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Abs~'act-Stable aqueous fet:ofluids consisting of supe::paranagnetic iron oxide particles with nanometer size were 
prepared by adding aqueous dexh-an solutiotzs of fe::'ic and fen-ous chIotides to anm:onium hydroxide. The growth 
of the core particles was shown to be inhibited by the presence of dextran. Procedures to increase the rae  of reaction 
by varying reaction parameters also inhibited the core growth as long as supply of core materiaI was kept constant. 
The core particles actually existed in the fluid as chain aggregates, the size of which became smalIer with the con- 
centration of dextran by a dense coating of the core particles. The aggregae size was also affected by supplying oxy- 
gen in the reaction bath and varying the initial total iron concentration, but it was kept fairly constant with the vaiation 
in the other reaction parameters. 
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INTRODUCTION 

Fen-ofluids, consisting of magnetic particles dispersed in a liquid 
medium, have found wide applicaions, mainly in the manufact::e 
and processing of mechanical parts, such as media for shaft seaIs, 
speaker dampers, or liquid separation and abrasion processes [Pop- 
pleweI1, 1984]. Recently, ferrofluid use has been further extended 
to bion:edical fields such as agei:ts for MRI coi:trast, ceil sel:~-a- 
tio:1, anemia treatu:ent and magnetic drug delivery [Cn-oman et al.. 
1 989; Palmacci and Josephson, 1993; Nowik et al., 1997; Kellar et 
al., 1999; Gunther et al., 2000]. In any of these applicatiorxs, the s t -  
faces of the ultrafme magnetic paracles are mcxffified by adsorbing 
sta~factants or l:olymet~ to enhance their disl:ersibility in either aque- 
ous or organic solvents. Aqueous fen-ofluids are preferred for bio- 
medical uses, due to their compatibility with body fluids. Among 
then: dextran-femte fenofluids have beet: widely studied due to 
their high stability and low toxicity in body fluids [Oroman et al., 
1 989; Palmacci and Josept:son, 1993; No~4k et al., 1997; Haseg- 
awa et al., 1998; Jung and Jacobs, 1995; Jung, 1995; Coe et al., 1995; 
Kawaguchi and Hasegawa, 2000]. 

Recently, many researchers have fried a considerable amount of 
data about the nah~e of the p:imary(core) and aggregated particles, 
including their sizes ['Kelhr et al., 1999; Jung and Jacobs, 1995; 
Jung, 1995; Kawaguchi and Hasega~va, 2000; Lo1:ez-Perez et aI., 
1997], chemical compositions [Groman et al., 1989; Jung, 1995; 
Babes et al., 1999; Menderffla11 et al., 1996], crystalIff:e structures 
[No~:4k et al., 1997; Jung, 1995; Lol:ez-Perez et al., 1997] andmag- 
netic properties [Groman et aI., 1989]. In spite of these many pub- 
lication~s, however; knowledge of the properties of aqueous fe::o- 
fluids has not been systematically accumuIated so far, since the t:o- 
cedures and major parameters of reaction and after-treatment were 
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different fion: publication to public,on. Furthe::aore. eve:: a minor 
variation in them significantly affects the propmies of the particles, 
son:etimes leading to seemingly contradictory conclusiorxs. 

Hence we prepared a dexa'an ferrofluid by adding mixed iron 
salts in aqueous dexh~n solution to an a:rmao::iacal solution in strict- 
ly predetem:ined procedures, and investigated systematica~y the 
effect of each reaction parameter on the properties of the core and 
aggregated particles. 

