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ABSTRACT

This thesis is dedicated to understanding the mechanism of the in situ synthesis of

magnetic nanocomposites based on cellulosic substrates and characterizing the products of this

synthesis. The preparation of uniform membranes containing large quantities ofmagnetite

particles (F~03) ofdefined size was our specifie objective. For that purpose, cellulosic substrates

oftwo different kinds: one ofbaeterial origin (hacterial cellulose - BC), the other (Lyoeell)

derived from dissolving-grade wood-pulp through a dissolution / coagulation process (film­

casting) were used as never-dried gel membranes. BC has also been used in the form ofa

suspension ofopen fibrillar pellets which were dried to a parchment after the in situ treatment.

Characterization of the resulting magnetic materials was performed using transmission electron

microscopy (TEM) in imaging and diffraction mode, X-ray diffraction (XRD), vibrating sample

magnetometry (VSM) and Môssbauer speetroscopy. In BC membranes, needle-like lepidocrocite

(y-FeOOH) forrned along the cellulose fibrils, using the crystalline surface as a nucleation site.

Spherical magnetite particles subsequently formed around the needles. The less swollen LyoceU

substrates produced needle-Iike feroxyhite (ii-FeOOH) concentrated at the membrane surface

while spherical magnetite particles formed within the membrane after several cycles of treatment.

The treated BC and Lyocell membranes were both superparamagnetic al room temperature. The

BC suspensions had no space constraint hence the treatment conditions were more critical for

controUing the morphology of synthesized ferrites. These conditions could be defined to yield

homogeneous membranes containing Magnetite particles uniform in size, too large however to

behave superparamagnetically at room temperature.

- 1 -
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RESVME

Cette thèse est consacrée à la compréhension du mécanisme de synthèse in situ de

nanocomposites magnétiques basés sur des substrats cellulosiques et la charactérisation du

produit de cette synthèse. lA préparation de membranes chargées abondamment en particules de

magnétite (FeJO~ de taille uniforme était notre objectifspécifique. Dans cette optique, des

substrats cellulosiques de deux sortes: l'un d'origine bactérienne (ce/lu/ose bactérienne - CB),

l'autre (Lyocell) dérivé de pâte à rayonne par le biais d'un procédé de dissolution / coagulation

étaient utilisés sous la forme de membranes à l'état gel. La CH était également utilisée sous la

forme d'une suspension de pel/oiesfibrillaires poreuses, ultérieurement séchée en parchemin

après le traitement in situ. Les matériaux magnétiques résultants étaient caractérisés par

microscopie électronique à transmission en mode image et diffraction, diffraction aux rayons x:

magnétométrie à vibration et spectroscopie Mossbauer. Dans les membranes de CB, des

aiguilles de lepidocrocite (y-FeOOH) se formaient le long des fibrilles de cellulose, utilisant la

surface cristalline comme sile de nucléation. Des particules sphériques de magnétite

apparaissaient ultérieurement autour des aiguilles. Les substrats de Lyocel/, moins gonflés que

ceux de CB, produisaient des aiguilles de jeroxyhite (6-FeOOH) concentrées à la surface de la

membrane, tandis que des particules sphériques de magnétite se formaient à l'intérieur de la

membrane après plusieurs cycles de traitement. Les membranes de CB et de Lyoce// traitées

étaient toutes deux superparamagnétiques à température amhiante. L'absence de contrainte

d'espace dans les suspensions de CB impliquait un contrôle plus critique sur la morphologie des

ferrites synthétisés par les conditions de traitement. Ces conditions purent être définies pour la

-u-
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synthèse de membranes contenant des particules de magnétite de taille uniforme. excessive

cependant pour conserver un caractère superparamagnétiques à température ambiante.
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CHAPTER 1.. IRON OXIDE AND HYDROXIDE NANOPARTICLES

PROPERTIES AND SYNTHESIS

1. 1. Magnetie properties of nanostructured materials

Nanosized magnetic particles have properties quite different from those ofcorresponding

bulk materials. Due to their nanoscopic size (usually between 1 to 100 nm), they have unique

electrical, chemical, structural and magnetic properties. Above a certain temperature (blocking

temperature) their magnetic behaviour is essentially similar to paramagnetism, featuring no

remanence or coercivity, although keeping very high susceptibility. This behaviour is known as

superparamagnetism and can be viewed as intermediate between paramagnetism and

ferromagnetism.

Applications of superparamagnetism can be found in Many domains, such as ferrofluids

(pankhurst and Pollard, 1993), colour imaging (Ziolo el al., 1992) (high magnetization combined

with weak optical absorption), biotechnology (efficient aggregation in presence ofa field but

uniform stable suspension without) (pankhurst and Pollard, 1993; Whiteside et al., 1983)·

magnetic separation (cell fractionation, immunoassay, water purification... ) or drug delivery .,

magnetic refrigeration (Zachariah el al., 1995) (combining the large magnetisation at moderate

temperature of ferrimagnetism to the large Magneto calorie effect ofparamagnetism).

1
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1. 1. 1. Theoretical background

1. /. 1. /. Magnetization loop

When exposed to an applied magnetic field, the spins present inside a magnetic material

will tend to a1ign with the field. The phenomenon increases the global magnetization of the

matenal (figure 1. 1) which reaches a maximum (the saturation magnetization, usually noted Ms)

when ail its spins are aligned. Once the material has reached this state, decreasing the field results

in a decreasing of the magnetization, until, in zero applied field, reaching the remanent

magnetization (M,). The ratio of the remanent magnetization to the saturation magnetization,

M/f\1s is called the remanent ratio and changes according to the material considered~ for

paramagnetic matenal, this ratio is null resulting from the thermal fluctuation of non-interacting

spins whereas for ferro-, ferri- and antiferromagnetic matenal the remanent ratio ranges from zero

to one resulting from the ordering between interacting spins. The field that it is necessary to apply

in order to set the magnetization to zero is cal1ed the coercive field, He.
M

...._--~~+-~---H ~

Figure 1.1. Important parameters obtained from a magnetic hysteresis loop (Leslie­

Pelecky and Rieke, 1996).

2
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1. 1. 1. 2. Anisotropy

The behaviour of the magnetization can be affected by many kinds ofanisotropies, the

most common types being (i) crystal anisotropy, (ii) shape anisotropy, (iii) stress anisotropy, (iv)

extemaUy induced anisotropy, and (v) exchange anisotropy.

Magneto-crystalline anisotropy (i) arises from spin-orbit coupling and energetically

favours alignment of the magnetization along a specifie crystallographic direction called the easy

axis of the material. Only non-spherical panicles will have a shape anisotropy (ii): they are easier

to magnetize along longer than shorter directions.

These two anisotropies are the most common for nanostructured materials. Gther

anisotropies can be present such as stress anisotropy (iii), resulting from external or internai

stresses due to rapid cooling, application ofextemal pressure, extemally induced anisotropy (iv),

induced by annealing in a magnetic field, plastic deformation, or ion beam irradiation, and

exchange anisotropy (v) occurring when a ferromagnet is in close proximity to an antiferromagnet

or a ferrimagnet.

The anisotropy can often be modelled as uniaxial in charaeter and represented by

E = I<.ewV sin26,

where Kef!' is the effective uniaxial energy per unit volume, eis the angle between the moment and

the easy axis, and V is the panicle volume.

3
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J. J. J. 3. Critica/ /engths

Change in the magnetization of a material occurs via activation over an energy barrier

associated with different fundamental magnetic lengths: the crystal arusotropy length, II' ={(J/K),

the applied field lengt~ IH = i(2JIHMJ and the magnetostatic length, Is = {(J/21tMs~. K stands

for the anisotropy constant of the bulk material due to the dominant anisotropy, J is the exchange

within a grain, M, is the saturation magnetization and H the applied field. The magnetic properties

are dominated by the shortest characteristic length which for most materials ranges from 1 to 100

om.

The fundamental motivation for studying magnetic nanostruetured materials cornes tram

the dramatic changes in magnetic properties occurring when these criticallengths are comparable

to the nanoparticle or nanocrystal size. Furthennore, effeets due to the surfaces or the interfaces

become very important.

1. 1. 1. 4. Single domaln parlie/es

Within a bulk magnetic rnaterial there exist an interaction field between the atomic

moments which causes their alignment. The breakup of the magnetization into localized regions

(domains), providing for flux closure al the end of the specimen, reduces the magnetostatic

energy. Providing that the decrease in magnetostatic energy is greater than the energy needed to

form magnetic domain wal1s, multidomain specimen will arise. Magnetization reversai occurs then

through the nucleation and motion of the domain walls.

4



• Below a critical size (DJ however, the formation ofdomain walls becomes energetically

unfavourable and the material forms single domain particles: changes in the magnetization can no

longer occur through domain wall motion and instead require the coherent rotation ofspins,

resulting in larger coercivities (figure 1.2). An estimate ofOc is given in table 1.1 for a spherical

particles (i.e. with no shape anisotropy) ofdifferent materials.

single domain

Super­
INI'~IC

D

•

Oc

Figure 1. 2. Qualitative illustration of the behaviour of the coercivity in ultrafine particle

systems as the particle size changes (Leslie-Pelecky and Rieke, 1996).

Material Dc (om)

Co 70

Fe 14

Ni 55

F~O" 128

y-F~03 166

Table 1. 1. estimated single-damain sizes for spherical particles with no shape anisotropy

(Leslie-Pelecky and Rieke, 1996).
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J. J. J. 5. Superparamag1letism

The anisotropy energy being proportional to the particle volume, for a small particle (~ 10

nm) it may become comparable to the thermal energy, even at temperature below room

temperature, causing the magnetization to fluctuate in a random way. Small fluctuations around

an easy direction are called collective magnetiza/ion excitations, whereas one talks about

superparamagnetic relaxation when the magnetization fluctuates amang the various easy

directions. When the superparamagnetic relaxation time is short compared with the time scale of

the experimental method used for the study of the magnetic properties, the sample resembles a

paramagnet.

The experimental criteria for superparamagnetism are that the magnetization curve (i)

exhibits no hysteresis and (ii) at different temperatures must superpose in a plot ofthe

magnetization versus the applied field divided by the temperature (M vs H/T). Imperfect

superposition can result from a broad distribution of particle sizes, changes in the spontaneous

magnetization of the particies as a function of lèmperature, or anisotropy effects.

Intrinsic magnetisation and Curie temperature were experimentally found independent of

the particle size, and a uniform magnetisation is indeed conserved inside the particle (Crangle)

1977).

For a particle with a uniaxial anisotropy corresponding to the energy barrier âE = KV, a

blocking temperature TB can be defined as

TB = âE lin ('tmt:) ka,

6
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where t m corresponds to the measuring time while fo is usually taken as 1012
S·l (Dickson et al.,

1993).

The particles are blocked for temperatures below TB: they do not relax during the time of

the measurement. Above Ta, the particles are free to align with applied field during the measuring

time. This state is called superparamagnetic, because the particle behave similarly to paramagnetic

spins, although featuring a magnetic moment 10.5 times larger (resulting trom the magnetic

coupling of- 10.5 atoms) along with larger relaxation times (Bean and Livingston, 1959).

The magnetization of a system of superparamagnetic particles, follows Langevin's law:

Ma /~ = coth (JolHo / kaT) - kaT / J..ll\

with Ma, the apparent magnetisation; M, = JlN, the particle magnetic moment divided by its

volume, and Ho, the applied magnetic field.

At low fields (J.l~ « kT), the magnetization behaves as J.l~ 13kT and al rugh fields (JLHo

» kT) as 1 - kT / JLHo. If a distribution of particle sizes is present, the initial susceptibility is

sensitive ta the larger panicles present, and the approach ta saturation is more sensitive to the

smaller particles present.

Integration ofthe Langevin function over a size distribution gives the total magnetization.

Assuming a fonn for the distribution, the width and mean particle size can be deterrnined frOID the

magnetization as a function ofthe field. This determinatioo does not account for any interparticle

interaction and cao thus only he used in systems that can be treated as weakly interaeting.

7



• 1. 1. 2. Classification of nanostructured morphologies

The following classification (Leslie-Pelecky and Rieke, 1996) has been designed for

nanostruetured materials in order to emphasize the physical mechanism responsible for their

magnetic behaviour (figure 1.3).

· .....,-. lrl1 J •

~J"''' ;r,.
l.," . ,1 ...'l.~', .)~{\..-
~, ; (. .,)' 4

,. .;', ~l~' t·,.... ~.... { ,.~ ,.. ........ .-.....

..... .. -· .. • .. l J"; j•••1'."; J t I,'
;::::: .:::.\., :~.,.,:..---:.:
Pl~: ..::::~" :::
·l~::~l },:,;"- ~.{·····r·.· .. ·. ~..... -.. '.,. "-
."." ,. • • .l.r- '•••••.{~ ..•• ,1

. :·1· ~·:.·~~l·:..:.: (~

J ••••

1 •••

1•••••

,----- ...
t*

-* *
@ , ~,

8'f>

Figure 1. 3. Schematic representation of the different types ofmagnetic nanostructures

(Leslie-Pelecky and Rieke, 1996).

•
The tirst group (A) includes non-interacting isolated particles deriving their unique

magnetic propenies strietly from their reduced size. In the second group (B) are ultra fine
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particles with core-shell morphology. The presence of a shell (eg. caused by oxidation) can

prevent interaction between particles, usuaUy however at the cost ofa core-shell interaction. The

third group (C) consists of nanocomposite materials in which rnagnetic particles are dispersed

throughout a ehemically dissirnilar matrix, the magnetic interactions being determined by the

volume fraction of the magnetic partieles and the character orthe matrix. The last group (0)

coneems bulk rnaterials with nanoscale structure ofcrystallites dispersed in a non-crystalline

matrix ofdifferent or identical phase.

1. 2. Iron osides and hydroxides

1. 2. 1. Properties

Iron in aqueous solution can precipitate or crystallise in the fonn of iron oxides or

oxihydroxides with different degree ofoxidation or hydration. The different crystalline phases are

related by either topotactic transformations - i.e. the atoms are rearranged in a way that the two

phases have a definite relationship to each other - or non topotactic (figure 1.4) (Bernai et al.,

1959).
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Figure 1. 4. Structural transformations in the iron oxidelhydroxide system. a: on exposure

to air; c: in alkali; h: on heating; n: in nitrogen or in vacuo; 0: on oxidation; r: on reduction; x: in

excess (Bernai el al., 1959).

The crystalline phases have in common a stacking ofclose-packed oxygen / hydroxyl

sheets with various arrangements of the iron in the octahedral or tetrahedral interstices (figure

1.5). A regular stacking will give good crystals with intense charaeteristic diffraction lines.

However, these phases can appear in amorphous form or in states where the layers May be largely

intact but disordered.
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Figure 1. 5. The cubic close-packed oxygen lattice, (a) A and B sites for metallic ions; (b)

tetrahedral coordination: spheres 1, 2, 3 corresponds to top layer oX1/gen ion in (a); (c) octahedraJ

coordination; spheres l, 2, 3 correspond to bottom layer and spheres 4, 5, 6 correspond to top

layer oxygen ions in (a) (Sohoo, 1960).

J. 2. J. J. Fe"ous hydroxide - Fe(OH)]

When a solution of ferrous ions is added to excess alkali with the strict exclusion of

oxygen, a white precipitate offerrous hydroxide appears, giving sharp X-Ray diffraction peaks
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corresponding to a hexagonal cell with a =3.258 Â and c =4.605 Â. Although very sensitive to

the presence ofoxygen, this precipitate can maintain its structure until the ferric ion content

resulting trom the oxidation offerrous ions is 10 % of the total iron (Bernai et al., 1959).

When a very dilute solution of hydrogen peroxide is added very slowly to a hot suspension

offerrous hydroxide, y-F~OJ (maghemite) cao be formed. If the suspension is highly alkaline,

addition ofa strong solution ofhydrogen peroxide would yield ô-FeOOH (feroxyhite), whereas

bubbling with oxygen would yield a-feOOH (goethite) (powers, 1975).

J. 2. J. 2. "Green rusl JO

If insufficient alkali is added to precipitate ail the ferrous ions as ferrous hydroxide

(oxygen free conditions) and air is subsequently bubbled through the suspension, a blue-green

compound will result. Ifaerial oxidation is continued, y-feOOH (lepidocrocite) is fonned as final

product (Bernai et al., 1959). The compounds described below were distinguished from their x­

Ray diffiaction pattern.

Green rust 1can be produced by aerial oxidation ofFeCI2 solution partially precipitated

with sodium hydroxide. The product has a structure built from close-packed oxygen layers

stacked ABC BCA CAB. The composition calculated to 9(O,OH,CI) per cell would then range

between Fe2
+3•6 FeJ

+O.9 (O,OfLCI)9 at 20% oxidation and Fe2
+1.9' Fe3

+2SS (O,OH,CI)9 at 57%

oxidation. It has a dark-green colour.

Green rust fi has a hexagonal cell with a =3. 17 Â and c = 10.9 Â, presumably built on a

four close-packed oxygen / hydroxyllayer, in a ABAC sequence. It has a dark-green colour.

12
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Aerial oxidation, gave y-FeOOH as the end product in all instances. On violent oxidation

with a strong solution ofhydrogen peroxide, both complexes gave disordered 6-FeOOH. The

produet ofgreen rust II oxidation gave the four main X-ray powder diffraction peaks ofô­

FeOOH «100), (101), (102) and (110» plus a peak al 10.9~ while that ofgreen rust 1gave only

the (100) and (110) peaks plus one al 7.3 A. On heating to dryness, the green rusts break down,

principally to F~03 (magnetite) and sorne FeO (wüstite).

Compounds obtained by panial precipitation ofchioride solutions were also reported as

basic chloride, with compositions Fe(0H)2 - FeC12(a rhombohedral CdCI2 structure with a=3.40

Aand c = 16.92 A), 2 Fe(OH)2 - FeCl2 (a CdI2- type structure with a = 3.32 Aand c = 5.52 A)

and 3 Fe(OH)2 - FeC12•

J. 2. 1. 3. Hydraled iron orides

Hydrated iron oxides include the ferric oxihydroxydes of stoichiometry FeOOH (or

F~03.H20, although these may contain additional absorbed water) and the poorly crystalline

5F~03.9H20 (ferrihydrite). Five different crystalline phases are known for FeOOR, amongst

which a-FeOOH (goethite) and y-FeOOH (lepidocrocite) are the most common. ~-FeOOH

(akaganeite) is less frequently encountered being stable only in chloride environment. ô-FeOOH

(feroxyhite) is a completely synthetic allotrope, the poorly crystalline 5'-FeOOR being its

counterpart in soils. They are the only ferrimagnetic oxihydroxides (the others being

antiferromagnetic) .

