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Changes in the inherent solid phase and aqueous interfacial properties of magnetite nanopar-
ticles in a Massart type magnetic fluid were investigated. Magnetite nanoparticles were synthe-
sized, purified, dialyzed against 0.001 mol dm= HCI and then stored at 4 °C for 6 years. The
solid phase transformation of magnetite to maghemite and formation of akageneite shell on the
magnetic core, as well as a slight increase in particle size were proved, causing no change in
the superparamagnetic features of nanoparticles after storage as long as 6 years. The aqueous
interfacial properties, however, were altered in a strange way. Surprisingly, neither the surface
charge density nor the particle charge in acidic region showed significant changes, except for a
definite decrease in pHy,. and pH;,, from pH ~ 8 to = 7. Coalescence of akageneite shell during
recrystallization resulted in a significant decrease of the specific surface area of the aged sam-
ple, and probably contributed to its declining colloidal stability.

INTRODUCTION

Ageing is a universal process in nature. Not only living
creatures change continuously along an irreversible way,
but several examples can also be found in the inorganic
world. It is a well-known phenomenon in colloid sci-
ence!™ and has been studied from its beginning.’ The age-
ing of colloidal dispersions, often referred to as Ostwald
ripening, is inherently involved in their stability, since
they are not stable from the thermodynamic point of
view due to the high surface excess free energy. The lat-
ter is proportional to the surface area present in the given
dispersion and greatly increases as the size of dispersed
particles decreases.? Thus, the significance of this ageing
process, taking place spontaneously with time, becomes

more and more evident with decreasing particle size, es-
pecially in the subcolloidal region, i.e., over the lowest
(up to 50 nm) size range, the realm of the recently favored
nanoparticles. There are several unknown interrelations,
specific expressions and questions related to ageing in the
inorganic nanoworld. In general, a more stable crystal-
line phase is reached and the particles grow because of
the size dependent solubility of solid particles, well-known
from the old work® of Ostwald: In (c(r)/c,,) = 2Vs y/RTr,
where c(r) is the solution concentration in equilibrium with
particles of radius r and c,, is the bulk solubility, Vy is
the molar volume, y is the surface free energy at solid/
liquid interface, R is the gas constant and 7 is the tem-
perature. It is not questionable that these processes result
in slower or faster changes in the colloidal state. How-
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ever, the question is how the structure of the inherent sol-
id phase and of the surface alters during ageing and what
is their effect on the interfacial properties. Both inner and
surface crystallization may take place, so both the solid
phase bulk properties and the morphology of particles
probably change. The altering interfacial properties in
aqueous dispersions, which contribute to the change in
their colloidal stability in a somewhat unexpected way,
are of particular interest.

Perhaps the most interesting compounds in the inor-
ganic nanoworld are iron oxides, not only because of
their abundance in nature and variability in crystalline
form, but also owing to the multidisciplinary nature of
iron oxide research involving geobiochemical processes,
soil and environmental sciences, importance in life pro-
cesses, biomedical application and industrial technology.
A wide variety of iron oxides®8 (e.g., hematite, goethite,
ferrimagnetic magnetite, maghemite, efc.) occur in natu-
re. Every ferrimagnetic material has a net magnetic mo-
ment, and is strongly attracted by a magnetic field.
These substances have a domain structure and only par-
ticles in the nanosize range consist of a single domain.
Iron oxide particles with different crystal structures usu-
ally exist as colloidal particles (e.g., ferrihydrite = 5-10
nm, goethite, hematite = 10-50 nm, magnetite = 10 nm,
maghemite ~ 30-50 nm). The very small (< 10 nm)
magnetite nanoparticles are superparamagnetic® (i.e.,
rapid, spontaneous fluctuation between the spin states is
allowed) at room temperature.

Nowadays, the complex fluids of magnetic nanopar-
ticles are in the center of international interest.” The
great interest in these materials is due to the possibilities
of their different applications in electronics (e.g., mag-
netic ink, recording media) and medicine (magnetic res-
onance contrast media, therapeutic agents in cancer
treatment, etc.). Their biomedical application' is of es-
pecially great importance. Water based magnetic fluids
(MFs) containing magnetic nanoparticles (e.g., magneti-
te, maghemite) coated with biocompatible or functiona-
lized layer are used in magnetic hyperthermia, drug tar-
geting, cell separation, since they can be manipulated by
an external magnetic field gradient, or as contrast enhan-
cing agents in MRI. Besides several unique problems of
particular applications, the colloidal stability of magne-
tic fluids, especially the slow processes during storage,
i.e., ageing of water based MFs, is critical. Enhanced so-
lubility of magnetite nanoparticles (= 12 nm) producing
dissolved Fe ions in aqueous medium above 0.0003 mol
dm™3 concentration, especially below pH ~ 4, has been
proved!! without mentioning the classical Ostwald law
on particle size dependent solubility of colloidal parti-
cles, which is particularly significant in the nanosize re-
gion (up to 50 nm), though the paper was published in
one of the best colloidal journals. In a recent study,!? the
solid phase transition of (y-Fe,O;) nanoparticles from
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magnetite to maghemite was implemented by aeration
oxidizing in acidic medium at =100 °C for an hour to
obtain stable maghemite nanoparticles, which may be
used in magnetic ferrofluid hyperthermia (MFH) appli-
cations because of their satisfactory heating properties in
the ac magnetic field.

This work shows a specific example of ageing nano-
particles in aqueous medium. Electrostatically stabilized
magnetite nanoparticles (Massart type water based mag-
netic fluid) were stored for six years. The ageing process
was followed using several methods, since it involves
slow crystallization, change in the inherent solid phase
properties such as spontaneous transformation of mag-
netite mainly to maghemite, and morphological changes,
along with a definite alteration of the aqueous interface
expressed as surface and particle charge properties. The
latter may be the reason for the great variety of the sur-
face charge properties of magnetite published in litera-
ture.