E X P E R I M E N T A L  

1. Preparation of Particles 
To a solution of 50i",1I of 7.5% 7b,l~ OH was added 50i",1I of 0.28 

M FeCI3 (u Pure Chemicals Co., Ltd.), 0.16 M FeCI2 (Yak~i 
t~:re Chemicals Co., Ltd.) and 12.5% w/v dextran, (Sigma Chemi- 
cal Coml:any, D1390, IVBu 71,000) over a 5 minute l:ez-iod with a 
syringe pump (Keun-A Mech~-onics, KASP005/150MT). The o:- 
der of reactant addition was reversed con:pared to other research- 
et~ [Cnoman et al., 1989; Nowik et al., 1997; Hasega~va et al., 1998] 
since we wanted to keep the concentration of dextran as low as pos- 
sible to suppress its effect on particle fon:aation. The reaction prod- 
uct containing black precipitate was stff:ed for 5 minutes and then 
aged for 30 minutes at 70~ The reaction and aging proceeded in 
nitrogen environment The solulion coi:taming small particles was 
dialyzed against 1,CX:)0 mI of deionized water, with the water changed 
each day, to remove ions and excess dextran until the pH of the re- 
:naming solution dec-eased to 7. Large particles in the fen-ofluid 
were then removed by cent:if:Nation (Kontron CENTR1:KON T- 
1180). The l:owder particles were recovered with a membrane friter 
(ADVANTEC IVIFS. Inc., 0.2 pm yore), and the black l:owder was 
fi-eeze-dried for 3 days. The process variables were changed one 
by one to investigate their effect on the properties of the particles 
prepared: Among them, the mitiaI molar ratio of Fe§ § keeping 
a total iron concentr~on of 0.44 lVl, the total iron concena'ation with 
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the molar ratio of 0.28/0.16 was kept constant, the rate of addition 
of iron salts plus dextran sokifion, the concentration of dextran, and 
the tempeza~-e of aging The order ofmgxing m the semibatch sys- 
tem was reversed, if necessary, to see its effect on the particle for- 
marion. The dextran was added after reaction and aging, to check 
the effect of decoupling the reaction and dispersion. The reaction 
and aging were often carried oLit m air environment The effect of 
ultrasonification was also investigated. 
2. Characterization of Particles 

The shape and size of the core and aggregate particles were ob- 
sensed witi1 a Transmission Electron Microscope (Carl Zeiss, EM 
912 Omega). For tiffs we &-opped diluted sample fluids on carbon- 
coated TEIvl specimens. The diameters of typically flRy particles 
at least in each TEIvl picture were measured to obtain their number 
average diameter. A Laser Particle Size Analyzer (Otsuka, PAR- 
I]I) was used to measure the size of the aggregated particles l~-e - 
sv~nably existing in the liquid. The st~face charge of the particles 
was measured with Zeta-potentiometer (OtsL~ka, ELS-8000). FT- 

" "  ' /  ' " I .  I% 
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IR (Nicolet Ivlagna 750) spectra were measured to gain itffonna- 
tion on the chemical slructxtre of the coated particles. The crystal 
s~mmre of the dry powder was investigated by X-ray diffi-acfion 
~ ,  Scintag SDS 2000). The core size was aIso deten~ained fi-om 
the line widths obtained fi-om XRD Satxaation magnetizarion of 
the particles was measured as a function of temperature at 10,000 
Gauss and their hysteresis cL~es were obtained at 5 K, with a 
SQUID Magnetometer (Quantum Design, MPMS). 

RESULTS AND DISCUSSION 

1. Characteristics of Iron Oxide Particles 
1-1. Morphology of Iron Particles in the Liquid 

Fig. 1 shows TEM pictures of four representative sa-aples. Ex- 
cept the particles prepared without dextral~ which existed m ran- 
dora aggregates, the core particles formed chain aggregates. The 
actual length of the chains in the fluid would be shorter since over- 
lapping of the chains possibly occLared during the preparation of  
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Fig. 1. TEM micrographs of iron oxide particles in environment of (a) air with 12.5% w/v dextran; (b) air with 2.5% w/v dex~ran; 
(C) nitrogen with 12.5% w/v dextran; (d) nitrogen with no dextran, otherc, ise under reference conditions. 

Korean J. Chem. Eng.(Vol. 19, No. 3) 



482 K.M. Lee et al. 

(a) 

Fig. 2. Coagulation and dispersion of particles with polymel~. 
(a) at hi~: conce::trNion of d~xtra:; Co) at low concentration 
of dexlx-a: 

TEIvl samples. Anyhow, their length seemed shorter the larger the 
concentration of dextrarL For the sample with 12.5 wt% dex~an, a 
translucent envelope was obsm~ed around core particles, l :obably 
:-elated to the existence of d~xtral, since TEIvl only visualized the 
iron oxide cores, dextran in the colloid being transparent to TEIvl. 
This obsen~ation suggested us a model for confonnal struc~-e of 
the aggregates, as shown in Fig. 2. At higher concentration of dext, 
ran, the majority of dextran molecules p l~a r i ly  coated individual 
core particles, which were briclged to the rest of the molecules. The 
aggregates thus appeared in short chains. On the other hand, at lower 
concentration of d~xtral, most molecules of dextran took part in 
hiidgmg the adjacent core particles, leading to long chain aggre- 
gates. The chain length also decreased as the reaction environment 
changed fi-om nitrogen to air enviromnent for the sane concentra- 
tion of dextrar~ This will be further discussed in the next section_ 