The oxihydroxide structure is based on octahedral coordinated ferric ions surrounded by

13
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oxygen with different spacia! arrangements of the octahedr~ and hydrogen bonds between sorne

oxygens.

Goethite - a-FeOOR

Goethite is by far the most common compound in Fe-bearing soil sediments and clays. It

can he formed ifoxygen is passed through a strongly alkaline suspension ofFe(OH)2' It is used in

the form ofa commercial yellow pigment as the starting material trom which acicular maghemite

particles used for recording are prepared.

In its most ideal forro, it is antiferromagnetic with the Fe moments lying along the c axis of

ilS hexagonal c1ose-packed crystalline structure. The Néel temperature has been measured to be

393.3 K and the anisotropy constant K, is of the order of 103 J.mo3
.

The Môssbauer spectrum shows magnetic hyperfine fields of 38.1 T at RT, 50.0 T at 80 K

and 57.7 T at 4 K and quadrupole shifts of2e = -0.28 mm/s al RT and -0.26 mm/s at 80 K. For

smal1 superparamagnetic partides, at room temperature, the quadrupole splitting (~ (T>TB) ­

0.55 mmls) is typical ofFe(III) ions in octahedral sites.
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Akaganeite - P.FeOOH

Akaganeite is fonned as a Iight brown deposit when a ferric solution is hydrolysed by

boiling in presence orCI- ion (Bernai el al., 1959). It was reported to form only at high

temperature (> 100°C) (Mann and Hannington, 1988) and to require the presence ofchloride or

fluoride ions to stabilise a crystal structure based on a body centred tetragonal cell with a = 10.48

A and c = 3.023 A. Il is antiferromagnetic with a Néel temperature TN =295 K (Bowen et al.,

1993).

At low temperatures, the Mossbauer spectrum requires three sextets for fitting: one

attributed to the Fe(III) ions in 02(OH)J configuration, another in 0z(OH).., the last caused by a

spin hopping between the two sites which have different canting angles. The room temperature

speetrum (ie. above TN) is clearly composed oftwo doublets: ~ (02(0H)}) - 0.55 mm/s and d

(02(0H)4) - 0.95 mm/s (Vanderberghe et al., 1990).

Lepidocrocite - y-FeOOR

Lepidocrocite was reported as the aerial oxidation product of green rust 1and n while it

has never been produced directly from ferrous hydroxide. Ils structure differs trom that of

goethite in that it is based on a cubic rather than an hexagonal c1ose-packing of the oxygen atoms.

It appears typically as an orange compound with the morphology of small, very tbin raggedly

struetured platelets. Il is antiferromagnetic, showing a broad magnetic transition over a wide

temperature range around 65 K.

15



• The room temperature Mossbauer spectrum is a broadened doublet with an average

quadrupole splitting between .55 and .7 mm/s that was analysed as a distribution with two

maxima, & - 0.52 rnmls attached to the bulk panicle and & - 1.1 mm/s resulting from the surface

specles.

At 4~ the magnetic hyperfine field lays between 44 T to 46 T (45.8 T for weil

crystallised samples - Bowen et al., 1993) with 2E - 0.02 mm/s, much lower than that of the other

iron oxides and hydroxides, except ferrihydrite.

Feroxyhite - ô-FeOOH

6-feOOH can be obtained by oxidation ofa strongly alkaline suspension of ferrous

hydroxide with excess hydrogen peroxide, as a brown magnetic material. Its crystallographic

structure was tirst described by the "80/20" model, where ferric ions would be distributed for

80% in the octahedral and 20% in the tetrahedral interstices ofa hexagonal c1ose-packing of

oxygen atoms (Francombe and Rooksky , 1959). This mode1 however, was not able to describe

the magnetic behaviour and feroxyhite was later rather described as a disordered arrangement of

oxygen and hydroxy1 ions with ferric ions randomly occupying octahedral and possibly tetrahedral

sites (powers, 1975; Pankhurst and Pollard, 1993). 6-feOOH is found to have a very high

magnetic susceptibility, together with a srnall remanence and very narrow hysteresis 10op, the

saturation Magnetisation, not reached until about 0.3 T, has been reported as being up to 19

JrrlKg by Bernai el al. (1959), and up to 25 Jrr/kg by Bate (1975). The Curie temperature is Tc

=400 K.
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Three magnetie hyperfine fields were assoeiated with the two sublattiees to model the

etfect ofthe crystalline disorder, but the anisotropy and exehange field were taken to be single

valued.

Ferrihydrite has been reported as "colloidal hydrous ferrie oxide" by Towe and Bradley

(1967). It was found in poorly crystalline preparations formed by the precipitation of a solute base

on a ferrie salt solution, as a precipitate made up ofextremely fine partic1es of dimensions

averagjng less than 5 Ml (Towe and Bradley, 1967; Vandenberghe et al., 1990). It occurs

naturally in ferritin shells. It has been described as an iron oxihydroxide with a high surface water

content which composition ranges between Fe.(OH)12 and FeS0 3(OH)9'

X-ray diffraction (XR.D) patterns offerrihydrite consist oftwo to six broad peaks which

are not always discernable due to the presence ofbroad lines of poorly crystalline geothite which

ofien accompanies ferrihydrite. These diffraction patterns suggested an arrangement based on the

hexagonal elose-packing of oxygens with Fel
+ ions located on sorne octahedral sites. Electron

diffraction from very fine material resulting from fenie salt base precipitation techniques

invariably showed the presence oftwo broad bands, one in the vicinity of2.55 Aand the other

near 1.47 A.

Its poor crystallinity results in a superparamagnetic behaviour at room temperature, with a

relative large anisotropy constant K - 105 lm-l
. For weil crystallised sample with six line XRD

patterns, the blocking temperature TB ranges between 34 and 110 K. The RT Mossbauer speetra
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features a doublet with quadratic splitting 4 - 0.7-0.9 mm/s and isomer shift characteristic ofiron

(llI) in oetahedral oxygen coordination. Either a two doublet fit or preferably fitting with a

distribution ofquadratic splitting is required.

1. 1. 1. 4. Iron Osides

Haematite is the most stable ferrie oxide. It crystallises in an rhombohedral system group

(R3C) made up ofdistorted hexagonal closed-packed layers of oxygen ions. Ferric ions fills 2/3 of

the oetahedral interstices.

Haematite is a weak canted antiferromagnet (Tc; = 955 K) above the Morin temperature

(TM = 260 K) featuring a magnetization up to 0.5 Jrr/kg. Below that temperature, it is a purely

antiferromagnet. The anisotropy constant is - 10" lm·] (Vandenberghe el al., 1990)

The general formula for ferrospinels is MeF~O" where Me is usually a divalent cation

(Me2+), a1though it ean denote trivalent (Mel +) or monovalent (Me+) cations.

It has a cubic face-centred crystallographic structure orthe space group Fm3d similar to

the minerai spinel MgAl20" with a unit cell eontaining eight formula units. The structure is

determined by the lattice ofoxygen ions, with two kinds of interstitial sites: tetrahedral or A-sites
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and octahedral or B-sites. The vacant interstitial sites are distributed following a geometricaI law

that determines a large multiple cubic lattice with 80 - 8 A, containing 32 octahedral sites, half

being vacant, and 64 tetrahedral sites, 7/8 being vacant.

The distribution of metallic ions in the interstices is dependent of the ion size and

electronic configuration, the ones of small size and a strong electrostatic field prefer tetrahedral

sites, whereas the ones of large size and weak eleetrostatic field prefer oetahedral sites. Divalent

ions are generally larger than trivalent and tetravalent ions thus locale preferentiaUy in octahedral

sites.

Most ferrospinels are inverse: Fel"A! [Mel .-! Fel
+ T]80'" the unbalance in the spin

orientation being responsible for their ferrimagnetic behaviour (approximately, the spontaneous

magnetization per unit 11p - or per gram: a = NA 111' P/ molecular weight - corresponds simply to

the number ofunpaired spins for the Me2
" ion - for F~04' 11~ =4.55 and for y-F~03' 11~ = 2.3 ­

Crai~ 1975).

Stoicruometric magnetite, Fe3+CCI [Fe2
+ FeJ+]oc;, 0", is the only pure iron oxide of mixed

valence. The size of the cubic cell is êlo =8.39 Â.

A metal-insulator transition (Verwey transition) identified byan abnonnal specifie heat

and a drastic decrease of the electrical conduetivity measurements, occurs at Tw = 119 K. A rugh

eonduetivity results above Tw from the electron hopping between Fe ions ofdifferent valence in

oetahedral sites. Tw is depressed by impurities and non-stoichiometry.

Magnetite has the highest saturation magnetization of ail oxide and hydroxide compounds

with~ - 92 Jrr/kg; its anisotropy constant is K - lOS lm-3
.
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Ifa proportion of the ferrous ions contained in magnetite are oxidized to ferric ions, the

introduction ofvacancies will result in order to preserve the electro-neutrality, schematically:

3Fe2
+ -. 2Fel

+ + VacanCj'. The fonnula for magnetite might then be changed to the general

fonnula F~x04' stoichiometric magnetite corresponding to the case x = 0 and rnaghemite, the

completely oxidized form, x = 1/3. Sorne authors suggest the existence ofa continuous solid

series between F~04 and y-F~Ol with proportional change in cell size with Fe2
+ / Fel

+

composition.

Maghemite, the extreme oxidation state of magnetite, can he expressed as Fel
+rd [Fel

+S/3

0ll3]oct 0 .., where 0 stands for the vacancies. This may lead to a crystallographic ordering on the

octahedral sites giving rise to additional super-structure lines in the X-ray pattern. Bernai et al.

(1959) report four different varieties ofmaghemite: (1) a completely ordered variety,

cornmercially produced as acicular pseudomorphic polycrystal following the sequence: a-feOOH

-. a-F~03 - F~O.. -. y-F~03' (H) a cubic variety, produced by the oxidation ofFe(OH)2 by dilute

H20 2, or from magnetite beated in air, (Hi) a variety offormula ranging betv/een Fe. [Fe12 H4] 0 32

and Fe. [(Fel.33 02.67) Fe12] 032' according to the amount ofH present, and finally (iv) a variety

with 80 = 8.35 ~ obtained by dehydrating y-FeOOH as Fe. (Feu33 Q6,l °32-

Maghemite has a lower saturation magnetization than magnetite, M, - 74 emulg, and an

anisotropy constant K - lOs lm-l .

Mossbauer speetra for maghemite feature two six-Une hyperfine pattern corresponding to

the tetrahedral (A-) sites and the octahedral (B-) sites. The intensity ratio of the two lines
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comprising each doublet (3-4, 2·5 and 1-6) was estimated to a value close to .60, giving evidence

that the vacancies were entirely located at the B-sites. On the other hand.. the isomer shift

associated with the A-sites appears to be smaller than for the B-sites suggesting that covalent

binding of the tetrahedral ions is larger than that of the octahedral ions, a result expeeted

theoretically since the cation-oxygen distance is Jess for A-sites than for B-sites (Annstrong et al.,

1966).

On Mossbauer spectra for F~O., two superimposed sextets are also observable, however

now a striking asymmetry appears between the shapes of the lines 1 and 6, and 2 and 5. This

effect can be attributed to the presence in sorne B-sites (1:2 in stoichiometric Magnetite) ofFe2~

ions atfecting both the chemical shift and the hyperfine field. The A-sites line-width is temperature

independent, whereas the B-sites line-width becomes temperature dependant above the Verwey

temperature (Tv - 120 K). This phenomena which has been attributed to an eJectron exchange

(referred as eleetron hopping) between Fe2
• and Fe3

+ ions in the B-sites, has an associated

relaxation time that can be estimated from the measured broadening and appears to be comparable

at Tv to the Mossbauer characteristic lime (t - 10.85) (Sawatsky el aL, 1969~ Kündig and

Hargrove, 1969). Above this temperature, the measurement does not distinguish the Fe2
+ from the

Fel
+ ions located at the B-sites and both contributions average in a single broad peak.

For temperatures weil above the blocking temperature, i.e. at which the particles are

superparamagnetic, the maghemite spectrum resolves to a doublet, characteristic ofa quadrupole

splitting, while magnetite spectra show a single Hne with no apparent quadrupole splitting (Merup

et al., 1976).
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Composition Mineral Name Space Group Dimensions (Â) Z Noces

Fe(OH)] Plml 8 =3.26 1 CdI] struetW"e
hex. c = 4.596

variable green rost 1 R. .. s = 3.22, c = 24 (CI") 91ayers of0
hex. 8 = 3.18

c = 24.4-27.4 (Sot)
c ;; 22.8 (Br')

variable green rust Il P... 8 = 3.17 41ayers of0
hex. c= 10.9

Cl-FeOOH Goethite Pbnm 8=4.587 4 basal on hep. oxygen
ortho b = 9.937

c = 3.015

p-FeOOH Akaganeite 14/m(?) Il = 10.48 8 F or CI necessary for
letra. e = 3.06 formation

œ-Mn02structure likely

'Y-FeOOH Lepidocroci te Cmcm a = 3.87 4 based on ccp. oxygen
onh. b= 12.51

c =3.06

ô-FeOOH Feroxyhite P312 (?) a =2.94 1 hcp.oxygen
hex. c =4.58 disordered CdI:z structure

5F~O).9H20 Ferrihydrilc hex. a =5.08(1)
c=9.4

a-Fe,O) Haematite R3c a = 5.0345 6 hep. oxygen with Fel· in
hex. c = 13.749 octahedral positions

ft;O. Magnetite Fm3d a =8.3963 8 inverse spinel
fcc

'Y-Fe:zO) Maghemite P4}212 a = 8.338 32 spinel - various degrees of
tetra. c= 3a ordering

FeO WOstÎle Fm3m a = 4.302 (high Fe) 4 NaCltype
eub. a = 4.275 Oow Fe) 4

.,

letra. a = 6.04, c = 4.58 16 Martensitic transfonnation

Table 1.2. Summary of the crystal structures ofoxides and hydroxides ofiron. ccp.: cubic

c1ose-packed; hep.: hexagonally close-packed; hex.: hexagonal; orth.: orthogonal~ tetr.:

tetrahedral (Bernai et al., 1959; (a) Towe and bradley, 1967).
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CompoWld TNIC P K M., M/M. He shapcof size (Jll1l)
r'K) (g/cm) (J/m) (Jff/kg) (mD particles

u-FeOOH 393.3 10)(1)

p·FeOOH 295

y·FeOOH <77

6-FeOOH 400 3.95 25 50 hexagonal -.6
(bulk) 22 platclets -.007

5F~OJ.9~O <77 IOse,)

u-Fe,OJ 956 104(b)

Fc;O. • bulle 858 5.197 10··10' 92
• particles 4.9·5.1 84 0.52 -30 equia.xial 1

0.70 30-34 acicular .5x.1
0.70 35-45 platelets IX.lx.02

y·Fe:O) - bulk >750 5.07 10··10' 74
- particles 4.60 0.46 7-15 equiaxial .05·.3

0.80 25-37 acicular .5x.1
0.75 32·38 platelets IX.lx.02

FeO 198

Table 1. 3. Magnetic properties ofmaterials. TNIC: Néel/Curie temperature; p: density; K:

typical anisotropy constant; M,: saturation magnetization; M,: remanence; H,: coercivity (Bate,

1975~ (a) Vandenberghe et al.~ 1990).
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Compound Site Temperature H 2€ â 6re
(-magnetic) COK) (Tesla) (mmls) (nunls) (nun/s)

Fe(OH)2 - 298 - 2.92 +1.18

œ-FeOOH - RT 38.1(\) -0.28 -0.55 +0.61
(antiferro-) fine particles

~-FeOOH O)(OH}. coord. RT - - -O.9SC'} -+<>.39
(antiferro-) 02(OH). coord. -0.55

y-FeOOH - 295 - - O.55"().7 +0.38
(antiferro-)

6-FeOOH - RT 42.0 -1.0 -0.5 _ +0.5 (c)

(fem-)

5Fc,O).9H2O - - - O.7-O.9C'} +0.38
(spero-)

œ-F~O) - 296 51.7(\) -0.19 0.5-l.1 +0.39
(weakly feni-) sizes <8nm

F~04 F~+(A) 298 49.1(\) 0 - +0.28(\)
(fem-) Fez"')+(B) 46.0 0 - +0.66

y-F~O) A 300 50.2 - -
(fem-) B 50.3 - -

FeO - RT - - 0.8 +0.93

Table 1. 4. Môssbauer data at room temperature. H: hyperfine splitting; 2e: quadrupole

shift; t1: quadrupole splitting~ lr isomer shift .. (a) Bowen el a/., 1993; (b) Vandenberghe et al.,

1990; (c) Simmons and Leidheiser, 1976.
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l. 1. 1. Synthesis

Sugïmoto et al. (1980) report three basic ditTerent methods of magnetite preparation. First

come the dry methods consisting of the oxidation of metallic iron by oxygen or other oxidizing

agents, the disproportion of ferrous oxides, the reduetion of fernc oxides or finally the

decomposition ofditTerent ferric or ferrous salts. These processes usually require temperatures

above 200°C. Second, magnetite can be prepared from stoichiometric mixtures of ferrous and

ferrie hydroxides in aqueous media. Finally, an aqueous suspension of ferrous hydroxide can be

partially oxidized with different oxidizing agents.

This last method was investigated by Sugimoto et al. (1980): amorphous ferrous

hydroxide was precipitated by aging in oxygen-free distilled water (DW) a solution ofFeS04 with

a mixture ofKOH and KN03 as an oxidant. The mixture was then heated to 90°C and kept

thermostatic and undisturbed for up to four hours. Ferrous hydroxide, originally a white

precipitate, formed as a dark green precipitate in excess ofFeSO" and light green in excess of

KOH. This precipitate is assumed ta be a mixture ofFe(OH)2 (eventually containing adsorbed

oxygen) and green rust, which is the usual intennediate produet in the formation of various iran

oxides. Upon oxidation, this precipitate yielded magnetite particles whose size and shape

depended on the experimental conditions.