EXPERIMENTAL

Materials

Magnetite nanoparticles were synthesized by alkaline hy-
drolysis® 1314 of iron(Il)- and iron(Il)-salts (FeCly4H,0
and FeCl; 6H,0, Reanal, Hungary). Concentrated solutions
of iron(Il)- and iron(Ill)-salts were mixed in a ratio of 1.1
to 2, and filtered into fresh Milli-Q water using microfilter
0.2 um. The calculated amount of freshly prepared NaOH
solution was added in 10 % excess to the doubly diluted
iron-salt solution in two portions, the first half slowly and
the second half suddenly under rigorous stirring. The for-
med black suspension was stirred for a few minutes, then
transferred into a larger amount of Milli-Q water. The sus-
pension was washed with water several times to eliminate
alkaline impurities from the synthesis, then acidified with
HCI solution down to pH ~ 2, washed again with water un-
til peptization, and finally dialyzed against 0.001 mol dm=3
HCI. Magnetite concentration was determined gravimetri-
cally from the sample dried at 105 °C. The stock suspension
(15.62 g magnetite in 100 g 0.001 mol dm=3 HCI) was sto-
red in the dark at 4 °C.

All experiments were performed at room temperature
(25 £ 1 °C). All reagents were of analytical grade, products
of Reanal (Hungary), and Milli-Q water was used.

Methods

X-ray diffraction (XRD). — The XRD patterns of freshly
prepared and aged iron oxides were taken using a Philips
PW 1830/PW 1820 X-ray diffractometer operating in the
reflection mode with Cu-Ko radiation. A copper sample
holder was used. The scanning range was between 20 and
80 degrees of 20. The probable phase transformation of
magnetite nanoparticles during longer storage was followed;
freeze-dried samples of freshly prepared, 3- and 6-year-old
suspensions were studied. Identification of different iron
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oxides was based on the position of characteristic peaks in
the diffractograms using the JCPDS (Joint Committee on
Powder Diffraction Standards) database.’!! The XRD pat-
terns were evaluated determining the lattice spacings (djy
values) by the Bragg equation and the Miller (hkl) indices!3
corresponding to the crystalline phases present in the sam-
ples. The average particle size was calculated from the
broadening of the diffraction peak corresponding to the most
intensive reflection according to the JCPDS database. The
Scherrer equation d,, = K*A/B*cos @ was used,!%!7 where
d,, is the average crystallite/particle size, K is the Scherrer
constant (shape factor, its value is 0.9 for magnetite and
maghemite,”»'? 1 is the X-ray wavelength (1 = 0.154 nm),
B is the broadening related to the particle (difference be-
tween the measured width at half maximum of the diffrac-
tion peak (B}) and the instrumental broadening of the single
crystal form (B,)), and © is the position of the diffraction
peak maximum (B is given in radians).

Transmission Electron Microscopy (TEM). — TEM micro-
graphs of iron oxide nanoparticles were taken using a Philips
CM-10 transmission electron microscope supplied with a
Megaview-II camera. The accelerating voltage of 100 kV
was applied. The maximum resolution of the instrument is
~ 0.2 nm. Deposition of particles onto Formwar-coated cop-
per grids was performed using highly diluted suspensions
of freshly prepared and 6-year-old magnetite. The average
size distribution was determined by evaluating 200 particles
using the UTHSCSA Image Tool 2.00 software.

The specific surface area (a‘gpp given in unit m2/g) of
freeze-dried solid samples was determined from the BET
analysis of nitrogen adsorption isotherm measured at 77 K
over the range 0-0.95 of relative pressure (p/py) using a
Micrometrics Gemini II 2375 surface area analyzer.

Potentiometric Acid-Base Titrations. — The pH-dependent
surface charge was determined by potentiometric acid-base
titration under a CO,-free atmosphere. An indifferent elec-
trolyte (NaCl) was used to maintain constant ionic strength,
ranging between 0.01 and 1 mol dm=3. Before titration, the
suspensions or solutions were stirred and bubbled by purified
nitrogen for 15 min. Equilibrium titration was performed in
a self-developed titration system (GIMET1) consisting of
two Dosimat 665 burettes (Metrohm), a nitrogen bubbler, a
magnetic stirrer and a high performance potentiometer. The
course of titration (amount and frequency of the titrant,
bubbling, stirring, millivolt measurements) was controlled
by an IBM PS/1 computer using AUTOTITR software. The
pH-measuring Radelkis OP-0808P (Hungary) combination
glass electrode was calibrated using three buffer solutions
(Radelkis, Hungary) to check the Nernstian response. Eva-
luation of titration data was based on the calculation of the
material balance for H*/OH™ ions. The measuring system had
to be calibrated for the HY/OH~ ion concentration, which in
turn was put into the material balance equations. The experi-
mental activity coefficients of H*/OH™ ions were determined
from the background electrolyte titration at each ionic strength.
The H*/OH™ concentration was calculated knowing the con-
centration of acid and base titrants, the volume of portions

505

and the dilutions, and their activities were calculated from
the measured pH and the ionization constant of water. If the
response of the glass electrode is perfect, the activity vs.
concentration plots give straight lines, and their slopes pro-
vide the values of experimental activity coefficients at dif-
ferent electrolyte concentrations.

The net proton surface excess amount (An® = ny. = n;‘)H,)
is defined as the difference between H* (nIS{+) and OH~ (ngH,)

surface excess amounts related to the unit mass of solid. The
surface excess amount of a solute i (I';) can be determined?
experimentally from the initial (c;() and the equilibrium
concentration (c; ) of the solute (nf= V(c; — ¢;.)/m, where
V is the liquid phase volume and m is the mass of the ad-
sorbent; I'; = ni/a®, where a® is the specific surface area of the
adsorbent, for adsorption from dilute solutions. The values
of excess nj;, or ng, were calculated at each point of ti-
tration from the initial and the equilibrium concentrations
of the H* and OH™ ions using the actual experimental acti-
vity coefficients from the corresponding background elec-
trolyte titration.

Since this method is based on determination of the change
in the H*/OH~ concentration in the liquid phase due to in-
terfacial protolytic processes, any acid/base impurities of the
titrated sample and its dissolution at extreme pHs will in-
terfere with the surface charge density, as showed for alu-
mina'® before, and so careful sample preparation is required.
In the case of magnetite, the stock suspension was stored in
0.001 mol dm= HCI, so its medium contained excess H*
ions. Therefore, the equilibrium supernatant obtained by
centrifugation at 13000 RPM for 2 hours was also titrated
in parallel with suspensions, and its consumption was sub-
tracted from the suspension consumption. The different NaCl
concentrations in suspensions and solutions were adjusted
by adding calculated amounts of NaCl stock solutions.

