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Process for preparing magnetite or maghemte
nanoparticles with controlled size

using mld conditions

Background of the Invention

Magnetic nanoparticles are of great interest for various
bi o- and nanot echnol ogi cal appl i cati ons, such as
ferrofluids, magneti c pi gment s, contr ast agents for
magnetic resonance imaging (M), drug delivery carriers,
hypertherm a cancer treat nent, sensors and ot hers
(Corchero and Villaverde, 2009; Lu et al., 2007). The iron
oxi de magnetite Fe30'4 is the preferred material for the
aforenentioned applications as it is easily accessible,
its magnetic properties can be tuned with particle size
and it is biocompatible. Typically, the snallest particles
exhi bit super par amagneti c behavi our meaning that their
magneti zati on can reverse spontaneously under t her mal
i nfluence. For magnetite nanoparticl es t he super -
par anagneti c size threshold varies bet ween 25-30 nm
(Muxworthy and WIIians, 2006; Muxworthy and WIIians,
2009) . Above this size, the particles have a single
magnetic domain and thus show maxi mum renanence and
coercivity. Above the critical size of roughly 100 nm
(Muxworthy and WIIians, 2006; Muxworthy and Wi ans,
2009) , particles form multiple domains to mnimze their
magnetostatic energy. This again leads to a decrease in

remanence and coercivity.

Nurmer ous nmnethods have been developed for the synthesis of
magnetite, including coprecipitation, t hernol ysis, sol-gel

reactions and others (Laurent et al., 2008). The sinplest
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and nost wi del y used synt hesi s nmet hod is t he
coprecipitation of ferrous and ferric iron in aqueous
solution as firstly described by Mssart (Massart, 1981)
Wth this nethod, the nanoparticle size can be tuned
between 2 and 12 nm by adjusting pH and ionic strength
(Vayssieres et al., 1998). Thus, only superparamagnetic
particles can be obtained this way. However, vari ous
applications specifically require particles wth single
domain  properties for highest possi bl e remanence and
coercivity t hat unfortunately have r emai ned hardl y
accessible by such si mpl e synthetic routes. Al l t he
present nethods producing |larger particles indeed nake use

of high tenperatures and/or pressures and/or precursors

that have to be solubilized in organic solvents (VWO
2006/ 001018 A2; Kim et al., 2009; Suginoto and Matijevic,
1980) . This is clearly unfavourable with respect to

particle vyield as conpared to the Massart t echni que.
Furt her nor e, t hese conditions are environmentally and

econoni cal |y di sadvant ageous.

In view of this prior art, a main object of the present
invention was to provide an inproved nethod for preparing
magnetite or maghenite nanoparticles in particular
single domain nanoparticles, with <controlled size in a
conveni ent, cost-efficient and environnentally friendly

manner
Said object was achieved by providing the process of

present claim 1. Specific and/or preferred enbodinents of

the invention are the subject of further clains.

Description of the invention

The inventive process involves the sinple coprecipitat i on
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of ferrous and ferric iron in aqueous solution in mld pH
Said process enables the control of particle size from the
super par anagneti c to the single donain and possibly
mul tidomain size ranges as shown by transm ssion electron
m croscopy (TEM , X-ray diffraction (XRD) and confirmed by
maghetic measurenents. The discl osed process which in
particul ar allows producing single domain nanoparticles
under soft chemical and physical conditions represents a
great step forward for the devel opnent of applications

based on single-domain magnetic particles.

The inventive process according to claim 1 conprises
coprecipitation of Fe?* and Fe3* ions in an aqueous
solution wunder mld alkaline conditions in a pH range

from 8 to 12 and a tenperature from 15 to 40°C

In a nmore specific enbodinent of the invention, the pH is
in a range from 8 to 10, and preferably in a range from
pH 8.5 to 9.5.

In another specific ' enbodinent, the tenperature is in a
range from 20 to 30°C, nore specifically from 22 to 28°C,
preferably 24-26°C, in particular about 25°C

Typical ly, the nanoparticles obtained in the process of
the invention have diameters in a range from 10 to 100

nm preferably from larger than 15 nm to 100 nm

In an especially preferred enbodinent, the nanoparticles
are single domamin nanoparticles having a dianeter in a

range from 20 nm to 60 nm

In a preferred enbodinment of the process according to the

pr esent i nvention, the coprecipitation is effected by
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provi di ng an aqueous reaction medi um conpri si ng
dei onized water set to the desired pH and continuously
adding a mxed aqueous solution of Fe?* and Fe3* salts to

the reaction nedium .