The ferrous ion concentration ([Fe2+]xs = [FeS04] - 1h(KOH) was varied from zero to 0.3

molll. As it was increased, the particle at first became larger (> 1 J,lm) having a smooth spherical

morphology, then for [Fe2·]u above - 0.1 molli, ofsmaller size (- 0.4 J.lm) with rougher spherical

shapes. The excess hydroxide concentration ([OH-lu = (KOHl - 2[FeS04]) ranged from 0 to 0.2
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molli. The particle became ofvery smaU size (- 10 nrn) to increase slightly (- 100 nrn) with

increasing [OHO]XI' assuming cubic shape.

In order to detennine the influence of the different anions or cations in solutio~ FeC12,

Fe(CH3COJ2 and Fe(NH.)2(SO.)2 salts were used instead ofFeSO~. Precipitates formed from

FeCI2solutions yielded magnetite particles with dimensions below 20 nrn, regardless of [Fe2+]""

while Fe(CH3COJ2 gave no discernible amounts ofmagnetite. When Fe(NH..)2(SO.)2 was used,

particles of magnetite were obtained over a broad range of particle diameters. Setting the

temperature to 800e instead of 90°C gave crystals ofapproximately the same average diameter

but ofbroader size distribution. Finally, increasing the amount ofFe(OH)2' although oflittle effect

on the mean size of the particles, caused a broadening of the distribution.

On figure 1.6, transmission electron micrographs of the system were taken for increasing

aging times. The Fe(0H)2' initially amorphous (a), starts to fonn hexagonal platelets after 15

minutes ofaging at 90°C, while sorne rather small primary particles of magnetite can be deteeted

mostly accumulated around these platelets (b). These primary particles of magnetite cao be

detected mostly accumulated around these platelets. These prirnary units then aggregate into

larger magnetite particulate (c, arrow a) with subsequent growth by incorporation ofthese small

particles ioto the larger ones (arrow P). After 45 minutes, only few platelets remain while the

system consist essentially ofvery small and large magnetite particles (d). After two haurs, only

rather uniform, nearly spherical particles are present (e).
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Figure 1. 6. Transmission eleetron micrographs of a system consisting offerrous

hydroxide and excess concentration ofFeS04 aged at 90°C for (a) 0, (b) 15, (c) 3D, (d) 45 and (e)

120 minutes (Sugimoto et a/., 1980).
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• Kinetic measurements indicated the rate the rate of conversion ofFe(0H)2 into magnetite

and the rate ofgrowth of magnetite were significantly slower for high [Fe2+]u (0,3 molli) than for

low [Fe2+]x:s (0.01 moVl). When ail fe(OH)2 was converts, the pH dropped from 6 (high [Fe2+]u)

and 7 (low [Fe2+]xJ to 5. In high [DHt.. (0.2 moUl), the pH stayed constant (- 12) all through the

experiment.

When air was present in addition to KNO}, two type of particles appeared: spheres of

magnetite and rods, identified by X-ray analysis as goethite. The content ofgoethite was

dependant on the excess concentration ofFe2
+ species; it became smaller as the amount offree

Fe2
+ decreases while it was absent from systems having an excess of OH·.

Two distinct mechanisms for the formation of Magnetite are proposed by Sugimoto el al.

(1980). The first, a direct crystallisation mechanis~ takes place in excess OH· solutio~ forming

magnetite particles ofcubic morphology. The second, a coagulation mechanism, is responsible for

the formation of the large spheres: very small particles nucleated in the Fe(OH)2 gel, first

aggregate resulting from Van der Waals and magnetic forces under the condition ofweak

repulsion and then the larger partides are formed by the contact-recrystallisation mechanisrn.

Further growth occurs by adhesion of the additional primary particles to the already recrystallized

spheres.

In the coagulation mechanism, there is a competition between the particle growth caused

by adhesion of primaI)' partieles to already fonned aggregates and the aggregation of the grown

partic1es. When [Fe2·]xs is increased, the rate ofmagnetite formation is reduced ... probably due to

complexation with sulfate ions· and simultaneous adhesion and coagulation of the smaller clusters

into large particles may take place causing the broadening of the size distribution and the
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• roughness of the final magnetite particles. The aggregation is a1so affected by agitatio~ which

causes a broadening of the size distribution.

The oxidation ofFe(OH)2 to magnetite by interaction with NO]" can he summarized as

follows:

and for the corresponding oxidation ofFe2
+ to magnetite in solution:

As a consequence, the pH remains unchanged or increases in the process involving Fe(OH)2' but

always decreases in the reaction with Fe2
+ solute species. In a first stage, the iron constituting the

magnetite crystals must be mainly generated from the ferrous hydroxide gels. The pH then

remains essentiaHy constant or is slightly lowered while the amount ofFe(OH)2 keeps decreasing.

Once most of the ferrous hydroxide has dissolved, the iron for the remaining increase in magnetite

content must be supplied by solute complexes, resulting in decrease ofpH.

The anions present in the solution have a dramatic effeet on the size shape and

composition of the produets ofageing Fe(OH)2 gels. The decrease in the rate ofmagnetite

formation as the excess ofFeSO.. in a given system increases is an example. As a general

statement since ferrous and ferric ions form complexes with ditrerent ions, it i5 expected that the

precipitation of iron containing oxides is affected by each ofthem in different ways.
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• Tamaura et al. (1981) have also investigated the formation of magnetite and ferric oxides

(goethite and lepidocrocite) trom Fe(OH)2 suspensions (obtained trom mixture ofFeSO. and

KOll) al pH 11.0 and 65°C. Figure 1.7 shows the time variation of the amount ofFe2
+ (A),

Fe(OH)2 (B), F~04 (C) and ferric oxides (D) in the reaetion suspension during the course of the

air oxidation. In the early stage of the oxidation (region A-B), Cerrie oxides are formed while the

rate f formation of magnetite is low. In the region B-C, magnetite formation increases rapidly

simultaneously with a rapid decrease offerric oxides and Fe(OH)2 phase suggesting that both are

rapidly reaeting to forro magnetite phase. Following this phase (region C-D), the rate ofmagnetite

formation becomes constant while the rate ofoxidation ofFez
+ and that of the fe(OH)2

consumption are both decreasing steadily in ratio 2/3 indicating the interaction to form a

stoichiometric magnetite. At this stage, the amount ofCerrie oxide stays constant.

d
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Figure 1. 7. Time variation of the amounts ofproducts F~04(C) and Fe3
+ oxides (0) and

•
ofFe(OH)2 (8) and Fe2

+ (A) in the reaetion suspension during the course ofthe air oxidation

(Tamaura el al, 1981).
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• Presence in the early stage (region a..b) ofamorphous lepidocrocite~ apparently soon

transformed to goethite and magnetite~ was established from IR speetra. In region b-c, the

goethite bands intensities remained constant while the one corresponding to amorphous

lepidocrocite decreased to completely disappear at the transition region c·d~ suggesting that it was

rapidly and preferentially transformed to magnetite in the reaction with Fe2
+ derived from

The measured oxidation rate in the stationary state (region c·d), could not be explained by

the oxidation of Fe2
+ dissolved in the reaction solution and was round to be determined by the

oxidation ofFe2
+ adsorbed on the solid phase and to be proportional to the fraction of the surface

covered with oxygen. The resulting ferric precipitates have a high adsorption capacity for ferrous

ions; they are thus assumed to combine as magnetite, the particles of which will hence grow in

size.

Conditions for the fonnation of magnetite by air oxidation of Fe(OH)2 suspensions has

a1so been studied by Kiyama (1974). The Fe(OH)2 suspension were obtained by adding various

amounts ofNaOH to FeSO. (0.72 moVl). They were then quickJy heated while N2 was passed

through the suspension, until the desired temperature was reached, and compressed air was

substituted to N2. The R (= 2[NaOH] / [FeSO.]) molar ratio and the temperature were kept

respectivelyat 0.1 - 4.0 and at 5 .. 85°C.

The mixing ofFeSO. and NaOH solution resulted either as a neutral wh.itish suspension,

for R < 1 (crystallising as ferrous basic sulfate for R < 0.6, otherwise amorphous) or an alkaline

white precipitate consisting offine crystal particles ofFe(OH)2 which size increased with
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• increasing R.

When R was bellow O.6~ oxidation of the whitish precipitate resuJted in hexagonal

partieles ofcrystalJine green rust II, irrespective of the oxidation temperature, leading further ta

the formation of spherieal magnetite and a smail amount of needJe-like goethite particles at a pH

6.0 ± O.S. For R between 0.6 .. 1.0~ colloidal Fe(OH)2 would he present beside green rust II, the

transformation to magnetite and goethite taking place at pH 7 .. 9. The pH suddenly dropped

bellow 4.5 at complete oxidation. On the other hand~ alkaline Fe(OH)2 (for R>l) resulted

oetahedral and cubie particles.

For long oxidation times, magnetite was gradually oxidized to maghemite at 70 and S5°C,

the black colour remaining until the ferrous ion content decreased to about 10% of the total iron

ions. The oxidation in the suspension was found to proceed in proportion to the time indicating

that the formation ofmagnetite took place in liquid phases of alkaline and neutral suspensions.

Ferrous ions supplied by the dissolution of the precipitates of Fe(OH)2 and green rust fi

react with the dissolved oxygen giving rise to the formation of a ferric hydroxo eompJex

(poiynuclear compiex). Each panicle ofFe(OH)2 or green rust II in the suspension might be

surrounded by a thick dense layer ofFe(OH)+ ions that would coprecipitate with the ferric

hydroxo complexes, forming magnetite. On the other hand, FeOOH may be fonned outside the

layer by the hydrolysis of the ferric hydroxo complexes.

Favourable conditions for the formation of magnetite include an increase on the surface

area and volume of the layer. The rate of movement ofgreen rust and Fe(OH)2 particles in

suspension induced by the air flow was assumed to affect the surface area in the following way:

too small flow rates « 100 I/h) would encourage coagulatio~ white tao great flow rates (> 400
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Vh) would decrease the layer thickness, both effects leading ta the decrease in the surface area.

Higher temperatures are believed to increase the layer thickness, promoting Magnetite formation.

When FeC12, FeBr2 or FeI2 were used instead ofFeSO., Magnetite and lepidocrocite were

formed via green rust 1.

Taylor et al. (1974) have studied maghemite synthesis for a pH maintained either to 6 or

7, a temperature of20, JO, occasionally 60°C, the [Fe2+] to [Fe3+] ratio, the total Fe concentration

and the air flow being set to different values.

A mixture of Fe2
+ and Fe3

+ chloride in definite ratio, was dissolved in N2 saturated DW,

then oxidized with a measured air flow rate, the pH being maintained constant. The oxide was

then centrifuged, washed, halfof the sample being refluxed in boiling for about 16 hours before

drying from acetone at ?O°C, the second halfdried without retluxing.

The colour of the initial precipitate varied from yellow-brown to green depending on the

composition of the initial solution. The precipitate gave on oxidation an orange or dark brown

product, respectÎvely identified as Jepidocrocite and maghemite.

The time curve ofbase consumption was used as a measure of the oxidation rate. On fast

oxidatio~ usually leading at complete oxidation to lepidocrocite, the rate was constant, flattening

off at the end. On slow oxidation, the rate became slower at tirst until an inflexion point was

reached, the rate becoming constant. The product at the inflexion point was identified as green

rust 1.

These results lcad to the conclusion that maghemite formation was favoured by lower

oxidation rates, higher total iron concentrations, higher pH (7 against 6) and within certain Iimits
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• by the presence ofsome Fe)+ in the original solution.

Green rust appears to be a necessary precursor ofmaghemite, and must undergo

dehydration before further oxidation if maghemite is to form. This topotactic two phase reaction

leads to a cubic lattice and is the more favoured the slower the oxidation proceeds because then a

green rust with a low Fel +content is being formed as the precursor of the cubic phase. This cubic

phase probably occurs tirst as Magnetite, the further oxidation ofwhich yields maghemite by a

topotactic reaction. The complete oxidation appears to be extremely difficult at room

temperature, and was favoured here by the low pH used and small particle size.

On fast oxidation, the proportion ofFel
+ in green rust will increase rapidly Jeading to

complete oxidation before a dehydrated cubic phase can be formed. The final produet is

lepidocrocite.

Ferrihydrite eventually occurs as a Fel. phase formed by direct precipitation when Fe2+

ions are in too low concentration to exceed the solubility produet ofgreen rust. Goethite is

assumed to forro simultaneously with lepidocrocite due to the presence ofC02 offrom the ageing

of ferrihydrite.

Shermann el al. (1976) investigated the influence of [Fe2
.] and pH on the formation of

magnetite, lepidocrocite and ferrihydrite from oxidation ofFe(0H)2 solutions. Crystals of

FeCJ2.4H20 were dissolved in different proportions into N2 saturated DW, the pH was adjusted

and oxidation commenced by bubbling O2 freed from CO2 through the solution. During the

oxidation, the pH was kept constant with a NHl solution, using an automatic titrimeter; once the

oxidation complete (no further drop ofpH), the oxide was centrifuged, washed with water and
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acetone until ftee ofchloride and dried at 40°C.

At a pH of7.0, lepidocrocite was the only crystalline compound formed for [FeZ"']

concentrations below 0.15 mollI, while up to about 400/0 magnetite was formed at higher

concentrations.

Lepidocrocite was formed as lath-shaped crystals, whose morphology and particle size

were found pH dependant through its etTeet on the oxidation rate. At pH 6.S and 7.0, faster

oxidation led to finger...like thin bendable extensions in the c direction ofthe lath, while for lower

pH, smaller sized crystals appeared, along with very small spherical particles at pH 4.5 about 4 nm

in size partly linked to Iinear arrays, probably consisting of ferrihydrite.

It is generally agreed that lepidocrocite fonnation requires presence ofFez
+ as it almost

exclusively occurs in soils in which anaerobic conditions lead to the fonnation ofFe2
+. In similar

systems as the one used here, the necessary precursor oflepidocrocite is not Fe(OH)2' but the

blue...green mixed Fe(II,ID) hydroxide, green rust, believed to fonn through the reaction ofFez
+

ions with ferrihydrite or its precursor and stable at much lower pH than Fe(OH)z. On oxidation,

green rust leads to lepidocrocite or maghemite depending on whether the oxidation rate is high or

low respeetively. As the oxidation rate depends on the O2 supplied in relation to the amount of

green rust formed in the syste~ al the relative large supply used here, maghemite can only be

formed ifa relatively large amount ofgreen rust is precipitated, i.e. [FeZ"] and pH are relatively

high. Inversely, at a particularly low ratio oxygen supplied to green rust formed, i.e. at low [Fe2+]

and low pH, ferrihydrite replaces lepidocrocite: the solubility product ofgreen rust is no longer

exceeded but only that of ferrihydrite, thus Fe2
'" oxidizes in solution rather than after precipitation

as green rust, and precipitate immediately as ferrihydrite.
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The solubility produets of iron hydroxides are reported by Bernai et al. (1959) as

[Fe2+][OH-] = 1.6 x 10-14 and [Fe3+][OH-] = 1.1 x 10-36
. Thus in strong alkali, the concentration of

both Fe2+and Fel +are extremely small (respectively - 10-14 g-ionsll and 10-36 g-ionsll). SoUd

Fe(OH)2 is stable and on rapid oxidation is tirst oxidized up to about 20% Fel +content, then its

structure becoming unstable, gives feroxyhite. On slow oxidation by oxygen dissolved in the

solution, a ferric oxihydroxide (goethite is the normal hydrolysis product offerric salt) is

nucleated afresh from oxidized Fe2+ions in solution. The Fe(OH)2 solid on slow oxidatio~ is no

longer directly oxidized, but remains in equilibrium with the solution, supplyjng fresh Fe2+as they

are removed by oxidation and precipitation.

In neutral solution, salid Fe(OH)2 will be in equilibrium with a high concentration (- 1N)

ofFe2+which on slow oxidation will transform to Fel +, both ions combining in a ferroso-femc

phase ofpossible composition Fe2~.2Fe3+(OH)•. This hydroxide must be presumed to convert ioto

magnetite on heating to 100°C in water. If oxidation takes place before dehydration, this green

complex must transform to lepidocrocite.

The previously described chemical processes ail took place in bulk solution. The effect of

confining these reaetions in nano-sized voids has been investigated by Mann and Hannington

(1988). Iron oxides (in the fonn ofgoethite, ferrihydrite and magnetite) in the size range of2 to

10 Ml, have been precipitated in phospholipid vesic1es, used as membrane bound compartments

enclosing an internai aqueous volume of diameter ca. 20 • 30 Ml. The vesicles were dispersed in

solutions containing Fe2
+ ions (freshly prepared from FeC12.4H20 or occasionally FeSO~.7H20),

Fel. ions (freshly prepared from FeCI3 or Fe(N0J)l)' or Fe2~ 1Fel +ions in 1: 1 ratio. The ferrous
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and ferric ions not encapsulated within the unilamellar vesicles were removed and precipitation of

entrapped ferrous or ferric ions was induced by the addition ofaqueous NaOH (pH - 12) or NH)

(pH - 10.5). A pale yellow colour then appeared developing in intensity over several days.

Precipitation ofintravesicular ferric ions after addition ofNaOH resulted in the formation

of discrete, finely divided spherical or disk.shaped electron-dense particles - although sorne

elongated panicles were observed, the size of which after 30 minutes ranged 1.5 to 5 nm - giving

on electron diffraction diffuse patterns with d-spacings corresponding to poorly oriented goethite

(presence of haemetite or akaganeite, whose presence would have given similar d-spacings was

unlikely, as these materials only form at temperatures around 200°C).

Precipitation ofintravesicular ferrous ions after the addition ofNaOH, resulted in the

formation ofdiscrete spherical electron·dense particles (with mean size after 30 minutes of4.2 Ml

with NaOH and 2.6 nm with NH.OH), giving strong eleetron diffraction patterns corresponding

to rnagnetite.

Finally, precipitation ofintravesicular ferrous / ferrie ions after addition ofNaOH resulted

in sphencal discrete particles of low electron density identifled from electron diffraction patterns

as poorly ordered ferrihydrite.