Electrophoretic Mobility Measurement. — Electrophoretic
mobilities of the fresh and aged samples were measured at
25 + 0.1 °C in a disposable zeta cell (DTS 1060) of a NanoZS
(Malvern, UK) apparatus. To obtain optimal conditions for
measurements, the intensity of scattered light had to be at a
medium level (= 105 counts per second). Therefore, the di-
lution series of pure magnetite sol were tested prior to de-
tailed studies of the effects of pH and electrolyte addition
on the electrophoretic mobility of iron oxide nanoparticles.
According to this preliminary measurement, the optimal
condition was reached at a 0.1 g/L. magnetite content. The
pH was adjusted in the range of about 3 to 10 by HCI or
NaOH solutions, and after waiting for an hour to reach equi-
librium, it was measured directly before introducing the sam-
ples into the zeta cell. The pH-dependence of electrophore-
tic mobilities at 0.001, 0.01 and 0.1 mol dm= NaCl was de-
termined.

Dynamic Light Scattering (DLS) Measurements. — These
measurements were performed using a NanoZS apparatus
(Malvern, UK) with the laser beam A = 633 nm produced
by a He-Ne laser, operating in back-scattering mode at an
angle of 173°. The same measuring cell (DTS 1060) was
also used for the size determination studies. Freshly pre-
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pared and aged magnetite particles from the stock suspen-
sion were dispersed in electrolyte solutions to get a 0.1 g/L
solid content. The pH of the systems was adjusted in the
range from 3 to 10, and was measured directly before a
sample was placed into the cell. The pH-dependent particle
aggregation was measured in 0.001, 0.01 and 0.1 mol dm=3
NaCl solutions.

The correlation functions were evaluated by third- order
cumulant analysis. The first-order autocorrelation function,
g!(v), was given as gl(1) = exp(—u; T+ (U2 T2+ (us/3) B +..),
where p1; is an average decay rate; u; characterizes the mean,
Uy the width and uj the skewness of the distribution. If
translational diffusion is the dominant dynamics (gr, << 1),
the diffusion coefficient (D,) can be calculated, iy = Dg?,
where the scattering vector (q) is g = (4nn/A)sin(@/2), and
n is the refractive index of the medium, A is the laser wave-
length, @ is the scattering angle, k is the Boltzmann constant,
T is the temperature and 7 is the viscosity of the medium.
From the Stokes-Einstein equation (ry, = k7/6nnD,), the hy-
drodynamic radius (r;,) can be obtained.

To get comparable results, all samples had to be meas-
ured under the same experimental conditions. Therefore, the
same preparation method was applied for each sample, and
the kinetic stage starting from a short ultrasonic treatment
was detected. The Z average size values calculated from 3
order cumulant fits of the measured correlation functions at a
given kinetic stage (measured 50 seconds after ultrasonica-
tion) are presented.

RESULTS AND DISCUSSION

XRD Identification of Iron Oxides Phases

The crystalline phase transformation of magnetite sam-
ples during long storage was studied by the XRD met-
hod. We should note that our synthetic products retained
dark, black to brownish colour and strong magnetism,
which are distinctive properties of magnetic iron oxides
(magnetite and maghemite) even after storage for 6
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years. The XRD patterns of freeze-dried iron oxide sam-
ples of different ages are given in Figure 1. The appear-
ance of characteristic peaks with various intensities can
be seen in each case. The diffractograms clearly show a
significant difference between the crystalline phases of
freshly prepared and aged samples. The XRD patterns
were evaluated using the Bragg equation to determine
the d-spacings and hkl-indices belonging to the most in-
tensive diffraction peaks. The d values calculated from
the position of diffraction peaks and the corresponding
Miller indices define clearly the crystalline phases pres-
ent in the samples. The presence of magnetic iron ox-
ides, such as magnetite (FesO4) and maghemite
(y-Fe,05), was supposed owning to the definite mag-
netic features of the samples even after 6-year-storage. It
should be noted that the diffraction pattern of magnetite
and maghemite is almost the same due to their analo-
gous inverse cubic spinel crystal structure. The small
difference between their lattice parameters, 0.839 nm
and 0.835 nm, respectively, results in a slight shift of all
peaks of maghemite to higher 2© values as compared to
those of magnetite.3!° Hence, identification of coexist-
ing magnetite and maghemite phases is difficult due to
the overlapping peaks. However, some typical peaks can
be found in the JCPDS database, which preferably corre-
spond to the magnetite (at 35.6°, 42.3°, 57.4°, and 63.1°)
or rather maghemite phase (at 31.8° and 49.2°). Since
peaks appearing at 35.6 and 42.3 2@ degrees are attri-
buted to the Fe;O, phase considering the d values and
Miller indices, its presence can be proved by the XRD
patterns. The analysis based on the JCPDS database
clearly showed that the magnetite phase is present in all
three samples, as indicated in Figure 1.

It can be seen that the intensities of the above men-
tioned characteristic peaks at 35.6° and 42.3° decrease
gradually with time, which probably indicates a decrease
in magnetite content with increasing storage time. In
contrast to fresh magnetite, new, sharp peaks appear in

MH {300}

MN/MH
220} AK {411}

MH {420}
MN {422}

MN {311} MN/MH

MH {513}
MH {313} {400}

Intensity / a.u.

