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ABSTRACT

In situ synthesis of iron oxide particles in O-(carboxymethyl)ated cellulose fibers and sulfonated
wood fibers was performed by careful oxidation of ferrous hydroxide precipitated by alkali from the ferrous
ion-exchanged form of the matrix. This "biomimetic" chemistry yielded magnetic fibers containing small
ferrite (Fe304) particles of - 10 nm in size . Magnetic hysteresis-loop measurements showed that the
material, in the form of a thin parchment-like film, is superparamagnetic, that is, it possesses no remanent
magnetization . The process described herein could be practiced with a wide range of natural biopolymers in
order to obtain magnetically responsive materials suitable for such biotechnological applications as
magnetic separations .

INTRODUCTION

Magnetic bacteria such as Aquaspirillum magnetotacticum, which are found in
marine sediments, produce chains of intracellular magnetite crystals . These allow the
bacteria to probe the earth's magnetic field and to align with the magnetic pole during
movement. The quantity, size, morphology, and internal orientation of these particles is
believed to be under genetic control" . Because of the small size and high level of crystal
perfection of these biominerals, they are being considered for applications in magnetic
toners' and for biotechnological magnetic-separation processes' . A recent publication
by Mann and Hannington' described the utilization of phospholipid vesicles as encap-
sulating sites for synthesis of iron oxide particles (goethite, magnetite, and ferrihydrite)
of - 20-100 nm dimension, possibly imitating the bacterial biomineralization process .
Polysaccharide-gel spheres have been used as a matrix for isolating magnetic particles in
an n.m.r. imaging application'.

Wood tracheids have been converted into magnetic entities, similar in properties
to magnetotactic bacteria, by a lumen-loading process' ,' starting with an aqueous
suspension of fibers and commercial magnetic particles . It is also possible to convert
natural cellulose fibers possessing appropriate functional groups, or chemically mod-
ified cellulose fibers, into superparamagnetic* materials by using in situ chemistry

* Diamagnetism 10 is a weak magnetism in which a magnetization is exhibited opposite to the direction of the
applied field . In paramagnetism, the magnetization is proportional to the magnetic field . Superparamag-
netism" ,12 is a weak magnetism similar to paramagnetism in the sense of exhibiting a small positive
susceptibility but, due to thermal agitation, it presents a random orientation of the spins . These materials
display little or no remanence and coercivity phenomena characteristic of ferro(i)magnetic substances .
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inspired by similar developments with synthetic polymers"'" . Such fibers include
O-(carboxymethyl)ated cellulose fibers, sulfated cellulose fibers, and sulfonated wood
fibers. Other suitable fibers include continuous-filament alginic acid, sodium alginate,
cross-linked gels of sulfonic acid-containing polysaccharides, iron-complexing poly-
saccharides (for example, chitosan), and oxidized particulate carbohydrate polymers
(for example, starch) .

Using a sodium O-(carboxymethyl)cellulose fiber originally developed for water-
retention applications14, 's, we have synthesized superparamagnetic particles in the
cellulosic matrix and have converted the product into a parchment-like membrane. It
appears that this biomimetic approch may have wide applications for converting
biopolymers, especially polysaccharides having amino, carboxyl, and sulfonic acid
groups, into magnetically responsive particles, fibers, and film materials .

EXPERIMENTAL

Materials . - A sample of sodium O-(carboxymethyl)cellulose (Na-CMC)
known as CLD-2 (The Buckey Cellulose Corp ., U.S .A .), was used in the form of lap
pulp. Its carboxyl content was characterized by conductometric titration according to a
standard procedure", ", and indicated 2.82 ± 0.03 eq/kg of carboxylate groups, corre-
sponding to a degree of substitution of 0 .6. For comparison, a sample of chemi-
thermomechanical pulp titrated similarly gave 113 ± 5 meq /kg of carboxylate .

Ferrite-containing pulp. - A 3.0-g sample of CLD-2 dry lap-pulp was dispersed in
300 mL of deionized water to yield a gel-like matrix of 10 g/L consistency . To this system
was added an aqueous solution of FeC12.4H2O of 0 .28 g/20 mL . After 5 min of stirring to
allow ion exchange, a brownish-yellow coloration developed, and this was followed by
stoichiometric precipitation of ferrous hydroxide in the gel by adding 25 mL of 0 .112M
NaOH. After gentle stirring, a uniform "green rust" coloration developed which was
consolidated by heating for 30 min at 65° in a hot bath . Finally, for 2 h oxygen was
bubbled into the dispersion at a rate of 6-10 mL of 0 2 /min, with gentle stirring
conditions under N 2.