The average size of the core particles obtained fi-om the TEIvl 
pictures ranged fi-om 4.5 mn to 10 ran. The size decreased ruth the 
concentration of dextran, as shown in Table 1. According to Gro- 
man et al., 1989, synthesis of the oxide in the presence of dextran 
seemed to effect a tight association between the dexlxan and the oxi- 
de. It is believed that the initial drops added to the ammonia solu- 
tion initiated the reaction and then nucleation_ A&iition of subse- 
quent drops could parttcipate either m the growth of the nuclei or 
in the fonnation of new nuclei, depencSng on the :ate of the fom:a- 

tion reaction of iron oxide. Crystal growth is probably inhibited by 
the presence of the adsorbing molecules [Amg et aI., 1999]; this is 
supported by the fact that the size of the core particles was excep- 
tionally larger for the sanple l:epared under nitrogen without dext- 

Table 1. Variation of size of core particles (mn)with respect to the 
concentration of dextran 

\ Dextran concentration \ 

Reaction enviromnent ~ ,  
12.5 wt% 2.5 wt% No dextran 

Air environment TEM 4.7 5.0 5.8 

XRD 6.0 6.2 6.7 

N2 environment TEM 6.2 9.8 
XRD 6.5 15.0 

E 

Fe  ~" / Fe  2§ = 0 .28  / 0 . 16M,  Air 

I I , I , I 
30 40 50 60 

2 T h e t a  

Fig. 3. Variation in XRD patterns for various samples prepared 
in different Fe2+/Fe3+ ratios, otherwise under reference con- 
ditions. 

rat: An increase in the proportion of augula- particles was also no- 
ticed for this sample. The parixcles prepared in air environment were 
always smaller than those in niix-ogen. This will be briefly discussed 
m the next subsection 

The size of the core particles was also estimated by the Debye- 
Schen-er fommla [Lot:ez-Perez et aI., 1997] by using the halfmax- 
imv~ width of p~&s in X-ray diffraction pattems, such as Fig. 3. 
Some results of esNnation a-e included m Table 1. The Ix-end in the 
core size flora Xq~D was the sane as that fion: TEM, although the 

size was always larger than the conesponding TEIvl size. 
The core size decreased to be unmeasurable on the TEM image, 

as the addition rate of dextran-iron salt sokaion increased to 50 ml/ 
rain, 5 ~nes that in the reference conclition. The extreme smalIness 
of the particles in the sample appeared in the XRD pattern as dis- 
appearance of all the crystalline peaks. The immediate addition of 
if-on salts increased the reaction :ate and thus the rate of nucleation 
of iron oxide at the expense of the size of the nuclei. Increase in 
Nt-~OH concentration also r~:hces the size of the core particles down 
to 3 ran, fiom XRD results. Difference in the core particle size was 
not observed by changing the total concentration of iron salts fi-om 
0.44 M to 0.176 Ivl, keeping the Fe3+/Fe § ratio co:~stant. This im- 
plies that the decrease in the reaction rate caused by Iowenng the 
concentration results in somewhat different effects on the size of the 
core particles: the reduction of nucleation :ate certainly leads to a low- 
er number of nuclei, but their size probably would not surpass that 
obtained under the reference conditions, due to the limited amount 
of core mate:ial tim tin:e. On the other hand, the particle size either 
fi-om TEIvl or XRD was unmeasurably low for the sample pre- 
pared at 50 ~ and 3.75 wt% NH4OH. In these conditions, lower- 
ing both the temperature and NI~OH concentration leads to a fur- 
ther decrease m the matel-iaI m~ailable for malting iron oxide as well 
as a fmher  decrease in the :ate of reaction. Thus, both the size and 
the number of core parttcles would be much smaller than those ob- 
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mined under reference conditions. 
1-2. Crystallmity and Magnetic Properties of  Magnetic Particles 