MN {511}

MN - Magnetite
MH - Maghemite
AK - Akageneite

6-year-old

3- year-old

25 30 35 40 45 50 55

20 / degree

Croat. Chem. Acta 80 (3-4) 503-515 (2007)

Figure 1. XRD patterns of freshly prepa-
red and aged (3- and 6-year-old) mag-
netite samples.
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TABLE I. Spontaneous coarsening of magnetite nanoparticles with time (Ostwald ripening)

Methods XRD TEM N, adsorption
(Scherrer) (200 particles averaged) at 77 K

Storage size / nm size / nm Std. Dev. a* (BET) / m? g!

no, fresh 12.84 6.69 1.72 95.35

3 year 17.76 - - 28.37

6 year 20.35 8.05 1.82 27.29

the XRD patterns of older iron oxide samples at 31.8°
and 45.5°, which correspond to maghemite (y-Fe,O5)
and akageneite (8-FeOOH) major phases, respectively.
Further analysis of diffractograms reveals several minor
crystalline phases of iron oxihydroxides (hematite, goe-
thite, lepidocrocite, efc.) in addition to major magnetite,
maghemite, akageneite phases. A brief summary of spon-
taneous transformations, i.e., interconversions among
the different major iron oxides has been published in the
literature.® Maghemite and/or hematite formation from
magnetite through the oxidation process in solid samples
under atmospheric conditions has been proved;*!? how-
ever, a detailed study of possible transformations has not
been done yet. In solid state, hematite forms from mag-
netite at higher temperatures (370-600 °C), and its trans-
formation to maghemite takes place over years even at
room temperature.?? The latter was accelerated effectively
by aeration oxidization of acidified aqueous suspension
of magnetite nanoparticles at about 100 °C for an hour,
as published recently.!? Oxidation kinetics of aqueous
colloidal 9-nm magnetite nanocrystals was studied?! in
the alkaline region at different temperatures, 24, 50, 65
and 80 °C. It was proved that the transformation of mag-
netite to maghemite is a topotactic reaction, in which the
original particle morphology is maintained throughout.
Besides the sensitivity of the magnetite phase to aerobe
conditions, enhanced dissolution of nanoparticles, dis-
solved species and their recrystallization in aqueous sys-
tems have to be taken into consideration. Higher solu-
bility of smaller particles may lead to their transforma-
tion to larger ones via solution, followed by precipitation
on the surface of larger particles, a process called Ost-
wald ripening. In our case, the maghemite formation can
be assigned to slow oxidation, since the aqueous magne-
tite suspension was not stored under anaerobe conditions.
However, the formation of akageneite was also proved
by XRD measurements. This kind of iron oxide forms
by the hydrolysis of FeCl; and is stable in acidic sus-
pensions.?? Liu et al.?? studied the phase transformation
from Fe(OH); gel to a-Fe,O5 particles and akageneite
(B-FeOOH) was obtained as an intermediate product
formed by the dissolution/reprecipitation mechanism at
pH < 4.5 in the presence of Cl~ ions. CI~ ions probably
diffuse into the Fe! polymer at low pH because of the

affinity between Fe'll ions and Cl- ions, and influence
both nucleation and growth of crystals, thus resulting in
the formation of the intermediate product akaganeite.
Since enhanced dissolution of magnetite nanoparticles
of ~ 12 nm (similar to ours) produces 0.0005 mol dm=
Felll ions dissolved in aqueous medium at pH ~ 3 over
weeks,!! it can be supposed that the magnetite nanopar-
ticles stored in 0.001 mol dm=3 HCI solution dissolve
slowly releasing Fe ions at pH ~ 3, which interact with
CI” ions present as counterions around the positively
charged particles, and the formed polymer species ad-
sorb on the larger particles initiating the growth of an
akageneite layer on the surface of magnetite/maghemite
crystals. It seems that the amount of akageneite crystal-
line phase formed during the first 3-year-storage slightly
decreases in the second storage period, since the inten-
sity of the sharp peak at 45.5° assigned to akageneite
crystals, declines somewhat compared to the XRD pat-
terns of 3- and 6-year-old samples in Figure 1. The as-
sumed formation of an akageneite shell on the magne-
tite/maghemite core is also supported by further evalua-
tion of XRD results and a TEM study of particle size.

The average size of iron oxide particles can be esti-
mated from the broadening of the most intensive peak of
the XRD pattern by using the Scherrer equation. The
particle size values were determined from the peak at
42.3 degrees of 20 as the most intense one according to
the JCPDS database. The calculated values are given in
Table I. The data clearly show that a significant increase
in the average size of crystallites took place during the
long storage time.

Characterization of Particle Morphology and Size
Distribution

TEM images of fresh and aged magnetite samples are
shown in Figure 2. The non-uniform size distribution of
particles is obvious. Rounded crystals are observable in
both cases, which is in good accord with the previously
found'?!4 general feature of synthetic magnetite sam-
ples. Maghemite crystals always adopt the shape of their
precursor; therefore, they cannot be identified on the ba-
sis of morphology. Akageneite exhibits different shapes
(spindles and rods) with generally narrow size distribu-
tions;® however, this was not observed anywhere in the
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Figure 2. TEM image of a freshly prepared (left) and a 6-year-old (right) magnetite sample.

TEM images of the 6-year sample. This is perhaps due
to its very small amount, which is slightly inconsistent
with the definite presence of akageneite crystalline phase
proved by the XRD patterns of aged samples (Figure 1).
A more acceptable reason for hiding individual aka-
geneite crystals is that akageneite forms as a shell on the
magnetite/maghemite core.

The exact size of iron oxide nanoparticles cannot be
determined because of the slight polydispersity of sam-
ples. Size distributions of fresh and aged magnetite sam-
ples can be compared in Figure 3. It can be seen that the
particle size falls in the same range, but the characteris-
tic value becomes slightly greater with time. The aver-
age sizes estimated by calculating 200 particles are 6.7
1.7 nm for the freshly prepared and 8.1 £ 1.8 nm for the
6-year-old samples (Table I). These values are smaller
than those determined from the XRD peak broadening.
There are various reasons for systematic differences ob-
served in the particle size determined by TEM and XRD
methods, such as (i) the field of view is relatively small
and randomly chosen by the analyst, raising the possibil-
ity that the region analyzed by TEM may not be charac-
teristic of the whole sample, and (ii) both the baseline

30
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O 6-year-old 8.1£1.8 nm
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Figure 3. Size distribution of fresh and aged magnetite samples
determined by TEM analysis.
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and the half width of the XRD peak cannot be determi-
ned precisely due to the relatively high noise, causing
inaccuracy in the calculated particle sizes.