When precipitated under identical staniog conditions but in the absence ofvesicle, ferric

solutions resulted in extended aggregates of ferrihydrite formation, ferrous solutions in acicular

needles of both lepidocrocite and goethite, while ferrous / ferric solution gave irregular.shaped 10

to 50 Ml magnetite particles.

The difference in structure, morphology, and particle size can be attributed to kinetic

control exened by the vesicle membrane on the rate ofOH- diffusion ioto the intra-vesicular
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space, favouring the formation of thermodynamically stable products such as intra-vesicular

goethite from ferric solution instead of ferrihydrite, formed under conditions of rapid

precipitation. Similarly, magnetite would result from intra-vesicular precipitation of ferrous ions,

as the slow oxidation rate resulting from the slow diffiJsion ofOH- favours the formation ofmixed

valence oxides rather than the hydrous ferric oxides such as goethite and lepidocrocite which are

formed by rapid oxidation in bulk solution. For ferrous / ferric solution, the slow increase in

intravesicular OH- favours the preferential precipitation of the ferrous component such that the

required ferrous / ferric activity ratio for magnetite is never attained. In bulk solution, rapid

precipitation results in the fonnation of mixed valence green rust which subsequently transforrns

to Magnetite.

The various experiments reported here, suggest mechanisms for the formation ofdifferent

iron oxides from aqueous solutions offerrous (and ferric) ions in alkaline or neutral medium. In

alkali medium, a white ferrous hydroxide precipitate generally forms. Upon rapid oxidation

Fe(OH)2 transforms to ferox-yhite or fenihydrite by solid recrystaUisation whereas upon slow

oxidation, it supplies ferrous ions, sorne oxidized in solution as ferrie ions which precipitate ta

fonn ferric oxihydroxide, or both ions combining to form magnetite. In a neutral medium, ferrous

ions in high concentration, oxidize partly to ferric ions, both combining to fonn green rust,

subsequently oxidized to either magnetite (slow oxidation) or lepidocrocite (fast oxidation).

High temperatures generally favour the formation ofmagnetite by accelerating the

dehydration of its precursors. Slower dehydration must be compensated by slower oxidation.

The cations in presence is determinant, since solutions containing S042
- seemed to yield
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green rust D, oxidizing to Magnetite 1goethite, while solutions containing Cl- produced green rust

1, which oxidized to Magnetite / lepidocrocite.

Finally, enclosing the ferrous ions inside intravesicular space, favours their precipitation as

thermodynamically stable compounds due to the low diffusion rate ofOH- through the

membranes.
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CHAPTER n - MATERIALS AND CHARACTERIZAnON METHODS: GENERAL

DESCRIPTION

2. 1. Materials

2. 1. 1. Bacterial cellulose (Be)

Bacterial cellulose (BC) was synthetised by Acetobacter Xylinum as a thin membrane (- 2

mm) at the surface ofthe culture medium, in static conditions, or as a suspension offine pellets,

under stirring conditions. The bacterial cellulose gel protects in vivo bacteria against virus

contamination. The basic element is a 5 - 10 nm wide microfibril with multiple branching.

Each bacterium has at its surface a series of fine pores which excrete the cellulose

microfibrils, bunching into slender fibrils of about 50 Ml wide and at least 10 J.lm long (Yamanaka

et a/., 1989). Following the cell division, the microfibrils of parent cells will be inherited one-half

by each orthe daughter ceUs, forrning a branching point on the fibriI. The fibril diameter, narrower

right after the cell division recovers as the new cell matures. The repetition of this process

generates the branching cascade which appears as crosslinks between the fibrils.

The crystallographic fonn of this cellulose is cellulose ICI' commonly found in vegetable

cellulose (the X-ray crystallinity was reported to be - 71 %, i.e. severa) per cent higher than cotton

or wood pulp). The molecular orientation is parallel to the direction orthe length ofthe fibril.

Upon drying, the baeterial cellulose gel membrane forms a parchment whose fibrils can be
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directionally oriented parallel to the shrinkage direction or the stretching direction. The Young

modulus can then be as high as > 15 GPa across the plane ofthe parchment, which is much higher

than those ofother films based on organic polymers « 10 GPa)l. This is due to the higher density

of interfibrillar hydrogen bonds formed on drying tiner fibrils providing a larger contact area.

Due to its unique mechanical behaviour, BC parchment finds applications in acoustic

membranes (due to ils high Young modulus comparable to aluminium or titanium associated WÎth

a lightness, sound propagation speed and internai dispersion comparable to paper). Health care

applications are Medical bandages, or biological substrates for the culture of mammal cells.

When grown under stirred conditions, the microscopie fibrillar structure ofbacterial

cellulose remains unchanged, whereas on a macroscopic scale, the fibrils instead offorming a gel

membrane, aggregate as a suspension of irregular pellets. These aggregates are due to

entanglements of cells and fibrils to form a unit which allows an equilibrium oxygen content

throughout the reactor space. Most of the physico.chemical properties are altered under stirring

conditions as compared to static conditions (table 2.1). However, the Be prepared in the form of

a suspension seems more appropriate for obtaining a uniform chemical treatment, for in situ

synthesis, as it provides better accessibility ofmicrofibrils to the reactants.

lNissan (1976) calculated a modulus of- 10 GPA for hydrogen bonded cellulose
crystallites.
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culture conditions Statie Stirred

Degree of polymerization 15500 11200

Index of crystallinity (e/e) 71.0 63.4

Cellulose lu (%) 73. 61.

Crystallite size (nm) 7.4 6.9

Young Modulus (GPa) 33.3 28.3

Table %. 1. Structure and physico-chet1Ücal properties ofbacteriaJ cellulose under static or

stirred culture conditions (Watanabe and Yamanaka., 1994).

Baeterial cellulose grown under stirring conditions has applications as a strengthening

agent in composite materials, in association with other types ofcellulose (e.g. cotton Iint or wood

pulp), carbon fibres, resins or SiC whiskers. The strengthening effect is due ta the relatively low

cross-section of the fibrils which provide a high density of potential hydrogen bonding resulting in

stronger cohesion. Improvement in retention for sorne additives used in paper-making is yet

another application. Ali of these applications depend on the never-dried state of the purified

bacterial cellulose since air-drying of bacterial cellulose leads to irreversible consolidation

(hornification). Solvent exchange drying or freeze drying will diminish interfibril hydrogen­

bonding (Marchessault, 1977).
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2. 1. 2. Lyocell

N-methylmorpholine-N-oxide (NMMO - figure 2.1), was first described as a solvent for

cellulose (Johnson, 1969). Its potential for wet-spinning cellulose fibres is described in a patent by

Mc Corsley patent. Encouraged by environmental drawbacks related to the viscose process and

the promising development of these newer cellulose solvents, systematic search for a new fibre

process started in the late 70's. By 1980, NMMO was shown to be the best solvent for that

purpose; it offered the advantage ofbeing recyclable at a high level ofefficiency, while being able

to dissolve cellulose completely without reacting with it or degrading it, the resulting process

being less energetically intensive than the viscose route, already less energetically intensive than

the synthetics (Wooding, 1993).

Figure 2. 1. N-methylmorpholine-N-oxide (NMMO).

This process is used by Courtaulds to produce Tencel, a fibre stronger than any other

manmade cellulosic, especially when wet, and which processed into yarn and fahrics offers unique

properties. The Courtaulds semi-commercial production synthesis, is ilIustrated in figure 2.2.

Dissolving-grade wood-pulp mixed into a paste with NMMO passes through a high temperature

dissolving ùnit to yield a clear viscous solution. This is filtered and spun into dilute NMMO
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• whereupon the cellulose fibres precipitate. These are washed and dried, and finally baled as staple

or tow products as recovery systems concentrate the NMMO to the level required for reuse in

dissolution.

NMMO Water

•

Pulp ... Mixing'" Dissolution'" Filtration -. Spin/stretch'" Washing -. Drying'" Staple fibre

1 <__ NMMO recovery __< 1

Figure 2. 2. Direct dissolution: Courtaulds Tencel process.

The same principle used in the above process applies for casting Lyocell membranes in a

laborato!)' (Chanzy, 1997 - private communication):

We use the 50% waler solutionfrom Aldrich Chemical andwith il make a 5%

cellulose suspension andfill a round bollomflask which connects to a rotating

evaporator system connected to a VQcuum source. The evaporator bath should contain

si/icone oil and usua/(v it is best to work with a 2 litre flask and approximalely /00 ta

200 cc ofsolvent. We start the process al 80- / OOoc and Ihe solution will thicken and

evenlually a skin willform. This viscous skin shou/d be examined in a po/arizing

microscope for evidellce that ail cellulose fibres have disso/ved We keep heating until

aboulllO° then continue heatingwilhout vacuum up 10 l300 for 5 ta /0 minutes. The

homogeneous solUlioll shou/d he in the boltom ofthe f/ask as an amber colour solution

ready to be spread on a preheatedglass plate and cast to a pure cellulose film in a 65°

water bath.
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2. 2. Characterization methods

2. 2. 1. Transmission electron microscopy

In a transmission electron microscope (TEM), the electrons produced at the level of the

illumination system, reach the fluorescent screen or photographie plate after travelling a10ng the

optical axis ofthe microscope column. Along the way, they interact with the eleetronic population

of the specimen (being absorbed and diffracted) and with the magnetic field produced by several

eleetromagnetic coils (being deflected). These coils may be elements ofmagnetic lenses,

defleetion coils or stigmators, themselves organized in optical systems constituting the optics of

the TEM (figure 2.3).

Due to its versatility, the TEM provides ditrerent using modes, amongst which bright field

or dark field imaging (in high (HM) or low (LM) magnification), diffraction and low dose are the

most commonly used.
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Figure 2. 3. Cross section of the electron optical column.
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• 2. 2. 1. 1. Electron optic elements

Magnetie lenses

A vortex field generated by the current passing through the coils, catches the electrons

which pass the lens, deflecting them to the optical axis (figure 2.4). As they escape from the lens

field, the electron have been rotated around the axis by q> = NI / .fv x 18.6 x 10-2 rad (N is the

number of tums of the coil, 1 is the current running through it and V is the high tension of the

microscope). Polepieces surrounding the lens coils are used to concentrate the magnetic field.

Since the focallength can he changed simply by changing the CUITent, adjustment ofthe lens

system (focussing, magnification... ) is possible without any mechanical change.

Magnetie circuit Lens coil

•
Water cooUng circuit

Figure 2. 4. Schematic cross section ofan electromagnetic lens.
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• Defleetion eoi/s

To deflect the electron beam, two coils with currents running in the same direction, are

positioned on both sides orthe bea~ producing a magnetic field perpendicular to it (figure 2.5).

Using two pairs ofcoils below each other permits to position the pivot or tilt the electron beam at

a point which is not accessible for deflection coils.

a b
out

coU
current

in

e beam •
deflectlon

magnelic field~L

'\
beam deflection

•

Figure 2. 5. (a) general principle ofa beam deflector; (b) actual design of the

microscope's defleetion system (the currents through the coils are shawn by the arrows: in =into

the paper, out = out of the paper).
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Stigmator

The stigmators press from bath opposite sides to the beam, and pull it at both sides in the

perpendicular direction. In arder to correct the astigmatism in ail direction, two sets of four coils

(one rotated over 45° with respect to the other) must be used, opposite coils, unlike deflections

coils, having a reversed current.

a b
~I8 ~ <!!;fOUI .amenl

1
ln

~ ~
beam

et) .. beam .. et)deflection

~ i$=- 1~~~~~hC

1
~ ~8

Figure 2. 5. (a) general principle ofa stigmator; (b) actual design ofthe stigmator as used

in the microscope (the currents through the coils are shown by the arrows: in = into the paper, out

=out of the paper).
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• 2. 2. 1. 2. The optics of a TEM

The illumination system

The electron source is usually a therrnionic gun: a tungsten (W), lanthanum-hexaboride

(LaB6) or cerium-hexaboride (CeB6) hairpin filament is heated just below its melting point,

allowing the electrons to be relatively easily pulled out by applying an extemal eleetrostatic field

(Coulomb force). The filament is put at a negative high tension (cathode), and faced to a plate

with a hole put at zero potential (anode), which attracts the eleetrons from the hot surface of the

filament. A third electrode (Wehnelt cylinder), positioned in front of the filament and put at a

slightly more negative potential (- 100 V) detlects the beam to a small cross over (vinuai source,

- 50 to 100 J.lrn across) between Wehnelt and anode (figure 2.6).

Cathode
filament
Wel'lnelt

cup

I[
'"-'----1-High-tension

le 5upply

• 1.-:- SOkeV

•
Figure 2. 6. The triode electron-source.
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A tirst condenser lens~ Cl' detennines the demagnification (size reduction) of the electron

source onto the specimen and thus the spot size. The second condenser, C~ deterrnines how

strongly the beam is focused on the specime~ varying the intensity of the beam on the viewing

sereen. An aperture inside the C2 lens is used as a beam defining aperture.

The objective lens

The objective lens forms the tirst intermediate image (magnified between 20 and 50 times)

of the object, enlarged downward by the imaging lens system. As etfects of its errors would also

be en1arged~ this Jens is the most critical in the microscope. The diffraction pattern forms at the

back focal plane where the objective diaphragm is positioned, whereas the tirst intermediate image

is formed al "the selected area plane" where the selected area (SA) diaphragm is present.

The objective lens in the Philips' CM series microscopes, consists oftwo lens coils and

two pales pieces on each side of the specimen which although producing a single magnetic tield

can he thought as two lenses: the pre-field or objective·condenser above the specimen and the

objective·imaging field beJow. The TWIN-Iens used in CM series microscopes, use a symmetrical

condenser.objective lens design which allows the reduetion of the gap between the two objective

pole pieces (reducing spherical and chromatic aberrations) whiJe retaining high tilt ability, the slow

change in the lens parameters away from the centre, the large diffraction angle and the provision

of small spot sizes. The limited spread of the beam inherent to such design is corrected by the

insertion of a minicondenser Jens into the upper pole piece. This lens is switched "optically" on if

a wide field ofview and coherent illumination on the specimen is required (microprobe mode) or
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• switched "optically" off (in fact reversing the current direction running through the lens coi)

when small spot sizes are required (nanoprobe mode) (figure 2.7).

Er.dron lOUre.a El«lron source

Minicondena.r lena
~......--.--

•

a b

Minicondenser
lens coil

Figure 2. 7. The TWIN lens (a) microprobe and (b) nanoprobe modes.
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• The imaging lens system

This system includes in addition to the objective lens reviewed in the previous paragraph, a

diffraction lens~ an intermediate leRs. and two projeetor lenses. Figure 2.8 shows the lens current

as a funetion of the image magnification for a typical CM microscope. General trends are the

graduaI increase of the strength of the intermediate lens and the ... somewhat more erratic ...

decrease in the tirst projeetor Jens. The second projector lens is used to focus the final cross-over

exactly in the plane of the differential pumping aperture that separate the microscope column

vacuum volume from the projection chamber.
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Figure 2. 8. Graph showing the change in the currents through the lenses of the

magnification system ofa CM20 as a funetion ofmagnification.
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2. 2. 1. 3. TEM modes

Brightfield imaging

In bigh magnification (HM), the beam made parallel by the mini-condenser illuminates the

sample, fonning on the back focal plane of the objective lens the diffraction pattern. The objective

aperture is then centred on the central spot, to eliminate trom the bearn the electrons diffraeted

beyond a certain angle, hence providing a diffraction contrast in addition to the absorption

contrast.

In tbis mode, the object plane of the magnification system is automatically positioned in

the SA plane of the objective leRs, the focussing being then performed by adjusting the objective

lens current in arder to position the first intermediate image in that plane.

Whereas in high magnification (HM) mode the objective lens is used for focusing the

image, in )ow magnification (L~f) mode, since broad i1lumination of the specimen 1S required, the

objective lens is nearly switched offand the focussing made by the diffraction lens. Diffraction

contrast is now provided by inserting the SA aperture in the SA plane where the diffraction

pattern is situated. The funetion of the objective and diffraction lenses, their associated stigmator

and apertures in HM and LM are compared in table 2.2.
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• High magnification Low magnifieation

Objective lens Image focus Diffraction (LAD) focus

Diffraction lens Diffraction focus Image focus

Objective aperture Contrast farming Area limiting

SA aperture Area limiting Contrast farming

Objective stigmator Image stigrnator DiftTaction stigmator

Diffraction stigmator Diffraction stigmator Image stigmator

Table 2. 2. Lens and aperture funetions in HM and LM.

Diffraction

Ali electrons which are diffracted aver the same angle will be foeussed at the same

position in the baek focal plane of the objective lens. The distance R trom the central transmitted

spot to a specifie difITacted spot is related to a eharacteristie spacing d between crystallographic

planes in the specimen by d =LÀ 1R where L is the camera length and À, the relativistic electron

wave length is calculated trom the electron accelerating voltage E by

À = h / mv = 12.27 IlE x [1 + 0.978 x 10-6 Er~ (Dorset, 1995).

•

(i) Se/ecled area diffraction. A diffraction pattern can be obtained by iIluminating the

specimen with a parallel beam (microprobe with over-focussed c;) and focussing the diffi"aetion

Jens onto the back focal plane ofthe objective lens. Introducing the SA aperture in the first
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intennediate image in the SA plane allows to Iimit the diffracting area ofthe specimen down to

0.4 ~m (for an objective lens magnification of25 times and a SA aperture of 10 ~m).

(ii) Micro-diffraction. In microprobe mode~ a spot size down to 40 nm can be focused on

the specimen by adjusting the C2 intensity. Only the very small iIIuminated area will contribute to

the diffraction pattern consisting then ofbroad spots instead of points due to the larger

convergence of the incident beam.

(i;;) Micro.micro diffraction. In nanoprobe mode, the spot size can be reduced down to 2

nm. The diffraction pattern consists then of large dises.

Darkfield imaging

Ifan aperture is used to stop the transmitted beam, selecting only scattered electrons, a

dark field image is obtained. Amongst the advantages ofthis mode are the simplification of the

image by selecting a specifie diffraction spot, the contrast improvement and provision of

additional information and the aid to the interpretation of diffiaction patterns.