patterns for the samples pretx~ed in different FeWFd + rat ios 

l~th in nitrogen and air environments are shown in Fig. 3. Although 
the precision of the diffraction data was relatively low due to Ime 
broadening, there are certainly minor differences in the XRD pat- 
terns for the samples pretxtred under nitrogen and air environments. 
The main peak, around 35.4 ~ was thus slightly shifted to a lager 
angle, as indicated by the auxiliary vertical line, for the sample ob- 
tained under air environment The XRD patterns of the particles 
prel~red in nitrogen and air enviroi~uents showed characteristics 
of spinel phases such as magnetite (Fes�9 and maghemite (~-Fe203), 
respectively. The crystalline s~uc~-e was not affected by changing 
Fe'>/Fe § fi-om 0.28/0.16(=1.75) to 0.16/0.28(=0.57). This supports 
the indication of Babes et al. [1999] that the clifference in suscepti- 
bility of the particles (thus their crystalline s~uc~e) was not so sig- 
nificant except for ranges of the ratio between 2 to 2.5. Thus it is 
suggested that the formation of maghemite, a more oxidized form, 
leads to smaLIer particles than that of magnetite, a less oxidized foml. 
On the other hand, fi-om Fig. 3, the XRD crystallite size varied fi-om 
6.5 rrn for FeWFe+2=0.28/0.16 to 10.1 nm for 0.16/0.28 under nitro- 
gen environment. They were 6.0 rrn and 7.5 nm, respectively, for 
the same ratios in air environme~ Therefore, this also leads us to 
conclude that tile more oxidative atmosphere either by working in 
an air ~uosphere or by using higher Fe3+/Fe +2 ratios favored smaller 
particles. Babes et al., 1999 showed that the pretxtration yield de- 
creased and the core size increased by limiting the oxidation by a~: 
They also showed that with decreasing the Fe§ § ratio, the mean 
particle size increased, as well as the propartion of large particles, 
wtfile the preparation yield decreased_ Their definition of the yield 
(the conversion during a given period) is related to the rate of reac- 
tion. Therefore, in our expez~uental conclitioi~% it is again deduced 
that smaller particles oiiginated fiom higher rate of fomlation for 
ferric oxide than for fenous oxide. 

The hysteresis curves of the particles at 5 K are shown in Fig. 4. 
The Figure shows that the squareness of each curve is close to O, 
which is typical of supe~pa~magnetism. Saturation magnetization 
was about 100 emu/g of iron oxide. The saturation magnetization 
of the part~cles prepared in a nitrogen arnosphere was slightly larger 
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Fig. 4. Hysteresis loop for the particles prepared in ah" and N2 en- 
vh'onment, respectively othelm, ise under reference condi- 
tion. 
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Fig. 5. Temperature effect on the saturation magnetization of the 
partides prepared in ah- and N2 erwh'onment, respecth, ely, 
under otherwise reference condition. 

than that in air envirorrnent, reflecting tile difference of magnetite 
and maghemite as expected fi-om the discussion of the previous sub- 
sectioi1 As shown in Fig. 5, the difference in magnelJzation increased 
with temperature. 
2. Characteristics of Dextran-Iron Oxide Colloids 
2-1. Stability of tile Fen-ofluid 

All the reaction mgxtures, a~er reaction and subsequent aging, 
were dialyzed for 3 days Latil their pH's were down to 7. We call 
these fen-ofluids. All the iron particles with dextran, if aly, were 
well dispersed in our ferrofluids within the ranges of our expert- 
mental conditions. Fig. 6 is an indication of tile stability of the fer- 
rofluids. The average dimuetez~ ofl~rticles measured each day with 
the Laser Particle Size Analyzer for 6 days after the ferroflnids were 
prepared remained almost at the con-esponding initial value. TIEs 
state of dispersion continued for more than three months at roonl 
tempera~e. The fluid was also stable with almost the sane LPA 
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Fig. 6. Particle diameter of the ferrofluids prepared as a function 
of time elapsed after preparation. 
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diameter for at least 3 days at teml:era~es of 4 ~ and 50 ~ but 
at 70 ~ precipitation occ[wred only after 2-3 hours. 
2-2. Effect of Dextran 

The LPA diametez's shown m Fig. 6 conesl~nd to intei~sity m~er- 
age diameters, also known as PCS (photon correlation spectroscopy) 
diameter, effective diametei; or the Stokes diametei: This is a func- 
tion of the sixth power of the physical diameter and is very sensitive 
to the larger l:articles that are present in the distribution [Jung, 1995]. 
Thus, typical LPA diametei~ of the fen-ofluld prel~-ed under refer- 
ence condihons were 300nm, as compared to a number average 
diameter of 52 ~n. The LPA diameters were much larger t i m  the 
TEM diameters shown in the previous section. The differences in 
number m~erage particle sizes fi-om TEIvl and PCS measurements 
were a~ibutable to the fonnation of chain aggregates by adsozp- 
tion of hydrated dextran layers, as described in the previous sub- 
sectio~ The fact ti~at the LPA diametet~ decreased with the con- 
centration of dextran as shown in Fig. 6 supports the model pro- 
posed in Fig. 2. When the order of reactant addition was reversed, 
the LPA diameter of the resultant fenofluid was reduced to 210 nm, 
similar to the 227 rim measured by Jung et al., 1995. This reduc- 
tion of the diameter probably came fiom the improved dispez'sion 
effect by higher concenlration of dexlxan in the latter conditions. 