Specific Surface Area Determination

The specific surface areas (a’ggy) of the iron oxide sam-
ples determined by nitrogen adsorption at 77 K are sum-
marized in Table I. These values of fresh and aged
magnetites fall in the range usually published in the
literature® (4—130 m2/g). The specific surface area of the
fresh magnetite sample was quite high (= 95 m?%/g), then
a significant decrease to ~ 28 m?/g occurred during stor-
age for 3 years (Table I). No or only a very small change
followed in the following 3 years, the difference be-
tween the 3-year- and the 6-year-old samples being
within the accuracy of this measurement. The specific
surface area of magnetite® obtained by precipitation was
about 100 m?/g, which is in good agreement with the a*
value of our freshly prepared sample (= 95 m?/g). Since
the specific surface area of pure maghemite originating
from magnetite is close to that of its precursor,? the sig-
nificant decrease observed here should be explained by
other processes taking place during recrystallization of
Fe;0, on the particle surface. Coalescence of individual
nanocrystals is highly probable during recrystallization
in aqueous medium, so less space remains accessible to
nitrogen molecules on the surface of particles. The de-
crease in the specific surface area of aged samples is in
good accord with their larger particle size obtained from
the TEM and the XRD analysis.

The low-temperature N, adsorption isotherms showed
that all samples are practically non-porous materials. But,
a small hysteresis loop appears between the adsorption
and desorption curves indicating very low porosity of each
iron oxide, which cannot be explained by their solid phase
properties, since magnetite, maghemite originating from
Fe;0, and akagenite are non-porous materials according
to the literature.® This cannot even be assigned to the
presence of narrow tunnels in the akageneite structure,
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since these are not accessible to nitrogen molecules be-
cause of the size limitation. It can be supposed that the
curved surfaces between the stuck nanoparticles (6-9 nm)
save place for the capillary condensation of nitrogen at
77 K, resulting in a hysteresis loop measured over the
mesopore range (2-50 nm), since these curvatures fall in
the lower region of mesopores. The 6-year-old sample
showed a smaller hysteresis loop than the 3-year-old one
in line with a slight decrease in the specific surface area
(Table I), which might indicate the increase in particle
size during long storage.

pH-Dependent Surface Charging

Significant changes, obvious effects of ageing on the sol-
id phase and on the solid/gas interfacial properties were
determined. These were the consequence of slow proces-
ses taking place in the aqueous magnetite dispersion for
years. There is a substantial difference between the dry
and wet surface chemistry, especially for metal oxides
dispersed in water, as noted in the introduction of the out-
standing book by Kosmulski.2* Now the question is how
ageing is expressed directly through changes in the aque-
ous interfacial properties of magnetite nanoparticles.

In an aqueous medium, pH and ionic strength de-
pendent charges develop on amphoteric surface hydro-
xyls (Fe-OH). The following protonation and deprotona-
tion reactions can take place on the surface of iron oxide
particles:

Fe-OH + H* <> Fe-OH} (1)

FeOH<> FeO- +H* or
Fe-OH + OH~ <> Fe-O~ + H,0 )

According to the IUPAC recommendation,? H* and
OH ions are considered to be the potential-determining
ions. When surface charge development occurs by direct
proton transfer from the aqueous phase, the surface
charge density (oyy) and surface potential (y) can be
defined analogously to the Nernstian surfaces:

oon=FI'y: —Iop-) 3)
Vo = (RT/F) ln[H+]/[H+]pzc = (RT/DZ-?’(pszc_ pH) 4)

where I is the surface excess concentration of species i,
R is the gas constant, 7T is the temperature and F is the
Faraday constant. Direct measurement of surface poten-
tial using an electrode made of a hematite crystal, called
the single-crystal metal oxide electrode (SCrE), was in-
vented and discussed from both theoretical and practical
points of view by Kallay er al.?® A further study of the
hysteresis and equilibrium at the aqueous interface of
hematite was published recently.?’ Surface potential was
measured as a function of pH in different electrolyte so-
lutions and the slope of these curves was found to be
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lower than the Nernstian, especially in the basic region.
It was thus concluded that the surface potential of hema-
tite does not obey the Nernst equation given above. The-
oretical analysis based on the surface complexation
models (SCMs) resulted in equations, e.g., the surface
potential associated with separate protonation and de-
protonation processes is equal to:

Yo = (RT In10/F) (pH,,, — pH) -
(RTI2F) In (I—op; T=0-) 5)

where the first term is the Nernstian, the second is re-
sponsible for the decrease in the magnitude of surface
potential, i.e., the lowering of the slope of the v, (pH)
function.?® It should be noted that I'y. = I'_qy; and
I'og- = T'_o-, and the point of zero potential (pzp), i.e.,
the pH,,,, value at which v, = 0, must be equal to the pH
of the point of zero charge (pHy,.), i.e., the pH,,. value
at which o = 0, in the presence of indifferent electro-
lytes.

The pH-dependent surface charge density is experi-
mentally accessible from potentiometric acid-base titra-
tion of oxide suspensions.?*28 The net proton surface
excess amount (An® =ny, —ng, given in mmol/g) can
be directly calculated at each point of titration from the
material balance of HY/OH~ and the mass of oxide sam-
ple titrated, if no other acid or base consuming reactions
take place during titration. The net proton surface excess
(AT'yon = 'y — oy given in mmol/m?) can be cal-
culated if the specific surface area (a®) of oxide sample
is known, since I; = nf/a®. The opy (or Alyoy =
I'y- —T'oy-) vs. pH curves, the so-called charge-po-
tential functions, were determined at several concentra-
tions of an indifferent electrolyte intersect at a common
pH. This is called a common intersection point (cip).*?
In the absence of specifically adsorbed ions, the cip co-
incides with the oy = O surface charge (where the
I'ye =T oy ); this particular pH is referred to as the
point of zero charge (pzc). The pH of pzc is characteris-
tic of each metal oxide in an aqueous medium. Several
experimental data of pzc for iron oxides are available in
the literature, the values being between 3.8 and 9.9 for
magnetite,3-11.24.29