A dark field image can be obtained either by displacing the objective aperture to a

diffracted spot in the diffiaction pattern or tilting the incident beam while keeping the aperture on

the optical axis.
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Law dose mode

In order to reduce the beam damage on very sensitive materials (e.g. negatively stained

materials, organic crystals, or frozen sections), the following methods may be used: lower beam

intensity by either over-focusing C2 lens or choosing smaller spotsize and smaller aperture, a TV

system being useful to improve the image intensity; lower the specimen temperature by using a

cryostat. A Low Dose technique may also be used: the area of interest of the specimen is looked

for at low magnification (Iow intensity - SEARCH state), the focusin& astigmatism corrections

and other image optimizations are then performed at high magnjfication (high intensity) at an off­

axis part of the specimen (FOCUS state), and finally a micrograph of the axial area, illuminated

only during the exposition lime, i5 taken (EXPOSURE state).

2. 2. 1. 4. Sample preparation

Enlbedding

The membranes were prepared by successive solvent exchange tirst with ethanol and

propylene oxide, then with mixtures of25% / 75%, 5()OAJ / 500AJ, 75% / 250/0, 100% /0% (twice)

of Spurr resin / propylene oxide. The Spur resin was prepared from (i) nonenyl succinic anhydride

(NSA), (ii) vinylcyclohexene dioxide (VeD), (iii) diglycidyl ether of polypropylene glycol (DER)

and (iv) dimethylaminoethanol (DMAE) mixed in that order in ratio of 10:6:26:0.4 respeetively.

The suspensions were systematically kept in a desiccator in order to keep exposure to
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atmospheric moisture ta a minimum. The impregnated samples were placed in capsules and the

resin was cured overnight in a 70°C oven. The resulting blacks were trimmed with a glass knife

and ultrathin sectioning (90 nm thick) was performed using a Riechert Ultracut E microtome

equipped with a Jumdi HA1017 diamond knife. The ultrathin sections floated onto water were

collected onto carbon-coated grids.

2. 2. 2. Vibrating sample magnetometry

Figure 2. 9. tirst model of vibrating sample magnetometer. (1) loud speaker transducer,

(2) conical paper cup support, (3) drinking straw, (4) reference sample, (5) sample, (6) reference

coils, (7) sample coils, (8) magnet poles, (9) metal container (Faner, 1959).

Ifa materia( is placed within a uniform magnetic field, a magnetic moment, 0, will be

induced. In a VSM, the sample is placed within the pick-up coils, and is made to undergo

sinusoidal motion thus resulting in magnetic flux changes which induce a voltage in the pick-up
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• coils. This voltage E is proportional to the magnetic moment of the sample (J through

E = aGA21tfcos (21tft), where G is dependant on the deteetion coil geometry, A is the amplitude

and fthe frequency of the sinusoidal vibration (Foner, 1996).

. ME;CHANICl..L SYSTEM ELECT~ONIC SYSTEM

1
I~~-E---<
1

/@ 1

_.@ 1

Qy 1

1

1!MCTlON 1 "-t"~......---.--E----+-~

/~I

Figure 2. 10. functional diagram orthe complete FM-I system.

The VSM we used (model FM-l, manufactured by PAR under license in US patent No.

•
2,946,948) is based on the instrument tirst described by Foner (1959), schematized in figure 2.9.

The complete system (electronic and mechanical portions) is represented figure 2. 10. The sample
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(11) is suspended bya long vertical rod (3) vibrated verticaJly by the transducer (4). A vibrating

capacitor (13) is made up of two fixed circular metal plates enclosed in two plates attached to rod

3 (figure 2.11).

! MOTION

'''-''OVING P\."T~, AH-'OIEO
TC AOC ~. EI.ECTR1CAu...y
1....5U...T~O F~ IT ANO
GROUNO.

-t:'lXEC f'lA~~,IKSUL"'TlD

~// !\ZCTRICAU.Y~fa)~
,,~ G~O.

Figure 2. Il. vibrating capacitor assembly.

Both sample (11) and sample pick-up coils (10) are enclosed in an extemally generated

magnetic field, the sample moving and the coils stationary in that field. An AC signal at vibrating

frequency and ofamplitude proportional to the magnetic moment of the sample is in result

generated in the sample coils and applied to the "sample signal outpuf~ (1 7), whiie an AC signal

(reference signal) generated by the vibrating capacitor at vibrating frequency and ofamplitude

proportional to the vibration amplitude and the OC voltage applied to the moving plates, is

applied to the "reference signal output" (16). The reference signal passes successively through a

pre-amplifier (20), a phase shifter (21) and an attenuator (22) before being combined to the

sample signal in an adder (24).

The output of the adder is fed via variable gain amplifier 23 to phase-sensitive deteetor 31

whose output is a OC voltage with amplitude proportional to the amplitude and with polarity
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dependant on the phase of the adder output. This DC feedback voltage, fed through lowpass

amplifier 30 to the capacitor plate assembly can automatically he adjusted to make the adder

output very nearly zero. A fraction of the DC feedback voltage is applied through the divider 25

to input A of chopper-stabilized DC amplifier 27, while inverse feedback is provided at input B

via divider 29 and variable DC source 26. When the output in 26 is the sarne as that of25, the

output of27 (28) will be at ground. Ifthe DC output of31, ie. the magnetization moment of the

sample should change slightly, a proportional change, detennined by the setting of29, will occur

at 28 and cao be recorded.

The external magnetic field used in the following chapters was within the range -1.5 T to

1.5 T. Throughout the measurement, the field steps were of-50 mT for a range -1 T to 1 T and ­

20 mT for a range - 0.1 T to 0.1 T. To establish the superparamagnetic character of our sample

on the basis of their coercive field these steps are one to two orders ofmagnitude too high and a

less accurate interpolation was used.

The instrument sensitivity given by the manufacturer is 5xlO·" lIT (5xIO·' emu). The

precision actually achieved in our measurements (deduced from the noise level for weakly

magnetic samples) was - 10~ Jrr (5xI0·2 1rrlkg for a mass of20 mg). To calibrate the

instrument, a nickel fiat cylinder <Ms = 55.4 Irr/kg) was vibrated parallel ta ilS axis direction.

63



•

•

%. 1. 3. Miissbauer spectroscopy

Since the majority of magnetic materials contain iron as their magnetic element, "Fe

Mossbauer spectroscopy provides an ideal research tool, being a nondestruetive and reliable

technique that offers high resolution ofcharge state, ordering temperature, magnetic moment

direction, and other parameters.

Mossbauer spectroscopy has become a standard technique to characterise

superparamagnetic partic1es; it offers many advantages over other techniques for measuring their

magnetic properties. It probes the solid state at the atomic dimensions so that one observes the

statistical sum of the individual isotope environment rather than a bulk average. The data cornes in

the form ofa spectrum rather than a magnitude, thus containing much more information in a form

that can be determined in a very precise way. The very sharp energy resolution investigation of

the small energy changes coming from hyperfine interactions between the nucleus and ils

surrounding electrons (Donnann, 1981). Finally, much smaller characteristic lime ('tm - 10 ns)

than other techniques such as VSM ('tm -- 1 s) al10w to detect magnetic ordering up to raster

relaxation times.

However, Mossbauer spectroscopy cannot replace other techniques from which

complementary data can be obtained. Examples are transmission Electron Microscopy (TEM ­

size, shape, concentration, crystallographic parameters of the particles), X-ray (size,

crystallographic parameters), Vibrating Sample Magnetometer (VSM - magnetisation).
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2. 2. 3. 1. Theory of Miissbauer spectroscopy

The Mossbauer elfect

The Môssbauer effect is the recoil-free emission or absorption ofa gamma ray (of energy

Ey) by a nucleus bound in a solid. For free nuclei, the recoil energy lost both during emission and

absorption would prevent resonant absorption under nonnal circumstances and the effect is

observable only ifboth emitting and absorbing nuclei are bound to a solid matrix. The y -transition

energy is then shared between the y-photon and the lattice vibration phonons. Because of

quantisation conditions, a fraction ofeventsf occurs with no change in the lattice vibrations, and

the entire transition energy is manifest in the y-photon energy Ey• The fraction ofrecoil-free event

f will then depend on,

- the free atom recoil energy, proportional to Ey 2,

- the temperature,

- the vibrationaJ properties of the lattice.

Rence, Môssbauer effect is restricted to certain isotopes and optimized in general for low

energy gamma rays associated with nuclei strongly bound in a crystallattice at low temperatures.

The importance ofiron bearing material and an almost ideal combination ofthe s7Fe isotope

physical properties for Mossbauer spectroscopy, makes this isotope by far the most widely used.
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• Mosshauer spectromeler

Mossbauer experimental set·up involves a radioactive source - which contains a

radioactive element producing the Mossbauer isotope in an excited state • and an absorber

consisting of the material to be investigated - which contains the same isotope in its ground state.

For s7Fe isotope, the source is usuaUy radioactive "Co giving by spontaneous electron capture

transition, a metastable state "Fe which decays to the ground state emitting a gamma ray cascade

including the 14.4 KeV gamma ray (figure 2.12).
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Figure 2. 12. nuclear decay of S7Co showing the transition giving the 14.4 KeV

Mossbauer gamma ray (Dickson and Berry, 1986).

Once emitted by the source, the gamma rays pass through the absorber where they May be

partia11y absorbed if their energy matches exactly the nuclear energy level gap in the absorber,

then passes to a suitable detector (figure 2.13). By the mean ofa transducer, the source is moved
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• away from or toward the absorber with a velocity of the order of 1 mm/s, giving the gamma ray

an energy shift as a result of the tirst arder Doppler effect. In arder to obtain an energy scan, the

source can he driven to follow an oscillatory motion, usually made at constant acceleratio~ giving

the velocity oscillation a triangular shape.
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Figure 2. 13. A block diagram of a typical Mossbauer spectrometer (Dickson and Berry,

1986).

Interpretation ofthe Mossbauer data

A Mossbauer spectrum is characterised by the number, shape, position and relative

intensity of the various absorption lines it contains. These features are related to the nature of the

•
hyperfine interactions experienced between the nuclei and the surrounding eleetrons and their time

dependance.
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The Hamiltonian for the atom can be written (Greenwood and Gibb, 1971):

The tirst term, Eth is the electric monopole (or coulombic) interaction between nucleus and

electron. It can he expressed as

with Ze, the charge of the nucleus; te, the dielectric constant ofvacuum; epc:, the electronic charge

density in the volume element d't; and r, the radial distance from the nucleus.

The second te~ Ml' is the magnetic dipole hyperfine interaction,

Ml = .p.H = -g ~m I.H,

with fi, the nuclear magnetic moment; H, the magnetic field at the nucleus; 1, the nuclear spin; g,

the Landé factor; and JJm the nuclear magneton.

The third and last term, Ez, is the electric quadrupole interaction,

with Q, the nuclear quadrupole moment; l, the nuclear spin; V the electric potential; ~, the spin
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Figure 2. 14. The effects on the nuclear energy levels of 51Fe of(a) the isomer shift, (b)

the quadrupole splitting and (c) the magnetic splitting (Dickson and Berry, 1986).

(i) The isomer shift. The first interaction, Eo, results in a shift in the position 6, of the

observed resonance lines known as the isomer or chemical shift (figure 2.14). It can be expressed

as

•
where [<rc

2> - <r,2>] accounts for the difference in the nuclear radius between the nucleus in the
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excited and the ground states, and [1 'IJ.(O)12
- 1••(0)1 2

] for the differences between the absorber

and source electronic densities (for instance in case the nuclei belongs to different materials). ais

thus funetion ofboth nuclear and eleetronie properties of the system. In practice, the nuclear

parameters are constant and in situations where they have already been determined, it is possible

to derive quantitative infonnation on the electronic environment of the nucleus from measurement

such as the atomie oxidation states or covalency effeets and shielding ofone set of electron by

another.

(ii) Quadrupo/e splilling. A nucleus with a spin quantum number ofgreater than 1=~ has

a non-spherical charge distribution which ifexpended as a series of multipoles contains a

quadrupole term. The quadrupole moment Qdescribing the magnitude of the nucleus charge

deformation can interact with an asymmetrical electric field produced by an asymmetrical electron

charge distribution which is characterized by an electrie field gradient tensor Eij = ... Vij == ... (a2y 1

c3x; ~). The result ofthis interaction, is a quadrupole splitting of the nuclear energy levels (figure

2.14).

In the case of S1Fe, a single Une spectrum results in a tVlo-lîne spectrum (doublet) \Vith the

two Iines separated by

with q = y rie; " = (Vxx'" Vyy)/VU'

Again, a nuclear quantity, the quadrupole moment, and an electronic quantity, the electric

field gradient are involved. The quadratie moment being defined for a given nucleus, information
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on the eleetric field gradient affected by the symmetry of the bounding environment and the local

structure in the vicinity of the atom can be extracted from the Môssbauer spectra. Access to

information relative to the electronic properties ofvarious orbitais, Isomerisation phenomena,

ligand structure is possible.

(iii) Magne/ie sp/itting. The term Ml in the Hamiltoni~ is the nuclear Zeeman effeet that

results when the nuclear magnetic moment interaets with a magnetic field. This magnetic field can

originate either within the atom itself, within the crystal via exchange interactions or as a result of

an extemally applied magnetic field. The corresponding energy levels are,

1being the nuclear spin; ml' the magnetic quantum number, component of1 along the field

direction (figure 2.14). For 57Fe, the ground state (1 = ~) and the excited state (1=3/2) split into

respectively two and four substates, giving fise according to the selection rules to six possible

transitions.

The splitting of the spectral lines is direetly proportional to the magnetic field experienced

by the nucleus which cao thus be easily measured. When no extemal field is applied, the only

contribution ta that field comes from the magnetic hyperfine field that can be related ta the orbital

state of the atom.ln paramagnetic compounds, the electron spin relaxation is usually rapid

(corresponding to lime scales « 10 ns) and results in hyperfine fields having a time average of

zero so that no magnetic splitting is seen. When cooperative phenornena such as ferromagnetism
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or antiferromagnetism operate, the relaxation rates are effectively slower and a splitting will be

recorded.

The magnetic splitting can provide information on the magnetic ordering and structure of

magnetically ordered systems, the nature of the magnetic interactions, the size of the magnetic

moments on particular atoms and details of the electronic structure of the atom which relate to the

hyperfine structure of the Mossbauer atom. Applying an extemal magnetic field cao change

significantly the spectrum and be ofconsiderable assistance in its interpretation.

(iv) rime dependent effects. As already mentioned, the vibrational properties of the system

affect the recoïl-free fraction of the Mossbauer effect, with changes on the line intensity of the

speetrum. One must consider also time-dependant changes in the nuclear environment~ referred to

as relaxation processes, relative to the characteristic times ofboth the Môssbauer process and the

hyperfine interaction. These relaxation processes arise from structural changes in systems, as weil

as electronic configuration changes such as valence fluctuation (electron hopping), or fluctuation

in the orientation of electronic spins (paramagnetism). These lime dependence effects affect both

the spectral line-shape and the value of the hyperfine Môssbauer parameters.

2. 2. 3. 2. Application ofMiissbauer spectrosc:opy to superparamagnetic systems

The characteristic period to be considered in a Môssbauer measurement can he estimated

as (Dormann, 1981):
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Magnetic nanoparticles are associated with a relaxation time t, and the three following

cases corresponding ta three different speetra are to be considered.

First when 't »tm, the spectra will be very similar to the one of the bulk matenal

featuring weil defined magnetic multiplet (six peaks in the s7Fe case). However, since the system

is DOW made of interaeting particles ofdifferent sizes (therefore ofdifferent relaxation times), the

spectra will feature asymmetrical and broadened Hne shapes. The small fluctuation of the

magnetization around an energy minimum (collective magnetic excitation) may also result in a

decrease in the measured hyperfine field:

Hhf (V,T) = Hw (V=œ,T) <cos 6>T'

where Hhf (V=oo,T) is the hyperfine field in a large crystal at the temperature T and <cos 6>T is

the thermal average of the angle ebetween the magnetization direction and the cas)' direction of

magnetization. In the low temperature limit (KV/kT » 1) it is round that:

<cos 6>T - 1 - kT/2KV.

When 't « 'Cm' the nuc1ear hyperfine magnetic field H..r will average to zero and the

spectrum will not feature any magnetic splitting. The rernaining features will then only be

attributable to an eventual quadrupole splitting or an isomer shift.
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In the intermediate range, t - 'tm, complex spectra with broaden lines can be observed. In

practice, t is very sensitive to temperature (t = 'toexp(KV1kaT»; in many cases only a small

fraction of the particles have relaxation times in the critical region ('tm - 10 ns) and the speetra cao

therefore he considered as consisting ofa magnetically split component (t » 't.J and a

paramagnetic component (r «'t..J. By comparing the areas of the two components, one can

estimate the proportion of particles having relaxation times higher or lower than 'tm. Then using

the Arrhenius expression

't = 'to exp(KV/ kaT)~

a critical volume Vc = (kBTIK) ln (t/to) can he determined for several temperatures, leading to an

estimate of the volume distribution. The volume determined for equal areas is named the median

volume and the corresponding temperature, the mean b/ocking tempera/lire < Ta> .
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CBAPTER m - MAGNETIC MEMBRANES BASED ON BACTERIAL AND MAN­

MADE CELLULOSE

3. 1. Introduction

The technique ofprecipitation of inorganic salts in cellulose fibres to define the microvoids

and texture offibrous cellulose was reviewed by Hock and Mark (1946). Frey-Wyssling (1959)

and others (Frey-Wyssling and Mühlethaler, 1965; Belford and Preston, 1957; Belford et al.,

1958) made extensive use of the technique in the pre-electron microscope era for ultrastructural

studies complementary to x-ray diffraction line-broadening. The method remained unused once

transmission eleetron microscopy became the method ofchoice for observing the microfibrils and

texturai organization ofcellulosic, chitins, algae, etc. However, the methodology for creating

these composites is being revisited as the drive to explore nanocomposite materials expands

(Calvert, 1994; St. Pierre et al., 1994).