The reaction nedium my be set to the desired pH by any
suitable organic or inorganic base. Preferably the base
is NaOH or KOH  Typically, the desired pH wll Dbe
initially set bef oré adding any iron ion solution and
subsequently nmonitored and re-adjusted to the desired pH

by adding further base if necessary.

The Fe2?* and Fes3* salts are preferably inorganic salts, in
particular selected from the group of Fed, and Fed j,
other halides of Fe2*/Fe3*, nitrates or sulfates of

Fe2*/ Fes+.

According to a nore specific enbodinment of said process,

in said mxed aqueous solution of Fe?" and Fe3* salts the
Fe?* and Fe3* ions are present in a concentration of from
0.1 mol to 2 nol, preferably 0.1 to 1.5 nol, and in a

Fe2*/Fe+ ratio of about 2:5 to 3:5 preferably about 1:2.

Preferably, the mixed aqueous solution of Fe2* and Fe3*
salts is added with at a rate of 0.1-0.001 vol .% of the

initial reaction volume per mnute.

Typically, the mxed aqueous solution of Fe2* and Fe3*
salts is added during a time period of from 1 min to 24
h, more specifically during a time period of from 1 h to
15 h, such as from 2 h to 10 h or from 3 h to 6 h. It
will be evident for the skilled artisan that the tine
period can be optimzed for any desired nanoparticle size

by routine experinments based on the technical teachings
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of the present application.

In a specific enbodinment of the inventive process, the
m xed aqueous solution of Fe?* and Fe3* salts is added
during a tinme period of from 3 to 6 h, preferably from 4
to 5 h, and the prepared nagnetite nanoparticles have

dianmeters in the range from 25-30 nm

Typically, the reaction conditions are set to provide an
average growth rate of the initial magnetite particles of

about 2-5, preferably 3-4, nm per hour.

Usually, the inventive process wll be inplenented in a
non- oxi di zing at nosphere, such as nitrogen or a noble
gas. Preferably al | media and solutions used are
essentially free of oxygen, e.g. effected by purging wth

nitrogen or another inert gas.

Advant ageously, the inventive process can be inplenented

at normal pressure of about 1 bar.

In one specific enbodi nent of the invention, t he
magnetite particles produced are ‘further oxidized to
maghemte particles, e.g. by exposition to an oxidating
agent such as oxygen. Alternatively, i f the coprecinpi-

tation is inplemented in the presence of air oxygen,

maghemte particles are fornmed initially. 1In the latter
case, however, it is difficult to obtain | ar ger

particles than about 20 nm si ze.

The invention is further illustrated by the follow ng non-

[imting Exanples and Figures.
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FI GURES

Fig. 1. Transmni ssion el ectron m crogr aphs (TEM of
growing nagnetite particles after (a 10 min, (b) 300 nin

and (c¢) 600 min. Scale bar represents 100 nm

Fig. 2. Synchrotron X-ray dif fractogramm obtained from

magnetite nanoparticles after 600 min growh.

Fig. 3. Developnent of the nean particle size over growth
time. Sanpling of 3 independent reactions with a 1 M iron

solution. Error bars represent standard deviation.

Fig. 4. nmagnetic neasurenents at 300 K obtained after 5,
60 and 480 min reaction tine. The increasing donmain size

i ncreases renanence and coercitivity of the sanples.

EXAMPLE 1

synt hesis of nagnetite nanoparticles

Magnetite nanoparti cl es Wi th controll ed si ze wer e
synthesized using a nodified version of the Mssart route,

Briefly, instead of fast addition of an iron solution to a
strong base, iron was slowy added to a reactor with nild

al kal i ne conditions.

In particular, nmagnetite nanoparticles were prepared by
coprecipitation of Fed , and FeC ; in a reactor nmaintained

at 25 £+ 0.1 °C by a water bath wunder constant pH
conditions and nitrogen atnosphere. Dei oni zed water and
all solutions were initially purged with nitrogen before

use .