Characterization of the change in the pH-dependent
surface charging of magnetite during longer storage is of
great practical importance in terms of application of wa-
ter-based magnetic fluids. The net proton surface excess
of a freshly prepared and a 6-year-aged sample was de-
termined by potentiometric acid-base titration over the
pH range 3 to 11 at different ionic strengths. Evaluation
of the experimental data from acid-base titration of
amphoteric solid material demands cautious work. The
different approaches are accepted in the literature and
summarized perhaps in the most comprehensive way in
the book of Kosmulski.2* As regards solution chemistry,
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the experimental data of colloid titration are signifi-
cantly less accurate and reproducible than those in ho-
mogeneous systems. The situation at the electrified in-
terface is more complicated. Other acid or base consum-
ing reactions (e.g., the presence of acid/base impurities,
dissolution of the solid at lower or higher pHs) can take
place in parallel with the surface charging processes,
which cannot be separated experimentally, as analyzed
in Ref. 30. However, excluding all this, the net proton
surface excess amount related to the unit mass of the
solid can be calculated directly and plotted as a function
of pH. In the case of magnetite, since the stock suspen-
sion was stored in 0.001 mol dm= HCI, both the surface
and the medium contained excess H* ions in an exactly
unknown amount. The double calibration of our titration
system for both the pH and the H*/OH~ concentration al-
lowed us to correct the measured net proton consump-
tion of magnetite suspension. On the one hand, the H*
concentration of the equilibrium supernatant was mea-
sured and proved to be independent of NaCl concentra-
tion over the range of pH =3 to 9, so its additive correc-
tion became possible. On the other hand, the surface ex-
cess H* concentration in the initial state at pH = 3 and
0.001 mol dm= ionic strength was estimated and sub-
tracted from the calculated material balance of H*/OH~
ions during titration.

The pH-dependence of the net proton surface excess
amount (An®) of magnetite can be seen in Figure 4. The
reversibility of forward and backward titration was ex-
cellent. Below pH ~ 4 and above pH ~ 10, dissolution of
the amphoteric solid may occur, and therefore in aque-
ous media the solubility of a solid material is worth con-
sidering. This process is influenced not only by the pH,
temperature and ionic strength of the system, but also by
the particle size and crystal defects in the oxide.® In gen-
eral, the solubility of Fell oxides is low and Fe! oxides
are sparingly soluble. This means that, except for ex-
treme pH values, these compounds maintain a very low
(lower than 10~ mol dm=3) level of total Fe in solution
in the absence of complexing or reducing agents. Mag-
netite usually dissolves faster than pure Fell! oxides due
to its Fell content and also because Fe'l occurs in octa-
hedral and tetrahedral sites. However, the activity of dis-
solved Felll species remains below ~10-3 mol dm3, be-
tween pH ~ 4 and ~10.8 Hence, dissolution of magnetite
can be neglected in the studied pH range. The magnetite
pzc seems to be at pH = 7.9 £ 0.1 and this value falls in
the range given in the literature.3242° Substantial simpli-
fications and several hypotheses relating to treating sur-
face charge formation are known and the problems of
modeling the surface charging of oxides have been dis-
cussed in several papers.2*3lee The pH- and ionic
strength-dependent surface charge formation process
can be described by various model approximations, the
site-binding electrostatic or surface complexation mo-
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dels (SCMs) models being the most widely accep-
ted.3-24.28.31.32etc. A 900d comparison of 1pK and 2pK
models is given by Borkovec3? and the relationship of
equilibrium parameters has been clarified by Kallay’s
school.3* The surface charge development may be af-
fected by the solubility of the solid, which is not incor-
porated in the models. The following reactions represent
the charge formation on the magnetite surface:

g = (Fe=OH3)

Fe-OH + H* ¢> Fe-OH} Kint=__— 27
» (Fe- OH)(H*),

(6)

(Fe—O~)(H™ ),

Fe-OH <> Fe-O- + H* K% =
’ (Fe— OH)

where K" and K" are the invariant intrinsic equilib-
rium constants; the brackets mean the activity of the spe-
cies. The surface species Fe-OH, Fe-OHZ and Fe-O~ are
assumed to have activity coefficients equal to unity. The
activity of surface protons (H*), is corrected for the en-
ergy expended in moving them from the bulk phase (in-
finite distance from the surface) to the charged surface
(at distance zero), where the reaction occurs. (H*), can
be expressed in terms of the bulk solution hydrogen ion
activity, (H*):

(H*), = (H+)eXP[ e:;) ) ®)

where e ¥, is the electric potential energy (e is the elec-
tron charge), and kT is the thermal, kinetic energy (k is
the Boltzmann constant, 7 is the temperature).

The intrinsic equilibrium constants were calculated
for magnetite. The experimental data of titration were
evaluated using the numerical data-fitting program
FITEQL.® The choice of different surface complexation
models (constant capacitance (CC), diffuse layer (DL),
Stern and triple layer (TL)) is optional. The measured
data of magnetite titration might be well fitted by choos-
ing any SC model. An example of the quality of the fit-
ting of curves optimized by FITEQL using the CC ap-
proach and the experimental points calculated on the ba-
sis of material balance of added H*/OH~ is shown in
Figure 4. The calculated equilibrium constants were log
K;“f = 6.620.1, log K;lni = -9.1+0.1. The pH of the pzc
was calculated according to the relation®?3 pzc = 0.5
(log Kin —log K™), and this value (pHp,c caic = 7.940.2)
correlates well with the observed pzc (pH,, = 7.9£0.1).
Only a few studies addressing the surface ionization of
synthetic magnetite can be found in the literature.30-37
Log K ;“lt = 4.4 for protonation of Fe-OH sites and log
K = 9.0 for protonation of Fe-O- sites on magnetite
surface have been reported. These values agree more or
less well with our model calculation. It should be noted
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Figure 4. Net proton surface excess amount of magnetite as a function of pH at different NaCl concentrations (left). The points were cal-
culated from the material balance of H*/OH- in the course of equilibrium acid-base fitration. The continuous lines were numerically fitted
using FITEQL3S (constant capacity model, C = 1.6 F/m?). The calculated equilibrium constants are log K = 6.6+0.1 and log K, =

-9.140.1. The pH-dependent distribution of surface species (right).

that the experimental conditions and the quality of mag-
netite samples in these papers were different from ours,
and so different variables (specific surface area, ionic
strength, efc.) were used, which also influenced the cal-
culated log K values.

The number of positively or negatively charged sur-
face sites increases with increasing ionic strength due to
the charge screening effect of the electrolyte,?® as shown
in Figure 4 (right) where calculated data are plotted in
the function of pH.