Plots of zeta-potential vs. pH for the samples prepared with var- 
ious dexlran conceim-atio~s are shown in Fig. 7. In the figure, two 
samples were measured for each concentration of dexlxan for repro- 
ducibility of the data. The particles with no dex~n  had negahve 
cha~ge at most of the pH range except very low value. In contrast, 
the particles with dex~n  had very low zeta-potentials, irrespective 
of pH though their values ranged fi-om positive to negative. This 
means the particles were well coated ruth de~-an even at low con- 
centration of the latter. 

The FI"-IR spectra of the particles with different amout~s of dex- 
tran are shown in Fig. 8. Even the intense absolpfion at --600 cm -I of 
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Fig. 7. Effect of pH on zeta i)otenlial of the ferrofluid in ah" envi- 
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Fig. 8. HI. spectl~ of the samples prepared with variovL~ amounts 
of  dextran, under othel~,ise reference conditions. 

the iron oxide surface vibrational modes was obscured by the dex- 
tran l~nds [Jung, 1995]. Characteristic bands of dextran appear at 
-3,400 cln -~ , -1,600 cm -~, -2,900 cm -l, 1,250-1,460 cm -~, 1,040- 
1,150 ~E0. -1, which become more clem- with the dexlral concentratioi1 
2-3. Effect of Reaction Environment and Reaction Variables 

As already shown m Fig. 6, the air environment led to the for- 
mation of smaller particles t i m  did the nitrogen environment. Tiffs 
result coincided with the TEM obsel-vation in the previous subsec- 
tion. It ks believed tilat the reduction of the core size also affected 
the LPA diameteE Gunther et al., 2000 discussed that the oxidation of 
dextran broke down dexlran's molecular sh~c~-e, leading to smaller 
particle aggregate. Thus, in the presence of air, the oxidation of dext, 
ran might occur as well as that of ferrous ion. A similar conclusion 
was reached from the effect of soification of the fenofluids pre- 
pared Oxiclation tl~ough 20-rain soi~icafion reduced the LPA diam- 
eter of the fenofluid l~epared under i~itrogen ei~adroi~nent flora 300 
nm to 220 i~n while the diameter of the fenofluid obtained under 
air environment was not affected at all. 

The influence of parametei~ such as NH4OH concei~-atioi1, total 
Fe concentratioi1, Fe3+/Fe 2+ ratio, injection flux and aging tempera, 
ture on LPA size of the particles was also studied No significant 
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Fig. 9. Varialion in particle diameter (LPA) with dex~ran concen- 
h'ation. 
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effects of NH~OH concentration, Fe3+/Fe a§ ratio and injection flux 
were observed The aging temperat~re has a slight effect on the LPA 
size, which va-ied only fi-om 95 m-n at 50 ~ to 110 m-n at 80 ~ In 
contrast, the total conce,~ation of iron salts bad an apl:~eciable effect 
on the LPA diameter. Fig. 9 shows the variation in the LPA diame- 
ter of the particles with respect to the dextra~ conce,~ation for dif- 
ferent total concentrations of iron salts m air emdronment. The size 
at 0.44 M Fe is larger t i m  at 0.176 M Fe, though the difference be- 
tween the two sizes decreasing As described earlier, lower iron con- 
centration reduced the ntrnber concentration of the core parlacles, 
keeping their size similar to that in the reference conclitions. In this 
case, since the concentration of dextr~a remained at the same value 
as in the reference conditions, dextran would adsorb more densely 
on the surface of the core and fom~ aggregates similar to type (a) 
in Fig. 2. 

CONCLUSIONS 

Dextran fen-ofluids were prelmred by the reaction of amnoninm 
hydroxide with mixed iron salts added slowly m the presence of 
dextran. The core oxide particles ofnanometer size were supeq:~-a, 
magnetic and ch~-actefized as ma~etite with sa~ation magnetiza, 
tion of about 100 emu/g of iron oxide. They were seemingly con- 
nected along a rnultiplicity of dextran chains fon-aing apparently 
branched chainlike aggregates. The presence of dextran d~q_ng the 
reaction kept the oxide particles effectively dispersed in water but 
suppressed their growth. Their size decreased with the rate of reac- 
tion by increasing the addition rate of iron salt-dextran mixture, the 
concentration of am-nonium hy&oxide and conversion of fen-ons 
to fen-ic oxide rathe core. The size of the dextral-oxide aggregates 
decreased by either increasing the concentration of dextran or de- 
creasing the total iron concentration, due to the increased amount 
of adsocption per core particle. The aggregate size also decreased 
by oxidation, probably due to chain breakup. 
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