10 mL deionized water was set to pH 9 with 1 M NaOH and
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equilibrated to 25  + 0.1 °c A | M iron solution
consi sting of 0.33 Mj Fed , and 0.67 M Fed ; was added at a

! using a Metrohm 776 Dosimat ® punp. The

rate of 1 pi x mn~
pH was kept constant "at pH = 9.0 £ 0.4 by addition of a 1
M NaOH solution controlled by a Mtrohm 719 Titrino®
titration device <coupled to a pH electrode (Metrohm
Biotrode® . To study the evolution of nanoparticles, 60 pi
sanpl es were taken at: given tines after the addition of the
iron solution started and were analyzed by TEM and XRD.
For nmagnetic neasurenents, the final precipitate was
separated by centrif.ugation, washed with deionized water

and freeze-dried.

EXAMPLE 2

characterization of magnetite nanoparticles

TEM Transmi ssion electron mcrographs were acquired on a
Zeiss EM Orega 912X at an acceleration voltage of 120 kW
Sanples were prepared by dropping the respective solution

on a carbon-coated copper grid.

XRD. Wde angle X-ray powder diffraction was perforned at
the p-spot beamine of the BESSY synchrotron radiation
facility (Berlin, Gernmany) , with an energy of 15 keV (A =
0.82656285 A), a beam size of 100 pm and a Si 311
nonochr omat or to reduce the beam divergence. Particle
sizes were estimated by wusing the Scherrer equation,

consi deri ng a correction for the instrunental peak

broadening (Paris et al., 2007).
SQUID. Measurenents were perforned on a MPM5 at 300K

The nanoparticles initially formed in Exanple 1 were nade

of magnetite as confirmed by XRD and Ilie wthin the
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super paranagnetic size range, wth nean particle dinensions
of 15 nm as evidenced by TEM after 10 min reaction tine
(Fig. la) . Particles of this size range are typically
produced in coprecipitation syntheses when either titra-
ting a respective iron solution to alkaline pH or addition
of the iron solution to an alkaline reservoir (Berger et
al ., 1999; Massart, 1981). It has been reported that

particle size can be tailored within 2 to roughly 12 nm by

adj usti ng pH and ionic strength during synt hesi s
(Vayssieres et al., 1998). However, with the present
net hod, it is possible to obtain much larger particles

that are not reported in the literature wusing such sinple
set - ups. In experinents of the inventors, the nagnetite
particles were able to grow wth tine. Figs, Ib and Ic
show magnetite particles obtained according to Exanple 1
after reaction tines of 300 and 600 nin, respectively. As
can be seen in the latter mcrograph, single magnetite

crystals can reach sizes over 100 nm after growh.

To study the nmean size of crystals in the bulk, the domain
size was analyzed by wide angle X-ray diffraction (Fig. 2)
and Scherrer analysis based on broadening of the nost
pr om nent (311) peak. As evident from Fig. 3, continuous

addition of iron to the reaction nedium according to
Exanmple 1 resulted in near-linear crystal growh at an
average rate of 3.5 nm per hour. Magnetite nanoparticles

becone namgnetically remanent at room tenperature at a size
of around 25-30 nm Thus, after a growth time of around
4-5 hours single domain particles <can be obtained wth

this nethod.

To investigate whether the increasing crystallite size does
i ndeed change their magnetic properties, SQUJ D neasurenents

were performed on sanples taken after several tinme points
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(Table 1) .
Table 1
Synt hesi s Mean particle Coercivity (Ce)
tine (mn) size (nm

15 17 12

60 18 45

240 28 115

480 43 106

As can be seen in Fig. 4, initially formed particles show
no hysteresis at room tenperature in accordance W th
their super par amagneti c behavi our. Wth tine, gr owi ng
crystallites show increasing remanence and coercivity due
to their increasing domain size. The coercivity H, at 300 K
increases over tine from initially alnost zero to 115 Oe
after 240 min. After 480 min the coercivity reduces
slightly to 106 Oe indicating the possible presence of
mul ti donain particles. The critical size for nmultidomain
magnetite particles is 128 nm which is close to the size
of single particles observed with TEM after 600 nmn (Kim
et al., 2009). Consequently, the drop in coercivity might

also indicate an earlier presence of such nanoparticles.