An approach to the synthesis of ferrites in the cell wall of cellulose fibres started with

carboxymethylated pulp which yielded nanocomposite superswollen fibres (Marchessault et al. ,

1992). These fibres dried to parchment-like membranes with 100 Asize ferrites embedded in the

cellulosic matnx. A practical application of this subject is synthesis of superparamagnetic fibres

and membranes which only respond magnetically in the presence ofa field, do not display

remanence and show less colouration than materials based on conventional ferrites (Ziolo el al.,

1992). While the carboxymethylated cellulose pulp provided a highly swollen iONC matrix,

ongoing studies suggested that neutral cellulose gels would be just as effective a substrate, that is
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ion exchange is not necessary for introducing ferrous ions into a cellulose matrix. The dynamics of

ferrite synthesis suggest that the raie of the ionic matrix is to encourage a diffusion process for the

ferrous ions and the initial ion exchange (Ziolo, 1984) is pan ofthis interaction. The subsequent

chemistry to generate magnetic iron oxides takes place in the microvoids of the swol1en matrix, as

in a collection of parallel-linked microreactors with a high surface to volume ratio (Raymond el

al., 1994; ibid, 1995).

In a previous paper three neutral cellulose gels which were exposed to the ferrite synthesis

methodology were described. The treated gels were subsequently examined by transmission

eleetron microscopy combined with magnetic properties evaluation (Raymond el al., 1994; ibid,

1995). The three cellulose samples were: alkali swollen tirecord rayon, never dried wet-spun

model fibres ofcellulose, and never dried but purified membranes ofbacterial cellulose. These

samples provided controlled levels of swelling and known morphologies for testing the hypothesis

that nanocomposite ferrite synthesis in cellulosics depends only on the size, shape and distribution

of the water domains inside the swollen matrix. As long as diffusional penetration ofFe2
+ into the

swollen matrix is satisfactory, neutral cellulose gels are effective materials for Însitu synthesis of

ferrites. Of the three samples of neutral gels, the model wet-spun fibres and the bacteria) cellulose

provided produets where nanosize ferrites were uniformly spread throughout the swollen

substrate. X-ray analysis provided evidence for the presence ofat least two different ferrites:

maghemite (y-F~03) and magnetite (F~O..). These ferrites have very similar ferrimagnetic spinel

structures, mainly differing in the occupation of the octahedral sites which is only complete for

stoichiometric magnetite. These very similar structures make a clean distinction difficult, as the

actual stoichiometry can range between the two theoreticallimits (Vanderberghe el al., 1990).
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Ofparticular interest was the bacterial cellulose (Raymond et a/., 1994; ibid, 1995), a

highly swollen microfibrillar gel (100: 1 water/cellulose ratio) which after in situ synthesis of

ferrites dries to a magnetic thin film nanocomposite. In the present study, this gel is further

charaeterized in parallel with another gel membrane: Lyocell, a man-made cast film similar to the

above mentioned wet-spun fibre, though being coagulated as a membrane rather than a fibre.
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3. 2. Experimental section

3. 2. 1. Materials

Bacterial cellulose (Be) membranes from Acetobacter rylinum, produeed at the surface

of the culture medium, were kindly provided by K. Watanabe ofBiopolymer Research Co. Ltd,

Kanasaki 213, Japan. After washing in distilled water (DW) they were boiled in 4% (w/w)

aqueous NaOH to destroy protein followed by another wash to neutrality. These purified gel

bacterial celluloses (about 2 mm thick and containing 99% of water by weight) were stored in

50% ethanol. When used, they were solvent exchanged to 100% DW.

Lyocell membranes were cast from solutions of7.5% dissolving cellulose pulp in N­

methylmorpholine-N-oxide (MMO), coagulated in 60°C water, as a uniform thickness membrane

(Chanzy et al., 1979). The materials thus obtained were thoroughly washed and used in the water­

swollen state to prepare nanocomposites. They were 1 mm thick and contained about 80% water

by weight.

The two different gels under consideratio~ are both made ofcellulose. Baeterial cellulose

is a native cellulose, having a high degree of crystallinity (-70%) when dried, but forming a very

swollen nascent gel. Lyoeen is a coagulated solution ofcellulose fanning a tough membrane when

dried, with a degree of crystallinity of40 to 45%. These parameters are expected to affect the

phase, shape, size distribution and concentration of the ferrites yielded by in situ synthesis.
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3. 2. 2. In situ synthesis

Membranes ofbacterial cellulose (BeR) and fibres ofmodel filaments were described

previously (Raymond et al., 1995). In the present wor~ other bacterial cellulose membranes

(DeS) as weil as Lyocell membranes were in situ processed to create ferrite nanocomposites,

using the following protocol: approxirnately ten grams of never-dried purified baeterial cellulose

(or Lyoeell) membranes are dipped in a solution ofFeC12.4H20 (l glI00 ml ofDW). After a

period ofone hour, the sarnple is rinsed and dipped in a fresh solution ofNaOH (50 ml at 0.02

M), causing development of a dark-green colour; the suspension is then heated to 65 oC in a

water-bath and hydrogen peroxide (10 ml at 1 %) is added dropwise over a period of 15 minutes.

The container is then removed from the heat source and the sample is stirred for one hour,

followed by DW washing. Up to five cycles ofthis treatment were performed. In this treatment,

the membranes were successively dipped into the different reagents rather than immersed in a

single container where a bulk reaetion would occur along with the in situ synthesis. By th.is means

the focus of the reactions was exclusively inside the membrane.

The chemistry implied in the successive reaetions is complex and various factors can affect

the process. In panicular, Fe2
'" ions are easily oxidised to Fel

+ ions, their respective concentrations

determine the yield of the synthesis. In arder to have a better control of these parameters, only

fresh reagents should be used. Nitrogen was bubbled through the iron chloride solution, to lower

the concentration of 02. The addition of iron metal, ideally as fine "wool", has been used to

promote the reduction ofFe3
+ ions (tl + 2Fe3+-t 3Fe2+) (Ziolo, 1984).

Drying of the processed sample is a crucial step ifone desires a tough uniform membrane.
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Most of the samples used in this work were dried either on Teflon or on glass (Teflon avoids

adhesion whereas glass prevents membrane curling).

3. 2. 3. Transmission Electron Microscopy (TEM)

After solvent exchange to ethanol and then to propylene oxide, the membranes were

embedded in Spur resin either as a neverdried gel (Lyocell and BeR) or as a dry parchment

(DeS), and ultrathin sectioning was performed with a Reichert Ultracut E microtome equipped

with a diamond knife.

Oried Lyoeen membranes were ground in DW using a monar and pestle, then was placed

on a TEM grid and allowed to dry.

A Philips CM 200 transmission electron microscope (TEM) operated at 160 kV, or 200

kV was used for imaging by diffraction contrast in the bright field mode and for selected area

(SA) diffraction.

3. 2. 4. Magnetic characterisation

The magnetic properties of the in situ, treated materials after air drying were examined by

vibrating sample magnetometry (VMS) and Mëssbauer spectroscopy (MS). For the VMS

measurernents, approximately 20 mg ofsample was vibrated in a magnetic field of up to 1.5 T and

the response orthe material was plotted as a funetion ofthe applied field to yield a magnetization

curve. A conventional constant acceleration Mossbauer speetrorneter in transmission geometry
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using a 1Gbq57CoRh source was used.

3. 3. Results and discussion

With the naked eye, it was possible to distinguish a darker skin at the surface of the

processed Lyoeell membranes suggesting that ferrites where predominantly Corming al the

surface. In the case ofbacterial cellulose, the membranes showed a more homogeneous colour.

Lyoeell membranes are probably more resistant to penetration than baeterial cellulose due to the

combination of lower swelling and the formation of a skin during the coagulation process.

3.3. 1. Transmission Electron Mic:roscopy

Micrographs ofLyocell membranes (figure 3.1) are dominated by particles of two

different shapes, acicular and equiaxial. Except for sorne fine grains (- 1 nm), acicular particles

(20 - 100 nm long, with an aspect ratio - 4 - 10) were the ooly particles to he seen after single

cycle treatment. From the second cycle o~ equiaxial panicles are prevalent. Both their size and

concentration then increase trom the second (5 - 10 nm for the smaller, 15 - 20 nm for the larger)

to the third cycle (- 13 nm for the smaller, 20 - 40 nm for the larger). Electron diffractograms for

equiaxial particles from the second and third cycles suggest the presence of magnetite and

ferrihydrite (5F~03.9H20). Single crystal diffraction patterns for large elongated particles (- SOO

nm long, - 50 nrn wide) correspond to diffraction data for &-FeOOH (feroxyhite).
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Figure 3. la. Electron micrograph of Lyocell membrane after one cycle of the in silu

process. The bar corresponds to 200 om.
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Figure 3. lb. Electron micrograph ofLyoceli membrane after three cycles ofthe in situ

process. The equiaxial particles not observed after one cycle, are present here. The bar

corresponds to 500 nm.
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• The above observations seem to indicate the occurrence in Lyocell membranes, on the tirst

cycle (figure 3.1a) offeroxyhite in the form ofneedles, while at this stage, magnetite only appears

as seed particles (- 1 nm) in weak concentration. Feroxyhite was indeed reported as the product

of topotaetic transformation of ferrous hydroxide precipitates by fast oxidation in strongly alkaline

medium (cf section 1.2.2; Bernai etai., 1959). From the second cycle on (figure 3.1b), round

particles identitied by TEM diffraction as rnagnetite, appear to the detriment of the needles,

suggesting that freshly supplied ferrous ions combine with ferrie ions provided by the hydrated

ferric oxide phase ta forme a new phase of mixed valence, magnetite.

V6-FeOOB

- - 2'1'\ N- ~- -- -t>- !> C>

- ~-; •
~

0 0

(a)

! (b)- -C> :
6' - :.- C>N a~ - Q' -S -0 0 5' - §'

,.. -- N e. !:!.
t> - :: ::. 0 0- -C> C> !>

::- -=- ..
~ ~
0 0

40
~ (dei) ~ (dei)

Figure 3. 2. XRD pattern ofLyocell (7.5%) membranes in situ treated over one cycle

•
(upper most), two cycles and three cycles (Iower most). (a) ground membrane; (b) membrane ~'as

prepared".
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X-ray diffraction (XRD) patterns - using Cu-Ka radiation (À = 1.5418 A) - were

measured for the Lyocell membranes (figure 3.2) either "as preparedn (as X-rays are absorbed by

the cellulose, the pattern is surface dominated) or ground. No signiticant difference was observed

between the two patterns after one cycle attesting the concentration offeroxyhite at the surface.

A difference appears after two, and is very clear after three cycles, as a result of the ferrites

penetration within the membrane, where magnetite replaces feroxyhite.

The above discussion applies to treatments usingjast oxidalion with peroxide: feroxyhite

in that case is produced tirst, magnetite appearing onJy after several cycles. Figure 3.3 shows a

micrograph ofa Lyocell membrane treated this time with slow oxidation by contact with

atmospheric air. Magnetite appeared here directly after one cycle in the fonn of large particles

(200 to 400 nm) coating the surface, while forming only few fine paJ1icles (10 - 15 nm) inside the

membrane, with shallow penetration. An indirect formation of magnetite over several cycles

therefore improves the loading homogeneity. The absence of fine particles (10 - 15 nm) in the

immediate vicinity of the surface (figure 3.3) testifies on the other hand that a surface skin has

formed during the fi!m coating process. The accidentai presence in this skin ofa large hole filled

up by a large ferrite aggregate, indicates that the surrounding fine partic1es (beyond the skin) are

accurate replicas of the void spaces provided by the membrane.

87



•

•

Figure 3. 3. Transmission electron micrograph ofultrathin section ofa neverdried Lyocell

membrane. The ferrites were oxidized by contact with atmospheric air (slow oxidation).
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MicTographs ofembedded wet bacterial cellulose BeR sections (figure 3.4) show both

equiaxial and needlelike partieles agglomerated and aligned. The equiaxial particles range in size

from about lOto 15 nm after three cycles and about 20 nm after five, being then more

concentrated. The needles are 50 to 200 nm long with an aspect ratio of 10 - 20. Electron

diffraction patterns were compatible with reference data fo!" maghemite and lepidocrocite (y­

FeOOH).

The system made ofneedles encapsulated by round particles seems to replicate the fibrillar

structure of the membrane, suggesting therefore that the cellulose fibrils would aet as the

nucleation site for growing needles which in tum provide a nucleation site for growing round

particles. This is in keeping with the idea that a polar substrate is important but not necessarily an

ionic one. The polar inner spaee aets to provide optimal penetration, and subsequent ferrite

growth in confined space creates the nanosize ferrites.

In BeR membranes, the needles were identified as lepidocrocite (y-FeOOH) whereas

feroxyhite (a-FeOOH) was found both in Lyocell (cf. above) and in BeS (cf. below) membranes.

The treatment used to synthetise the BeR membranes (Raymond et al., 1995) was in fact

different than the one used here for Lyocell and BCS membranes, in that the ferrous ions present

in solution outside the membrane were not removed before addition ofNaOH. This might have

decreased the pH increasing in tum the free Fe2• concentration inside the membrane. Part of these

free Fe2
+ may he oxidized to Fel., both combining to fOTm a ferroso-ferne phase (green rust)

which on subsequent oxidation would yield either lepidocroeite (fast oxidation), or magnetite

(oxidation slow enough for dehydration to take place) (cf section 1.2.2; Bernai et al., 1959;

Taylor and Schwertmann, 1974). Free ferrous ions, freshly supplied on the following cyeles would
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then be adsorbed on lepidocrocite, fonning an intennediate complex, itself transforrned to

magnetite. This mechanism has been referred as a dissolution-precipitation process (cf section

1.2.2; Tamaura el al., 1983) or dissolution-recrystallisation and would explain the presence of

magnetite particles at the surface of lepidocrocite needles.

Sections ofdried BCS membranes (Figure 3.5) show the presence of round partieles of

two characteristic sizes, the smaller (- 20 nm) being coneentrated in the membrane thickness, the

larger (- 50 nm) close to the surface. Elongated particles are also observable, coating the

membrane surface and tangled in an open cellulosic fibrillar structure.

Diffraction patterns for these samples featured concentric rings, with d-spacing

characteristic of magnetite. Diffraction patterns for the elongated particles gave parameters that

could be accurately associated with feroxyhite (ô-FeOOH), the occurrence ofwhich has been

reported for similar chemical conditions, i.e. rapid oxidation of alkaline ferrous hydroxide

suspensions by hydrogen peroxide (powers, 1975).

The preferential location of the ferOJq;hite needles at the membrane surface, white round

magnetite particles (produeed by slow oxidation, at lower pH) are in majority inside the

membrane may result from restricted access inside the membrane to oxidizing agents and OH­

ions.
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Figure 3. 4. Electron micrograph of a never-dried BeR membrane section after three

cycles of the in situ process. Acicular partic1es are surrounded by equiaxial partic1es in a very

open texture. The bar corresponds to 200 nm.
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Figure 3. 5a. Electron micrograph of a dried BCS membrane section after one cycles of

the in silu process. Rodlike particles are visible on the surface. The bar corresponds to 1 J,lm.
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Figure 3. Sb. Electron micrograph of a dried BCS membrane section after three cycles of

the in situ process. Equiaxial particles are larger on the surface than inside the membrane. The bar

corresponds to 1 J,lm.
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• 3. 3. %. Vibrating Sample Magnetometry

Vibrating sample magnetometry (VSM) has a measurement timescaJe ofabout one

second. On that time scale, ail samples were found to be superparamagnetic at room temperature,

i. e. neither remanence nor coercivity were observed.

Measured Magnetisation curves (Figure 3.6) were fitted by superposing th.ree to four

Langevin functions, corresponding to a distribution of particle magnetic moments:

(1)

where Ms corresponds to the global saturation Magnetisation, ai is the proportion of particle i of

magnetic moment Joli' ranging from 10-16 to 10-21 lrr; Lis the Langevin function:

•

L(x) =cath x - l/x.

The result ofthe fit is shown in figure 3.7.
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Figure 3.6. Magnetisation curves measured by VSM for Lyocell (above) and BeR

(below) membranes. The fit using equation (1) is represented as a solid Hne.
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Figure 3. 7. Magnetisation moment distribution dedueed from the fit of the magnetisation

curves. Top is Lyoeen, bottom is bacterial cellulose membrane.
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• From the magnetic moment distribution figure 7, the volume ofthe partic1es Vj can be

deduced using

(3)

•

provided that their saturation magnetisation m. is known. TEM showed the presence of spherical

Magnetite particles (m. - 5xlO' Jff/ml) and rodlike feroxyhite partic1es (11\ - ID' lIT/ml). The

distribution deduced from the fit (figure 3.7) is relatively broad, resulting from density fluctuations

inside the membranes. Lyoeell membranes have the broadest distribution, whereas the distribution

peak would correspond to spherical magnetite particles - 7 - 15 nm in diameter or cylindrical

feroxyhite particles - 30 - 60 nm long (aspect ratio orfour), comparable to the dimensions found

by TEM (cf. Section 3.3.1). For BeR membranes, the distribution peak would correspond to

magnetite spheres - 7 nm in diameter or feroxyhite cylinders - 50 nm long (aspect ratio often)

after one cycle, and respectively - 15 Ml (magnetite spheres) or - 120 nm (feroxyhite cylinders)

after three to five cycles, again in good agreement with the rEM results.

An estimate orthe iron present in the samples was deduced from the fit (table 3.1), based

on the assumption that bulk magnetite was the only magnetic component, i. e. the global saturation

Magnetisation~ would be 122 JrrlkgFc: (88 Jrrlkg). The iron content derived by this means is

considerably less than that measured by atomic absorption.
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Sample weight ·1. Ft

Lyocell VSM al. abs.

1 cycle 0.15% 2.07%

2 cycles 1.29% 4.08%

3 cycles 2.58% 6.090fc»

DCR VSM al. abs.

1 cycle 3.35% 18.6901'0

3 cycles 8.08% 28.83%

5 cycles 8.80% 37.38%

DeS VSM at. abs.

1 cycle 0.76% 9.79%

2 cycles 1.24% 20.25%

3 cycles 1.66% 20.91%

4 cycles 4.91% 22.28%

Table 3. 1. Percentage of the sample weight attributable to iron. The first column was

deduced from the fit of the magnetisation curves, assuming that the iron was entirely present as

magnetite. The iron composition on the last column was determined by digesting a weighed

sample in an acid mixture and analysing using atomic absorption.