The net proton surface excess of the magnetite sam-
ple aged in aqueous suspension for 6 years was determi-
ned and evaluated in the same way as described above
for the freshly prepared magnetite. The measured data of
fresh and aged magnetites are compared in Figure 5. The
overall features of the pH-dependent surface charge for-
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mation on magnetite and akageneite coated magnetite/
maghemite are the same. However, significant differen-
ces between the fresh and aged samples can be clearly
seen on the left hand side of Figure 5, such as (i) the
shift of pzc from =8 to =7 and (ii) a significant (about one
third) decrease in the net surface proton excess compar-
ed to unit mass of iron oxides, in good accord with the
decrease in specific surface area during storage for 6
years (Table I). Calculating the surface charge vs. poten-
tial curves (on the right hand side of Figure 5) as it is
usually done in the literature,*?* the shift of pzc from ~8
to =7 remains the same; however, only a minimal differ-
ence in surface charge density can be seen in the acidic
region, the curves of fresh and aged samples at different
salt concentrations run practically parallel. It can be stated
that the charge-potential curves conceal somewhat the
essence of differences in systems like the present one,

Figure 5. The pH-dependent surface charging: a comparison between the freshly prepared magnetite and the aged sample stored in an
agueous suspension at pH = 3 in refrigerator for 6 years. The net proton surface excess amount ( An® = nj;. — n¥y- given in mmol/g) was

calculated directly.
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where the inherent changes were related to the ageing of
magnetite nanoparticles. As regards the surface charge
density range (0.17-0.31 C/m?2) reached at pH~4 in
Figure 5 (right), it is about two times greater than that of
coarse (0.22 um) magnetite (= 0.08-0.17 C/m?2) publish-
ed before.3-37 However, the calculated amount of the ac-
tive site (*1-2 per nm?) on the magnetite surface for
proton binding is less than half of that (5.2 site/nm?) cal-
culated for a fine (12 nm) magnetite.!! We should note
that this kind of literature data are often not trustworthy.

The pzc of the aged sample at pH = 7 agrees quite
well with the iep (isoelectric point) and pzc data of aka-
geneite published mostly at pH = 7.2 in the literature.?*
It seems that the aqueous interfacial property of aged
nanoparticles is rather similar to that of akageneite. This
supports entirely the assumption of the akageneite shell
formation on magnetite/maghemite core discussed above.
The behaviour of aged sample in the alkaline region is
somewhat different from that expected for the surface
charging of oxides via deprotonation reaction (Fe-OH +
OH- < Fe-O- + H,0) like in the case of the fresh
magnetite sample, where the dissolution of solid phase
was neglected. Since the solubility of akageneite is much
higher than that of magnetite in alkaline media,® the aka-
geneite shell can dissolve during titration, especially above
pH = 10 consuming a large OH- amount, which causes a
sharp decrease in the net proton surface excess amount
(left hand side of Figure 5) calculated from the material
balance of H*/OH~ at each point of titration according to
our evaluation method. The dissolution of akageneite shell
in alkaline region is supported by the fact that the forward
and backward titration curves were not reversible above
pH = 9.5 (not shown here). The lack of reversibility and
the probable dissolution of solid phase preclude the ap-
plication of surface complexation modelling without tak-
ing into account dissolution reactions and acid-base reac-
tions of the dissolved species. The latter could be done for
alumina, 8 since all the equilibrium data were available in
the literature. The present knowledge on akageneite is far
from this expectation.

Charge State of Particles in Electrolyte Solutions

Electrokinetic measurements provide independent informa-
tion on the electric double layer of charged particles. The
measured electrophoretic mobility can be converted to
electrokinetic (zeta) potential on the well-known theoreti-
cal basis with several assumptions, limitations’® and criti-
cisms, as mentioned in a recent paper.3 The sign of these
electrokinetic data is the same as that of the excess charge
of a particle moving together with the adhered layer of
counterions, and its magnitude is somewhat proportional to
the particle charge. The sign of the electrophoretic mobility
measured in the metal oxide dispersions reverses at a char-
acteristic pH, where these amphoteric particles do not hold
excess charge. It can be identified as the pH of the iso-
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electric point (iep). This is the only model-independent
quantity from electrokinetic measurements.>!

The pH dependence of electrophoretic mobilities for
fresh and 6-year-old magnetite particles was measured at
different ionic strengths. As shown in Figure 6, the elec-
trophoretic mobility of magnetite particles decreases sig-
nificantly over the whole range of pH at each NaCl con-
centration. The symmetric shape of the mobility-pH plot
near the iep indicates the significance of the H*/OH-
ions in determining surface charging. While the ionic
strength dependence of surface charging curves (Figure
5) showed the usual opening shape, indicating the effec-
tive charge screening of indifferent electrolyte,*242528
the electrophoretic mobility vs. pH curves ran together,
especially in the case of the fresh sample, and seemed to
disobey the trend expected with changing ionic
strength.3® We suppose a specific behavior of nanoparti-
cles in the electric field, since their size (< 10 nm, see
Table I) is commensurable with the thickness of the dif-
fuse layer around them, as given by the Debye length
between ~10 and 1 nm in 0.001 to 0.1 mol dm= 1:1
electrolyte in which the measurements were performed.
These nanoparticles should move together with the ac-
companying counterions, but the deformation of their lo-
cal electric field is questionable, and there is no doubt
that the concept of slipping plane failed in the world of
nanoparticles. In principle, the Hiickel approach can be
applied to convert the mobility values to electrokinetic
(zeta) potential, but it was not worth calculating. Data
showing the common ionic strength dependence of mi-
cron sized synthetic or commercial magnetite have been
published!!3¢ but no reliable electrokinetic data for mag-
netite nanoparticles are available in the literature.

