrochJoric acid.

2. The recycle of magnetic carriers is feasible, which eould offset the high priee of

magnetic carriers.

3. Magnetic carriers with reactive amine and thiol groups have potential applications in

biological celi separation, irmnobilization of enzyme, magnetic fluids, and waste

remediation.

8.2 CONTRmUTIONS TO ORIGINAL KNOWLEDGE

1. It is the first time that magnetic carriers with reactive thiol groups were prepared

using bolaamphiphile such as MHA through molecular self-assembly.
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( 2. A novel approach. Le.• sol-gel process followed by dense liquid silica coating, was

developed and used in coating a densely packed. thin silica layer on magnetic

particles.

3. Magnetic carriers with reactive amino groups were prepared by silanation of APTES

on silica coated magnetic particles.

4. The prepared magnetic carriers were characterized systematically by XPS. DRIFTS.

thin film flotation. zeta-potential measurement. leaching test. TGA. and VSM. The

issue of film stability was discussed thoroughly.

5. Applications of magnetic carriers in industrial effluent management and rnetal

recovery were demonstrated. The potential uses in waste remediation.

immobilization of enzyme. biological celi separation. and magnetic fluids were

proposed.

FUTURE PROSPECTS

1. By controlling the reactivity of functional groups with magnetic panicles. magnetic

carriers with a variety of reactive functional groups on surface could be prepared

using other bolaamphiphiles through molecular self-assembly.

2. The features of porous silica coating by sol-gel and the leaching of magnetic particles

in hydrochloric acid could be used to prepare inorganic membrane as schematically

shown below:

•~, .... ,. Sol-gel

• Conccntr. HO
•

(
Thin porous silica layer is first coated on magnetic particles. Theo, the core magnetic

particles cao he dissolved in hydrochloric acid sa that a hollow porous silica

•



membrane can he obtained. By controlling the hydrolysis of TEOS in sol-gel

process. a variety of hollow silica membranes with various pore size distributions cao

he achieved. Further modification of this hol1ow silica membrane by silanation using

silane coupling agents could be of importance in drug delivery and capsulation.

<
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3. Other silane coupling agents with long hydrocarbon chain could he used to prepare

more densely packed and stable surface films on magnetic panicles.

4. Magnetic carriers with reactive functional groups such as carboKylic. phosphate. thiol

could he prepared on silica coated magnetic particles through silanation. These

magnetic carriers could he used as a template for funher deposition of other thin

ceramic fihns such as alumina. titania. ruthenium oxides. etc.. The magnetic particles

prepared as such have unique features: the magnetic core inside and thin metal

oxides on the surface. These magnetic carriers used as catalyst can be separated

from the system by magnetic separation.

5. Applications of magnetic carriers in toxic species removal. biological cell separation.

ete. are wide open and should he further explored.
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APPENDICES

A·I RECIPES FOR SILICA COATINGS DY SOL-

GELPROCESS

Sol-Gel processing is based on ~e hydrolysis of TEaS in ethanol and ammonium

hydroxides:

Suppose TEaS is fully hydrolyzed., then one mole of TEOS will form one mole of

silica. Sïnce the molecular weight and density of TEaS are 208.33 and 0.94. respectively.

the weight percentage of added silica ta the magnetic particles can be calculated as

followings:

Wt% ( SiG: ) =60x 0.94 x TEOS(mL) x 100 = 0.27 x TEOS(mL) x 100
Fe,!0] Fe1 0 3 (gram) Fe: 0] (gram)

Coating experirnents are conducted in a final volume of 60 tTl~ of TEOS solution. If 0.2

mL of TEOS is used., the final concentration of TEOS will he 0.015 molelL. The

calculaœd results are summarized in Table A-l.

Table A-l TEOS concentration and added silica levels4l

TEOS (ml) TEOS (molclL) y-FC203 (g) wt% (SiOJ'Y-Fe203)
0.2 0.015 0.900 6
0.2 0.015 0.518 Il
0.2 0.015 0.200 27
0.2 0.015 0.100 54

a: 6 mL ammonium hydroxide and 53.8 mL ethanol is used to make the fmal volume of 60 mL.
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A-fi RECIPES FOR DENSE LIQUID SILICA

COATING

Agueous Silica Solution: Talee 22.2 mL of 27-wt% aqueous SiOz, purehased from

Aldrich.. into a 100 ml volumetrie flask, and dilute to 100 mL with Millipore water. This

solution eontains 1 M SiÛ! (Le. 6 gram of SiÛ2 in 100 mL water) beeause the moleeuJar

weight of SiÛ2 is 60. The coneentrated aqueous silica is corrosive and should be handled

with extrerne care. Don '( store the coneentrated aqueous silica solution in a glass flask for

a long tïrne. The gelation of aqueous siliea solution may stick the cap onto the top. A fresh

aqueous solution of silica should he used for each experiment.

Supersatuartion Levet Control: Talee 1 mL of 1 M of aqueous SiÜ2 solution (0.06 g

Si{}z, Le. 0.001 morality) into a 99 mL aqueous solution containing 1 gram of magnetic

partic1es (1-Fe203) gives 1 x 10-2 M of SiÜ2 in solution. This concentration is close to the

solubility regime of aqueous silica in which the heterogeneous nucleation is favored (see

Figure S.3 in chapter 5) at pH around 9.S. In this case. the added silica level (percentage

of silica added over y-Fe20) is 6% (i.e. 0.06 g SiO:JL y-Fe20).

Silica Levet Control: The added silica level is controlled by changing the weight of the

magnetic particIes used in the coating experiments, while maintaining the same

concentration of aqueous silica in solution. As described in the supersaturation level

controL, the added silica level can he changed ta 12 wt % if 0.5 gram of magnetic panic1es

is used when keeping the same supersaturation level. The calculated silica levels are

surnrnarized in Table A-2.

Coating Experiments: The caating experiments are conducted in a three neck t1ask

with mechanical stining. The pH of the solution is manitared by a pH meter. One gram

(or 0.55 gram, depending on silica level) of magnetic particles is mixcd with 90 ml

Millipore water. The slurry pH is about 5.6 but is then adjusted ta 9.S by adding sodium

hydroxide solution. Then.. the slurry is heated up to 90 ± 3 oC by putting the flask on

•
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mantle. The temperature is controlled by adjusting the voltage adapter connected to the

mande. 1 M of aqueous silica solution is diluted to O. 1 M before being added to the slurry.

10 mL of 0.1 M aqueous silica is added concurrently with 0.3 M H2S04 within 1 hour in

order to maintain the slurry pH at 9.5. The reaction continues for one hour. The slurry is

cooled to room temperature and centrifuged. The solid product is then washed three times

with Millipore water and fmal1y dried in a vacuum oven at 110 oC for 24 hours.

Table A-2 The calculated results of added silica and theoretically silica coating levels in
DL process.

initial amount final final silica y-Fe203 wt% Theoretical
aqueous added volume concentr. added (Sio,)y- coated

silica (M) (mL) (mL) (M) (g) Fe20] ) silica (%) .l

0.1 10 100 0.01 0.55 10.5 8.10
0.1 10 100 0.01 O.~ 15.0 11.25
0.1 10 100 0.01 0.22 27.2 20.45

a: Based on the limiting solubility of aqueous silica ca. 2.5x10-3
t the arnount of silica that

can he coated on magnetic panicles theoretically will he (0.01-0.0025)*60/10=0.045 g.
The coated silica can then be calculated based on the amount of magnetic particles used.
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