The discrepancy between the two sets ofTable 3.1 data can be explained as follows. First,

the above mentioned global saturation magnetisation~ corresponds to bulk magnetite with no

consideration of the tinite size or thermal effeets usually responsible for a spin canting inside

magnetic nanoparticles. The aetual saturation magnetisation is hence expeeted to have lower

values (Martinez et al. (1996) round a decrease in the saturation magnetisation ofmaghemite
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particles at 4.2K from 88 emulg ta 23 emulg and 64 emu/g for particle sizes ofrespectively 15 Ml

and - 40 - 45 nm). Second~ iron compounds other than magnetite or maghemite were found in

our samples amongst which some are weakly ferrimagnetic (6-FeOOH or 5F~OJ-9H20 with a

saturation magnetisation of- 30 - 40 emu/gF~ ie. three to four times smaller than the one used in

our estimation) or antiferromagnetic (e.g. lepidocrocite) hence praetically not contributing to the

global magnetisation.

The gap between the iron content deduced from the fit and the one from atomic

absorption (Table 3.1) decreases on cycling for Lyocell membranes, a result expeeted from the

formation of magnetite at the expense of the more weakly magnetic feroxyhite, observed both by

TEM and XRD (cf section 3.3.1).

3.3.3. Mossbauer spectroscopy

Môssbauer spectra for BeR were reported by L. Raymond et al. (1995), while spectra for

Lyocell (Figure 3.8) were measured in the present work.

Spectra for Lyoeell samples feature a doublet in ail cases, meaning that particles below a

critical size (i.e. for whieh the blocking temperature is below room temperature) are always

present in significant proportions. The corresponding quadrupole splitting of tJ. - 0.75 ± 0.02

mm/s can be associated with the contribution ofFeJ
+ ions in oetahedral oxygen coordination. It

could thus be attributed to the presence of smail magnetite particles, feroxyhite or ferrihydrite

(Vanderberghe et al., 1990).
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Figure 3. 8. Mossbauer spectra for Lyoeell at room temperature. The membranes were in

situ treated over 1 cycle (uppennost spectrum), 2 cycles and 3 cycles (lowennost spectrum).
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• The sextet present for the tirst cycle corresponds to a magnetic hyperfine splitting ofBh( =

37.3 ± 0.3 T that could be assigned to the contribution offeroxyhite (for chemically pure, weil

crystallised compounds Bh( = 42.0 T at room temperature - cf chapter 1, table 1.4) found on the

corresponding XRD pattern (figure 3.2) and electron micrograph (needles on figure 3. la). After

the second cycle, this sextet is still present, but now superposed on a second sextet with a

hyperfine splitting of B'hl" = 45.2 ± 0.3 T. This second sextet becomes predominant after the lhird

cycle, with then a hyperfine splitting ofB'br =48.0 ± 0.1 T, and featuring a shape characteristic of

maghemite / nonstoichiometric magnetite fine-particle spectra (Martinez et al., 1996).

Similar observations can be made on spectra for bacterial cellulose. For BeR samples (L.

Raymond el al., 1995), a doublet is present up to the third cycle, then disappear from the fourth

cycle on. The fitting ofthis doublet was made here, and gave a quadrupole splitting of 0.83 ± 0.02

mm/s, somewhat larger than for Lyocel1 and attributed to the presence offerrihydrite (cf chapter

l, table 1.4). A magnetic splitting is present on each spectra, showing for the fifth cycle a shape

typical ofrelaxing maghemite particles (cf Lyocell above). The related hyperfine field was 45.5 ±

0.1 T for the third cycle and 46.6 ± 0.1 T for the fifth.

Relaxation processes (cf VSM section) are responsible for a decrease in the hyperfine

field with respect to its bulk value:

BtlV,T) =B~V=oo,T) <COS6>T' (4)

•
where B~V=oo,T) corresponds to the hypertine field in the bulk crystal, al the same temperature,
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• cos6 is the cosine of the angle between the magnetisation direction and the axis ofeasy

magnetisatio~ and <COSO>T its thermal average near one of the minima (Msrup el al., 1980).

Using the approximation

<cos 6>T - 1 - kBT/2KV, (5)

•

for kBT/KV« 1, a value for KV could be estimated, then using K- 10" J/m3 for magnetite, V

could be deduced (Table 3.2). The volumes caleulated for the BeR membranes (18 nm after 3

cycles, 20 Dm after tive cycles) are in good agreement with the respective 10 - 15 nm and - 20 nm

observed by TEM and the size distribution deduced from the VSM curves, with a maximum at ­

IS nm. For Lyoeell membranes (17 nm after two cycles, 27 nm after three cycles), the agreement

is good with the larger sizes observed by TEM (resp. 10 - IS nrn and 20 - 40 nm). The sue

distribution (Figure 3.7) deduced from the VSM curve includes the two sizes Table 3.2. However,

the distribution maximum corresponds to lower sizes (- 7 nm) in agreement with the persistence

of the doublet.
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B <cos8> KV V D
(Tesla) (10-11 J) (10-15 ml) (nm)

Lyocell 45.2 0.92 2.6 26 17.1
2 cycles ::0.3 ±0.4

Lyocell 48.0 0.98 10.4 104 26.0
3 cycles ±0.1 ±0.8

BCR 45.5 0.93 3.0 30 17.5
3 cycles ±O.I ±O.2

BeR 46.6 0.95 4.1 41 19.8
5 cycles ::0.1 ± 0.3

Table 3. 2. Hyperfine fields measured on the Mossbauer spectra for the sextet related to

magnetite (the bulk value is 49.1 T al RT - cf chapter 1, table 1.4). The average pal1icle volume

was deduced using equations (4) and (5). The uncertainty on D was estimated from the

uncertainty on the measure ofB.
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3. 4. Conclusions

The work presented in this chapter attempted to correlate a quantitative physical

characterisation and a chemical optimisation. The in silu synthesis produced particles of two

distinct phases and morphologies: needle-like feroxyhite (a-FeOOH) after one cycle, concentrated

at the membrane surface and spherical Magnetite (Fe10.) after several cycles, dispersed within the

membrane.

The results obtained, provide direction in order to focus the yield of in situ synthesis on

superparamagnetie maghemite or magnetite of determined size. The determining role of the

microscopie texture of the substrate as weil as the effeet ofits inner spaee nas been examined. Of

the two gel cellulosic substrates used, bacterial cellulose and Lyocell, the former gave a higher

yield and more uniform loading of ferrites.

Bacteria) cellulose gels ean be synthesized in a stirred tank to yield a suspension of swollen

fibrillar pellets (section 2.1. 1; Watanabe and Yamanaka, 1994). In sueh a configuration, we expeet

to enhance the efficiency and homogeneity (narrower size distribution) ofour synthesis because a

membranous surface is absent. Once the in silu synthesis is achieved, the fjbriUar pellets in

suspension can be used as soft beads or ean be deposited on a parous substrate for assembling

parchrnent-like nanocomposite membranes.
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CBAPTER IV - MAGNETIC MEMBRANES MADE FROM BACTERIAL CELLULOSE

FIBRILLAR SUSPENSIONS

4. 1. Introduction

Bacterial cellulose (Be) can he grown as a microfibrilar suspension or as a gelatinous

membrane depending on whether the culture medium is stirred or static (cf. section 2.1.1). A Be

membrane is inhomogeneous by nature and in the presence of chemically active reagent, will have

its surface directly exposed to the reagents with no spatial constraints while access to the

membrane interior will depend on diffusion through the surface skin and into the interfibrillar

space. The reaction is constrained to a finite volume determined by the inner morphology of the

membrane; the space constraint allows a rough panicle size control of in silu produced ferrites

while slow diffusion decreases the oxidation rate favouring dehydrated iron oxides (magnetite and

maghemite) precipitation (cf chapter Ill).

In case of a microfibrillar suspension~ the reagents flow homogeneously throughout the

reactor~ hence only the chemical reaction conditions control the ferrite size. The resulting product

is formed under more unifonn conditions and can be used to fonn a homogeneous membrane by

means ofpaper-making techniques i.e. drainage ofthe suspension on a screen.

107



•

•

4. 2. Esperimental section

4. 2. 1. Materials

Bacterial cellulose obtained nom Acetobacter Xylinum prepared in stirred culture and

subsequently purified (cf section 2.1.1), was provided by Monsanto (Nutrasweet-Kelco Division,

San Diego CA.) under the name Ce/lulon. The "as received" material was a fibrous paste made of

1 mm diameter loose pellet aggregates of BC microfibrils in about 85% water by weight. The

paste can be homogenized by treatment with a vigorous ultrasound dispersing apparatus but this

procedure was not used in these experiments.

4. 2. 2. ln situ synthesis

Two experiment sets were run. On afirst set, two sampies were prepared: samp/e (i), for

which the whoJe synthesis took place in a single container, and samp/e (il), for which the

adsorption saturation ofFe2
+ and the reaction with NaOH took place in separate containers, the

transfer between the two being made after a centrifugation step discarding the non-adsorbed Fe2
+

ions.

For both samples, 10 g ofthe Cellulon paste were dispersed in 100 ml distilled water

(DW), bringing the cellulose content to - 1.5% of the total weight. Nitrogen bubbling (15

minutes) eliminated dissolved oxygen. 10 g ofFeC12.4H20 was added to the suspension, raising

the Fe2
+ concentration to 0.5 molli. The suspension was aged (30 minutes) ooly in case ofsample

108



•

•

(ii) for thorough adsorption of Fe2
+ to take place before centrifugation.

NaOH was used to precipitate the ferrous hydroxide. For sample (i), following the

adsorption of Fe2+, the OH- concentration was increased in the suspension to 1 mo1l1. For sample

(ii), the suspension was tirst centrifuged, and redispersed in a solution containing 1 m01l1 of

NaOA. The suspension was thereafter heated up (to 65°C after 30 min for sample (i) - to 7S0C

after 5 min for sample (ii», and once this temperature reached, exposed to atmospheric air for

approximately 4 hours ta he oxidized.

For a second set, a standard (std.) treatment was defined as follows. Be suspensions were

gently dispersed into DW, the cellulose content being set to 0.5% of the total weight. After

bubbling Nz gas 15 minutes through the suspension to remove dissolved oxygen, crystals of

FeClz.4HzO were added to bring the initial Fez+concentration ([Fez+]wJ ta 0.1 moVl (ie. 10 times

lower than in the first set). After two hours of aging (instead of 30 minutes in the first set for the

centrifuged sample), the sample was centrifuged for a few minutes and redispersed into a solution

ofNaOH (concentration: 0.1 mol/l). Iwo hours after, the suspension was brought close to sooe,

exposed to atmospheric air to be oxidized for a period of two hours. The sample was then

centrifuged, dispersed into DW, centrifuged a second time, to he finally dispersed in absolute

ethanol.

Several samples were treated in conditions where one and only one parameter was

changed with respect to its standard value: (i) the [Fe2+]init changed ftom O. 1 moVi to 0.01 mol/l

(low concentration) or 1.0 moUi (high concentration), (ii) the aging lime in FeCI2.4HzO, raised

tTom 2 hours ta four hours, (iii) the (NaOH] changed from 0.1 molli ta 0.01 moVl (low
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• concentration) and 1,0 moIJl (high concentration), (iv) the reaetion time in NaOH before

oxidatio~ decreased from 2 hours to 5 minutes, and finally, (v) the oxidation temperature, set

once at room temperature (RT) instead of sooe.

Part of the suspension was poured on a paper tilter and dried in an oven at 70°C, The

dried sample was a fine sheet easily detached trom the tilter paper.

1" SD Iyaabaïs procedure for Be microfibrillar luspealio.

A. Fint set l, Sample preparation - 1.5% cellulose gently dispersed into nitrogen saturated distilled water

(DWINJ.

•

2. Aging in FeC/~4H10 - concentration: 0.5 moll1

- aging time: 5 min for sample (i),

30 min for sample (ii).

3. Centrifugation - no centrifugation for sample (i).

- one centrifugation for sample (ii) for one min (supernatant Fe2+

discardcd - - 1/4 of the total volume remains).

4. Reaction wilh NaOH - concentration: 1 molli,

• reaction time: 30 min for sample (i),

Smin for sample (ii),

• added to the initial suspension for sample (i),

• prepared in a new container in which sample (ii) is redispersed after

centrifugation.

5. Oxidation - stirred in presence of atmospheric air,

• temperatw'e: 65 - 7SoC,

- oxidation lime: 3 to 6 hoW'S.

6. Final step - bath samples are stored in absolute elhanol.
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• B. Second set 1. Sample prepara/ion - 0.5% cellulose dispersed into DWIN2•

2. Aging in FeC/1'4HjJ - concentrations: 0.01 molll.

0.1 molll (standard).

1.0 molll.

- aging tUne: 2 hours (std.).

4 hours for one sample otherwise treated lUlder std.

cond..

3. Centrifuga/ion - ail samples are centrifuged once for one min (supematant Fel
+

discarded - - 1/4 of the total volwne remains).

4. Reaction wilh NaOH - concentrations: 0.01 molli,

0.1 molli (std.),

1.0 molli,

- reaclion time: 2 hours (std).

5 min for one sample otherwise treated under std.

cond..

- preparai in a new container in which samples are redispersed after

centrifugation.

5. Oxidation - stirred in presence ofatmospheric air.

- temperanue: - SOOC (std.).

room temperalUre for one sample otherwise treated

Wlder std. cond..

- oxidation lime: 2 hoW'S.

•

6. Final slep - ail samples are centrifuged, redispersed in DWIN1 , centrifuged and

redispersed in absolute ethanol,

- dried at 7CfC on filler paper.
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4. 1. 3. X-ray difTraction (XRD)

1 cm2 of the dried sample was mounted on a glass slide by the rnean ofa double sided

tape. X-ray diffraction patterns were obtained using a powder diffractometer in reflexion. Cu-Ka

radiation (À = 1.5418 A) was used. A crystalline size (D) was estimated nom the halfheight

broadening (HHB) of the one or two mast intense peaks (at diffraction angle 26) using the

Sherrer-Debye expression

mm =54 À / D cos (28/2).

4. 1. 4. Transmission Electron Microscopy (TEM)

A drop of each ethanol suspension of in situ produet was deposited and allowed to dry on

a carbon coated copper grid. A Philips CM 200 transmission electron microscope (TEM)

operated at 200 k\' \vas used for imaging by diffiaction contrast and for seleeted area (SA)

diffraction.

4.2. 5. Magnetic characterisation

The magnetic properties of the in situ, treated materiaJs after air drying were examined by

vibrating sample magnetometry (VMS). Approximately 20 mg of the dried membrane was rolled

and vibrated perpendicular to a magnetic field ofup to 1.5 T. The response of the material was
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plotted as a function of the applied field to yield a magnetization curve.

4. 3. ResulU and discussion

4. 3. 1. Macroscopic aspect

The colours taken by the different samples throughout the synthesis process are

summarized in table 4.1; the final colours (figure 4.1) correspond to varying mixtures ofF~04

(black / dark brown) / FeOOH (yellow / rusty).

Solutions after oxidation were usually strongly alkaline (pH> 12) except for treatments

where (NaOH] was low or [Fe2+]init was high, the pH being then slightly acid (.... 5-6).

On drying, the suspension gave tough sheets, easily removed from the paper tilter, except

the one treated with high NaOH concentration which yielded a very brittle sheet on drying.
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set).

Figure 4. 1. Calour taken by the ditferent samples after the whole in situ process (second
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Fint set 1. 1. 3. 4. 5. 6.

Sample Ci) white pale green - whitish-grecn grey black
pH-8 pH-6

Sample Cii) white pale green - clark-green dark grey black
pH-4 pH> 12

second let 1. 2. 3. 4. 5. 6.

high [F~].. white pale green pale yeUow dark blue- dark grey clark brown
grey pH-5

inl [F~]_ .. .. u cold-grey - bro\\1l
pH> 12

low[F~]_
.. .. .. worm-grey - yellow

pH> 12

4 hrs in Fe2
+

.. .. u clark green very dark black
grey pH> 12

high [OH-) .. .. .. yellowish- clark grey brown
grey

pH> 12

inl. [OH·] .. .. .. grey .. clark brown
pH> 12

low [OH-] .. .. .. blue-grey .. clark brown
pH-6

5nmin .. .. .. - - pale brown
NaOH

oxidation at u .. .. - brown rusty brown
RT

Table 4. 1. Colours observed during in situ process. Steps are: 1. sample in DW; 2_ aging

in FeCI2.4H20; 3. centrifugation; 4. reaction with NaOH; 5. oxidation; 6_ end. Presumed colour

correspondence: white =cellulose; pal~ green =Fe(OH)2 + green rust; grey =Fe(OH)2 + F~04;

blue grey = green rust + F~O..; pale yellow = Fe(OH)2 + FeOOH; yellow / rusty = FeOOH; dark

brown / black =F~O4'
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4. 3. 2. X-ray ditTraction

Three characteristic peaks are systematically present at low angles in ail powder diagrams,

including the one for a non-treated (blank) cellulose membrane (not presented). These peaks are

attributed to the presence ofcrystalline cellulose l, corresponding ftom lower to higher 26 to the

(110), (110) and (010) ref1exions. The peak ofhighest intensity, corresponding to 26 - 22.8°, was

chosen as a reference for the intensity Om) ofail diffraction peaks. For the tirst set (figure 4.2), a

subspectra including narrow peaks is attributed to the presence ofNaCI.

Peaks associated with magnetite are c1early defined for this set. The half-height broadening

(lfiIB) indicates crystalline sizes of - 30 Dm to 40 nm (sample (i» and - 90 nrn to 300 Dm

(sample (ii».
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Figure 4. 2.. XRD patterns for the first set; (i) non-centrifuged, (ii) centrifuged.
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• For the second set, peaks ofvarious intensity associated with the presence of magnetite

can he distinguished for all treated sample diagrams (figure 4.3), except for the one oxidized at

RT.

The most intense peaks related to Magnetite were measured for the sample treated with the

highest [Fe2
.]. (1.0 mol/l) -1(440)1Im--.cc - 90% - and for the sarnple aged for four hours instead

oftwo in ferrous chloride .. I(440)lImcnecc - 70%. The crystalline sizes calculated trom the mm

were respective:y - 20 nm and 50 nm in the (440) direction.