Apart from the unusual ionic strength dependence,
the pH where the sign of electrophoretic mobility re-
verses can be identified at pH ~ 8 and pH ~ 7 as pHj,
for the fresh and the aged magnetite sample, respecti-
vely. These pHj., values are in quite good agreement
with the pHy,. determined from the surface charge titra-
tion curves, as shown in Figure 5. The fact that the pH;e,,
values of both magnetite samples coincide with the
pH,, indicates that the electrolyte NaCl applied here
may be indifferent, so Na* and CI~ ions obey only the
electrostatic constraint. The 1-pH unit shift in pHje,, sup-
ports the assumption discussed above of the existence of
an akageneite layer on the magnetite/maghemite core in

the sample aged for 6 years.

pH-Dependent Aggregation of Nanoparticles in
Electrolyte Solutions

The studied magnetite suspensions are electrostatically
stabilized from the point of view of colloidal stability.
Particles either aggregate or disperse, depending on the
structure of the local electric field formed on particle
surfaces. Aggregation processes in dilute suspensions
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Figure 6. The pH-dependent charge state of fresh and aged magnetite nanoparticles.

can be characterized by particle size determination. Dy-
namic light scattering (DLS) can provide reliable size
data even when the system is undergoing coagulation.*0

The pH-dependence of the hydrodynamic size cal-
culated from the cumulant analysis of first-order correla-
tion functions is shown in Figure 7. It is obvious that the
pH induced particle aggregation is surprisingly different
for the fresh and aged samples at each NaCl concentra-
tion. The colloidal stability of charged particles is actu-
ally determined by their surface charge state. The fresh
sample shows a significant increase in average particle
size over the range of pH = 7-9 at the lowest salt con-
centration, proving a pronounced aggregation near the
pH of pzc where the electrostatic repulsion between par-
ticles is negligible and particles generally undergo fast
coagulation, in accordance with the literature.28:41-44 We
did not experience any unusual behavior regarding the
colloidal stability of ~10-nm magnetite particles as pre-
dicted for the smallest (1-3 nm) hematite nanoparti-
cles.® The pH range of aggregation becomes broader at
higher salt contents. The absolute aggregation rate con-

Magnetite - freshly prepared
600 -

—=—0.001 mol dm~3 NaCl
—&— 0.01 mol dm™3 NaCl
—4&— 0.1 mol dm= NaCl

400 4

200 -

Z average particle size / nm

stants for pH-dependent aggregation kinetics of hematite
were determined in a delicate work.*¢ It was stated that
at low ionic strengths, the rate constant is a function of
pH and goes through a flat maximum around the point
of zero charge (pzc), where fast aggregation conditions
are reached, while at high ionic strength, the system is in
the fast aggregation regime with pH independent rate
constants. It should be mentioned here that the reprodu-
cibility of measured size data for colloidally stable sys-
tems was very good within £ 5 %, though the relation
qr, << 1 was not obviously fulfilled. In the aggregating
suspensions, however, the measured particle size in-
creased with time, showing the progress of coagulation.
Therefore, the measured larger size data around the
pH,,. of magnetite for the fresh sample and all measured
points of aged magnetite in Figure 7 are suitable only for
comparing a given kinetic state of coagulating systems.
Without demanding any details of colloidal stability, it is
worth comparing the pH-dependent aggregation of fresh
and aged magnetite samples, since their difference is
obvious. The 6-year-old magnetite shows neither pH nor
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Figure 7. The pH-dependent aggregation in suspensions of fresh and aged magnetite nanoparticles.
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ionic strength dependence. It seems that the aged sample
lost entirely the feature of electrostatic stabilization
during its long storage. This simple experimental finding
is probably related to the storage problem of water based
magnetic fluids.

CONCLUSIONS

As an interesting example of ageing in the inorganic
nanoworld, changes in the inherent solid phase and the
aqueous interfacial properties of magnetite nanoparticles
in a Massart type magnetic fluid were presented in this
work. The essence of the magnetic fluids is the super-
paramagnetic behavior of magnetic nanoparticles, which
is closely related to the quality of crystallites, i.e., their
magnetic susceptibility, and their size compared to that
of a single magnetic domain. While the solid phase
transformation of magnetite to maghemite and a slight
increase in particle size during 6 years of storage were
proved in the present study, the superparamagnetic fea-
ture did not change after all, since the magnetic suscepti-
bility of these iron oxides is not too different and the size
limit of the single domain is still above the average size
of particles measured after storage as long as 6 years. In
contrast to the inner character, the outer properties at the
aqueous interface underwent such a great alteration dur-
ing the long storage time that the aged system cannot be
called magnetic fluid any more because of the decline in
colloidal stability. Besides the akageneite shell formation
on the magnetite core, transformed partially to maghe-
mite, surprisingly neither the surface charge density nor
the particle charge in the acidic region showed a signi-
ficant change, except for the definite decrease in the pH
of pzc and iep (from pH = 8 to = 7). The ageing of syn-
thetic magnetite formed as nanoparticles may be the rea-
son for the different literature data of its surface charge
characterization, since the Ostwald ripening in the nano-
size region is faster due to enhanced dissolution, which
is unfortunately often neglected in recent papers. The
coalescence of akageneite shell during recrystallization
resulted in a significant decrease in the specific surface
area of the aged magnetite sample, and probably contri-
buted to its declining colloidal stability.
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SAZETAK

Starenje u anorganskom nanosvijetu: nanocestice magnetita u vodenom mediju

Etelka Tombacz, Erzsébet Illés, Andrea Majzik, Angéla Hajdui, Nora Rideg i Marta Szekeres

Istrazivane su promjene svojstava nanocestica magnetita u ¢vrstom stanju i na medupovrsini ¢vrsto/tekuce

vz

pomocu magnetske tekucine tipa Massart. NanoCestice magnetita sintetizirane su, procisc¢ene i dijalizirane po-
moc¢u 0,001 mol dm= HCI te ostavljene stajati 6 godina pri temperaturi od 4 °C. Dokazana je transformacija
magnetita u maghemit i nastajanje sloja akaganeita na magnetskoj jezgri, kao i lagani porast veli¢ine Cestica,
S$to nije utjecalo na promjenu superparamagnetskih svojstava nanocestica nakon stajanja od ¢ak 6 godina. S
druge strane, svojstva na medupovrsini ¢vrsto/tekuée promijenila su se na ¢udan nacin. Iznenadujuce, niti povr-
Sinska gusto¢a naboja niti naboj Cestica u kiselom podrucju nisu pokazali znacajnu promjenu osim promjene
pHp,c i pHjep 0d pH ~ 8 do ~ 7. Nastajanje sloja akaganeita tijekom rekristalizacije rezultiralo je znacajnim
smanjenjem specifi¢ne povrSine uzorka i vjerojatno pridonijelo smanjenju koloidne stabilnosti.
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