Surmari zi ng, the present i nvention allows to produce
nanoparticles of magnetite having a size from about 10
(super paramagneti c) to about 100 nm (limt between single
to rmulti-donain) by sinple coprecipitation of ferrous and
ferric iron in mnld al kal i ne condi ti ons. Wth t he
present ed net hod, particles gr ow from an initial
super par amagneti c size of 10 to 15 nm by around 3 to 4 nm

per hour on average. Thus, the magnetic donmamin size of
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magnetite nanoparticles

super par amagneti c

beyond. The technique

favourable when conpared

to such si zes as the

chemn cal condi tions.
t enperature, anbi ent
use of any organic solvent.

This al so opens

can be precisely
to single donain
is environnental ly
to existing
reaction
Reacti ons

pressure, at

up the possibility

PCT/EP2010/003983
controlled from
size and possibly even

and econonically

t echni ques | eadi ng

proceeds under soft

i ndeed run at room

mld pH and w thout the

to produce particles in

the presence of sensitive additives, such as bi onol ecul es,
e.g. pr ot ei ns, pepti ds and nucleic aci ds, whi ch are
necessary for t he af or ement i oned bi onanot echnol ogi cal

applications
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CLAI M5

1. A process for preparing rmagnetite or maghenmte
nanoparticl es with controll ed si ze conpri sing
coprecipitation of Fe?2t and Fe3* ions in an aqueous
solution under mld alkaline conditions in a pH range

from8 to 12 and a tenperature from 15 to 40°C.

2. The process according to claim 1, wherein the
nanoparticles have dianeters in a range from 10 to 100

nm preferably fromlarger than 15 nm to 100 nm

3. The process according to <claim 2, wherein the
nanoparticles are single domain nanoparticles having a

dianeter in a range from 20 nmto 60 nm

4. The process according to any one of clains 1-3,

wherein the pH is in a range from 8.5 to 9.5.

5. The process according to any one of clains 1-4,
wherein the tenperature is in a range from 22 to 28°C
preferably 24-26°C.

6. The process acéordi ng to any one of clainms 1-5,

wherein the coprecipitation is effected by providing an
aqueous reaction nedium conprising deionized water set to
the desired pH and continuously adding a mxed aqueous

solution of Fe2* and Fe3* salts to the reaction nedium

7. The process according to claim 6, wherein the Fe2*
and Fe3* salts are inorganic salts, in particular
selected from the group of Fed , and Fed ;, other halides

of Fe2+/Fe3*, nitrates or sulfates of Fe2+/ Fe3+,
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8. The process according to claim 6 or 7, wherein in
said mxed aqueous solution of Fe?* and Fe3* salts the Fe2*
and Fe3* ions are present in a concentration of from 0.1
nmol to 2 nol and in a Fe?2*/Fe3* ratio of 2:5 to 3:5,

preferably about 1:2.

9. The process according to any one of clainms 6-8,
wherein the mxed aqueous solution of Fe2* and Fe3* salts
is added with at a rate of 0.1-0.001 vol.% of the initial

reaction volune per mnute.

10. The process according to any one of clainms 6-9,
wherein the mxed aqueous solution of Fe2* and Fes3* salts

is added during a tine period of from 1l mn to 24 h.

11. The process according to claim 10, wherein the m xed
aqueous solution of Fe2* and Fe3* salts is added during a
time period of from 4 to 5 h and the prepared nmagnetite

nanoparticles have dianeters in the range from 25-30 nm

12. The process according to any one of clainms 1-11,
wherein the reaction conditions are set to provide an
average growmh rate of the initial magnetite particles of

about 2-5, preferably 3-4, nm per hour.

13. The process according to any one of clainms 1-12,

which is inplemented in a non-oxidizing atnosphere.

14. The process according to any one of clainms 1-13,

which is inplemented in the presence of bionolecules.

15. The process according to any one of clainms 1-14,
wherein the nmagnetite particles produced are further

oxi di zed to maghemite particles.
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