The effect of the initial ferrous ion

concentration (for [Fe2
+]inil =0.1 molli and 1.0

moll1) on the (440) XRD peak for magnetite is

summarized opposite (for low [Fe2"']init' only the

cellulosic substrate contributes significantly to

the spectral.

effect of [Fe++)
(440) XRD peak fOf' magnetite

100 -r------------------

80 -+---f:,\':;:/:':?' 1------------
60 -+-----t,;;:;,;::::,:.;:;.::',;:.,:, 1-------------
40 -!---.f:::Y\'?H??I-------------

o...L-.Jlli.±S -LJd

intensity (0/0) size trom broadening (nm)

EJj [Fe++] = 1.0 molli Il [Fe-++] =0.1 moUi
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• Ageing the sample five minutes instead of

two hours in NaOH before the heating and

oxidation phase, did not have any significant

incidence on the XRD spectra, while the NaDH

concentration was found to affect bath the

effect of [NaOH]
(440) XRD peak for magnetite

60-r------------,~~r_---

50 +----------k:nH\UI:~]

40 -t----------f:{~(}::~mJ@

30 -+-------------J:.

20-+---­

10 -+------
o -J.-_-I;;;O.;';';;;'

magnetite crystalline size and concentration. The intensity (%) size trom broadening (nm)

corresponding peaks were braader (indicating

smaller crystalline size) and at least to two times

[lli [NaOH] =1.0 moVl
Il [NaOH]· 0.1 moln

Il [NaOH] =0.01 molli

•

higher for an intermediate [NaOH] (0.1 molli) with respect to extreme [NaOH]'s.

Peaks associated with the presence of feroxyhite generally appear on diagrams measured

for samples treated with intermediate (NaOH and FeCI2.4H20) concentrations (0.1 molli) and

with high (NaOH] (1.0 moVl). When the [Fe2·]inil is set to 1.0 moVl, crystals oflepidocrocite seem

to replace the feroxyhite.

Presence ofother compounds such as NaOH 1NaOH.H20 (oxidation at room temperature

or high NaOH concentration) was a]so deduced from the diffraction diagrams.
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Figure 4. 3. XRD pattem for the second set.
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4. 3. 3. Transmission Electron Microscopy

First set

Transmission electron micrographs for the tirst set, show the presence inside the samples

(i) (figure 4.4), ofhexagonal plates on the edge ofwhic~ needles (- 100 to 2000m long) are

aligned. Low contrasted ragged plates apparently made of lath stuck side by side are a1so seen.

Diffiaction patterns for these complexes reveal the presence of lepidocrocite. On the other hand,

polyhedral particles (generally cubic) where dimensions varied from 50 to 100 nm were

discemible; their diffraction pattern correspond to magnetite.

Micrographs of sample Oi) (figure 4.5), show the presence oflarger polyhedral particles (­

200 nm to 500 nm in size) along with needles ranging trom - 50 nm to - 250 nm, hexagonal

plates (- 100 to 500 nm) and very fine seed particles (- 10 nm), observable along the tibrillar

network. The square partides give single crystal diffraction patterns associated with Magnetite.

In this first set ofexperiments, the centrifugation resuhed in a decrease of the [Fe2+]

concentration between the non-centrifuged sample (i) and the centrifuged sample (ii) by

approximately a factor of4, resulting in an increase of [OH-]u =[NaOH) .. 2[Fe2+] from - 0 to

0.75 molli. The resulting magnetite particles where round respectively to be - 50 nm (sample (i»

and - 200 Ml (sample (ii» in size. These results are to be compared with the works by Sugimoto

et al. (1980) on similar treatments which yielded at low [OH-]", very small particles (- 10 nrn) and

at higher [OH-lu (0.3 mol/l) larger cubic particles (- 100 nm) grown by direct crystallisation.
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Figure 4. 4. Transmission electron micrograph for the first set, sample (i).
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Figure 4. S. (a) transmission electron micrograph for the tirst set, sample (H). (h)

diffraction pattern of a square partic1e. (c) simulated diffraction pattern for a magnetite single

crystal.
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Second set

In the second set, seedpartie/es are generally observed with a mean size of 10 nm, except

in case oflow [Fe2
.]. « 10 nm - figure 4.6) and rugh [Fe2

.]. (- 30 nm - figure 4.7). These

particles are inclined to aggregate into lumps ofvarying compactness (usually 100 - 500 nm in

size - - 40 nm for low [Fe2+]aJ. Samples having the darkest hue when observed with the naked

eye (dark brown to black) are round to he the hast ofpolyhedral partieles (50 - 100 nm in

dimension). These two species (seed and polyhedral panicles) gave diffraction patterns

corresponding to magnetite.

Needles (ellipsoidallongitudinal section, - 100 nm x 20 nm in size) as weil as rads

(rectangular longitudinal section, - 100 nrn x 50 nm in size) are also present in various

proportions, eventually simultaneously. These particles were identified by electron diffraction as

feroxyhite.

P/ate/ets of round shapes, apparently becoming hexagonal as they grew in size, are

observable with dimensions - 50 - 200 nm. Their electron diffraction pattern was found

compatible withfero;ryhite diffraction data (figure 4.12). Rods may be tilted platelets and indeed

both were found predominant simultaneously in samples for which the XRD peaks associated with

feroxyhite were of the highest intensities.

Translucid /aths 100 to 400 nm in size (case of high [Fe2+]iniJ and dark lumps - 400 nm in

size (case oflow [Fe2+]irlit = 0.01 molli) were identified by electron diffraction as lepidocrocite

(figure 4.6). Final1y, spotted translucidplates - 200 Ml in size gave diffraction patterns

compatible with akaganeite crystalline parameter:s (figure 4.13).
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The initial concentration in Fe2
+ beside controlling the mean size of the seed particles

(growing ftom below 10 nm to about 30 nm), aise affects their size distribution, broad for

extreme concentrations (figure 4.6 and figure 4.8), while relatively narrow for intermediate

concentration (figure 4.7). The polyhedral particles were only observed for the two highest

concentrations. AJthough the larger magnetite particles are seen at high concentration, their broad

distribution may be responsible for the slightly lower size deduced from the broadening of the

corresponding XRD peaks (cf section 4.3.2).

The influence of [NaOH] can be summarized as follows. (NaOH] =0.01 molli (figure

4.10) yields seed particles similar to the [Fe2+]. = 1.0 molli case, with however lower median size

(15 nm instead of30 nm) and less aggregation. No other species were observed. [NaOH] .= 0.1

mol/1 produet (figure 4.11) is similar to [Fe2+]inic = 0.1 mol/1 (cf above). At [NaOH] = 1.0 mol/1

(figure 4.12), platelets 1rods and spotted translucid plates supplant both polyhedra and needles.

The polyhedra are - 200 nm in size while they were - 50 nm for (NaOH] = O. 1 mol/1, while the

respective [OH·]", are 0.8 molli and - 0 molli, still in agreement with Sugimoto et al. (1980)

results (cf. discussion for the first set).The amount ofiron introduced in the synthesis process is

round to determine the size and concentration of the resulting species while the kind of phases in

presence rather depends on the ratio [NaOH] 1 [Fe2+]_. These observations are consistent with

previous results on oxidation ofFe(OH)2 precipitates as a function of the ratio R =2[NaOH] /

[Fe2+]inic (Kiyama, 1974 - cf next section).

Oxidation at room temperature gave similar results than low [NaOH], with however less

aggregation and some needles present. Finally the sample treated four hours in ferrous chloride

(figure 4.8) cORtains cubic particles oftwo homogeneous sizes, the larger particles (.... 70 nm)
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being gathered, the smaller (-20 nm) scattered.

The rnicrograph figure 4.16 shows a treated suspension at low magnitication: the location

of the grown ferrites alljng the fibril further demonstrates their function as nucleation site.
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Figure 4. 6. (a) transmission electron micrograph for the second set, low [Fe2+]. (b) the

diffraction pattern of the dark lump on the top-Ieft corner (arrow on (a». (c) simulated diffraction

pattern for a lepidocrocite single crystal.
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Figure 4. 7. Transmission electron micrograph for the second set; intermediate [Fe2+].
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Figure 4. 8. Transmission electron micrograph for the second set; high [Fe2+].
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Figure 4. 9. Transmission electron rnicrograph for the second set~ intermediate [Fe2
"'],

treaded in ferrous chloride extended from two to four hours.
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Figure 4. 10. Transmission electron micrograph for the second set; low [NaOH].
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Figure 4. 11. Transmission electron micrograph for the second set; intermediate [NaOH].
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Figure 4. 12. (a) transmission electron micrograph for the second set, high (NaOH]. (b)

diffraction pattern of a platelet (arrow on (a». (c) simulated diffraction pattern for a feroxyhite

single crystal.
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Figure 4. 13. (a) transmission electron micrograph for the second set, two hours

treatment in NaOH, oxidation at SO°C. (h) diffraction pattern ofa translucid plate (arrow on (a».

(c) simulated diffraction pattern for an akaganeite single crystal.
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Figure 4. 14. Transmission electron micrograph for the second set; five minutes treatment

in NaOH, oxidation at SO°C.
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Figure 4. 15. Transmission electron micrograph for the second set; two hours treatment in

NaOH, oxidation at room temperature.
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Figure 4. 16. Transmission electron micrograph of a treated suspension. The grown

ferrites are clearly localized along the cellulose fibrils.
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• 4. 3. 4. Vibrating Sample Magnetometry (VSM)

The magnetization was measured as a function of an applied magnetic field in the range

1Hipp1 < 1.5 T (figure 4.17). The magnetization curve measured for commercial magnetite (made

ofelongated particles ofapproximately 250 nm in length), saturates at 80 Jrr/kg (Iower than the

84 Jrr/Kg reported table 4.2 for however larger panicles). The curve measured for sample (i)

features a similar shape (as determined by the

was also lower, possibly owing to a lower shape 30

He (ml)Ms (JlT/kg)Iron (0/0)

20 -+---t.;.>:::

10 -r---f ..;..,'

0-----:-;......

effect of centrifugation
70~---------------~

60 ~-i•. :,:•.:::::.:::.::::t-----r-~"'"'r-"------­

50 ~--f':::"{,:;.::::::.::]..._---t

40 -+---{::":":"

The magnetization curve measured for

however saturating at 60 lIT/kg. The coercivity

initial susceptibility at low fields, and the slope

at the approach to saturation at high fields)

anisotropy.

sample (ii), features a lower initial susceptibility

along with a higher slope at the approach to

[J (i) non-centrifugated

Il (ii) eentrifugated

saturation, indicating the presence of lower magnetic moments. However, the magnetite panicles

were found to be larger than sample (i) both by XRD and TEM. The iron content of sample (ii),

was measured by atomic absorption as 47.52%. Ifall iron was present as bulk magnetite, the

measured saturation magnetization (10.2 Irr/kg) would correspond to an iron content of only

10%. Therefore, aside from its contribution to the fonnation oflarge cubic magnetite particles,

•
iron in sample (H) must be present in significant proponion in the fonn ofcompound of either

smaller sizes or lower saturation rnagnetization (such as feroxyhite and ferrihydrite). Remanence
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• and coercivity were found similar for the two samples.

The magnetization measured for the second set ranges from 28.7 Jrr/kg (four hour aging

in FeCI2.4H20) and 22.5 Irrllcg (high [Fe2+]iniJ to 2.08 Jrr/kg (oxidation at RT) and 1.4 Jrrlkg

Increasing the ferrous ion concentration

bya factor often ([Fe2+]iniC =0.01 .. 0.1 .. 1

molli) leads to a factor four increase in the

saturation magnetization CMt = 1.4 .. 6.2 .. 22.5

Jrr/kg}. Doubling the aging time in FeCI2

FeCI2 treatment conditions
30....,-----------------
25~-

20 .-...---c.":~

15 ~--v'"

10 -"-'-----5'.,.

5 -,---•.....

O~----"oioo

UJ .. h in FeCI2

Il (Fe++). 1.0 moln

Il (Fe++]. 0.1 moln

Il (Fe++). 0.01 molli

approximately doubles the iron content and

multiplicate the saturation magnetization by - 5

with no significant effect on the coercivity.

Iron (%) M. (Jn"lkg) Hc(mn

affect of [NaOH]

When the variable is the NaOH

concentration, the highest saturation

magnetization along with the lowest remanence

and coercivity are found for the intermediate

concentration.

12 -1
10-+--

8-+--

6 -+---1:::':::'

4 -+---1::::::::

2 -+---1::::::

o"":"'--4000

Iron (%) Ms (J/T/kg) He (ml)

•
flli] [NaOH) = 1.0 moVI

Il [NaOH) :1: 0.1 moVl

Il [NaOH) =0.01 molli
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He (ml)Ms (J/T/kg)Iron (%)

2

6

10~--

12 -.------------------

no effect on the saturation rnagnetization. This

Increasing the reaction time in NaOH

before oxidation increases the iron content with

additional iron may in consequence be involved

in non-magnetic compounds. A slight decrease in

coercivity for a long exposure to NaOH is

•

attributed to a restrieted agglomeration hence

magnetic interaction between the seed particles.

l2.J 5 mn in NaOH 1oxidation at 8ace
Il 2 hrs in NaOH 1oxidation at 800e
Il 2 hrs in NaOH 1 oxidation at RT

Kiyama (1974) defines the molar ratio R = 2[OH·] / [Fe2.]. This ratio has been varied in

our second set of experiments by changing either the ferrous ion or hydroxyl ion concentrations.

For R - 20, R -2 and R - .2, the synthesis proceeded respectively through the formation of

mixtures ofFe(OH)2 / feOOH / Fe)O., Fe(0H)2 / F~04 and green rust 1F~04 whose oxidation

resulted in mixtures ofF~04 / FeOOH in varying proportions. The magnetite preponderance is

favoured at the lowest R \vith the increase of the iilherent magnetization saturation. Longer aging

times in FeCI2 before precipitation by NaOH also favoured the magnetite preponderance and

increased the saturation magnetizatio~ indicating the slow diffusion / adsorption rate of the

ferrous ions in the cellulose fibrillar network. Increasing the supplied amount ofiron ([Fe2·]iniI =

0.1 moV! to 1.0 moUl) at constant R (- 20) was also round to increase both the iron content (5%

to 27% respectively) and saturation magnetization (10 Jrr/kg to 22 Jrr/kg respeetively).
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Figure 4. t7. Magnetisation curves measured by VSM.
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4. 4. Conclusion

This study was dedicated to the synthesis of iron oxides in bacterial cellulose suspensions

with the purpose ofcreating unifonn magnetic cellulosic membranes. The iron oxides were

produced byaerial oxidation of Fe(OH)2 / green rust precipitated frorn ferrous chloride by NaOH,

under ditferent conditions. Centrifugation was used ta discard the non adsorbed ferrous ions and

concentrate the ferrous hydroxide precipitation (and subsequent ferrite crystallisation) within the

substrate.

Both magnetite content and saturation magnetization increased for lower R (= 2[OH·] /

[Fe2+)) and longer time in FeCI2• The concentration ofhydroxyl ions in solution was found to

affect the size and morphology of the magnetite particles. Furthermore, increasing the reaction

lime with NaOH before oxidation, from 5 minutes ta 2 hours, tirst restricted the primary particle

aggregation, secondly increased the iron content with Iimited effeet on the magnetic properties.

The oxidation temperature and rate must be respectively high and slow (aerial oxidation instead of

reaetion with peroxide) to allow dehydration of the ferrous hydroxide or the green rust precipitate

before ox.idation, a necessary condition for magnetite to supplant FeOOH.

Using bacterial cellulose in the form ofa fibrillar suspension rather than a gel membrane as

substrate for the in situ synthesis improved the particle distribution homogeneity (eventually

funher improved by a preliminary treatment promoting the Be pellets' disentanglement). Thus,

homogeneous magnetic membranes containing magnetite particles both monodisperse and

insignificantly contaminated by other iron compounds could be produced. However, the magnetic

behaviour of such particles as due to their excessive size was ferrimagnetic rather than

superparamagnetic at RT.
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CONCLUSION

The object ofa:his thesis was a better understanding of the mechanisms implied in the in

situ synthesis of ferrites within a cellulosic substrate and the extensive characterization ofthe

product of this synthesis. ]n faet, conditions for the production ofmagnetic cellulosic membranes

homogeneous/y and signijicatively loaded with magnetUe panicles ofcontro/led dimension has

been achieved.

The experimental pan ofthis study was realised in two stages: tirst the in situ synthesis of

the magnetic membranes, secondly their physical characterization. The experimental parameters

available in the synthesis stage were of two order: physica/ parameters related to the specifie

morph%gy and the 5WolJen state of the different substrates~ chemica/ parameters such as

concentration of the various reagents, time ofreaction (diffusion, adsorption, precipitation,

oxidation...), agent and temperature ofoxidation. The techniques used in the characterization

stage were x-ray diffraction, transmission electron microscopy, vibrating sample magnetometry

and Mossbauer spectroscopy.

The role played by the cellulose tibrils as a site for the nucleation of the growing ferrites

was demonstrated: the ferrous ions diffiJse within the fibrillar network where they are adsorbed on

the cellulose hydroxyl groups. The diffusion rate detennined by the swollen state, as weil as the

hydroxyl group density are consequently determinant for the synthesis product.

The surface effect was clearly established; il is responsible for inhomogeneity of two

kinds: on the one hand, inhomogeneity in size and concentration for particles of the same nature,
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• on the other hand~ inhomogeneity in phase~ corresponding to different degrees of dehydratio~

resulting ftom ditTerent oxidation rates. Realising several cycles of treatment (provision of fresh

ferrous ions followed bya new oxidation) on the same substrate, reduces these inhomogeneities,

prornoting simultaneously the penetration and dehydration of the produced ferrites.

Four parameters were considered for the in situ synthesis optimisation. The homogeneity

issue was addressed by using a substrate in the fonn of a fibrillar suspensio~ subsequently cast

and assembled as a membrane. The goal was achieved however with loss of the size control

provided by the membranous substrates by the space constraint.

This space constraint exerts a direct control on the fe"ite dimensions provided that the

confining space is small enough. In the case ofexcessively large or even free space, the iron

concentration (eventually controlled by the diftùsion rate) conjugated with the hydroxyl group

density, becomes the determinant factor. The effect ofthe excess concentration ofhydroxyl ions

in solution on the particle size has furthennore being confirmed.

The quan/itative optimisation of the ferrite 10ading requires in case of constrained space a

sufficient sweUing state, and is in the general case function of the ferrous ions concentration and

adsorption time.

Finally, in order to focus the synthesis on the exclusive production ofmagnetite, the

overriding of the oxidation s10wness together with the requirement of high temperature has been

further confirmed.
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