The product was washed by centrifugation to eliminate the excess of NaCl and
concentrated to a gel consistency suitable for spreading and drying . After drying on a
glass surface, a parchment-like film was obtained exhibiting good toughness and
paper-like hand .

In a second experiment, 3 g of highly sulfonated pulp 18 was dispersed in 300 mL of
deionized water (10 g/L) and then mixed with FeCl2 4H2O in excess . After dispersion
during 30 min for ion exchange, precipitation of Fe(OH)2 occurred in the fibers using
8.1 mL of 0.1M NaOH. The suspension was gently mixed and heated at 65° . The ferrous
hydroxide was oxidized to magnetic particles of iron oxide by bubbling 02(10 mLhnin)
under N2 during 2 h . After multiple washing steps and filtration, the magnetic fibers
were dried at room temperature .
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RESULTS AND DISCUSSION

The following schematic outlines the steps involved in the afore-described syn-
thesis of sodium O-(carboxymethyl)cellulose fibers having magnetic properties :
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Under the stated experimental conditions, the dry-product film displayed a
specific magnetization at saturation of 2 .0 ± 0.1 e.m.u . /g, which is - 67% of what
would be calculated for 100% yield based on the original added FeC12 .4H20. If time of
oxidation or oxygen bubbling are varied, secondary reactions tend to diminish the main
oxidation product, which was clearly identified by X-ray diffraction, electron diffrac-
tion, and photoacoustic i .r. spectroscopy as Fe 304 (magnetite) .

Analysis of the magnetic films/paper using a classical vibrating-sample magne-
tometer instrument (EG&G Princeton Applied Research) provided quantitative evi-
dence concerning the magnetic properties . Fig . I shows the specific magnetization as a
function of the applied field. This typical S-shaped curve or hysteresis loop passes
directly through the origin, indicating that these materials are superparamagnetic'a12 ,
that is, they do not display the remanence and coercivity phenomena characteristic of
commercial ferrites used in information-storage applications . This factor is attributed
to the small size of the in situ-synthesized particles, which is also responsible for the
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Fig. 1 . Hysteresis loop of a superparamagnetic film composite .

Fig. 2. Transmission electron micrograph of ferrite particles (- 10 nm) in a superaramagnetic Na-CMC
matrix .

relatively light-brown color as compared to commercial synthetic magnetite particles,
which are 10-100 times larger .

Transmission electron microscopy on ultrasound-dispersed samples of the wet gel
provided a picture of tiny thin crystals, well-dispersed (Fig. 2). An average size of
- 10 nm was estimated for the particles, which appeared plate-like. The appearance of
these crystals is similar to what has been reported previously in such a matrix-controlled
synthesis" . Larger crystals and higher loadings could be expected by performing
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repeated cycles of reaction on the fiber suspension . A detailed mechanistic process for
crystal formation and growth has been proposed by Sugimoto and Matijevic for such
matrix reactions as this one" .

Fig. 3 shows the appearance of the original CLD-2 fibers as received and after
gelification and drying . As CLD-2 fibers had been midly cross-linked, they swell to a
limit of - 25 times their weight in water, even though the level of carboxymethylation
would normally result in dissolution. Furthermore, the lap-pulp sheet was laid down
from the methanol suspension so that the original dry fibers appear unswollen . After
swelling and drying onto a solid substrate, the fibers collapsed and bonded into a
porous, parchment-like film . The magnetite particles were dispersed in this matrix,
which on exposure to X-ray diffraction analysis provides a powder pattern typical of
Fe304 .

The conductometric titriation curve of the highly sulfonated pulp is shown in Fig .
4. This curve shows 810 meq /kg of sulfonate groups available for the in situ synthesis of
magnetic particles, as schematically illustrated :

Fig. 3. Scanning electron micrographs of(a) Na-CMC CLD-2 fibers "as received (The Buckey Cellulose
Corp., U .S.A.) and (b) an Na-CMC film, air-dried after a gelification .

Fig. 4. The specific conductivity (mS/cm) of a sulfonated pulp suspension as a function of the titration
volume of 0.1M NaOH.
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Ferrites were formed in the sulfonated pulp because of the presence of > 20 times
the number of sulfonate groups as compared to a chemithermomechanical pulp .
Because the synthesis has not been optimized, quantitative ferrite composition is not
given. Nevertheless, the ultra-fine grained superparamagnetic ferrite synthesized using
this process appeared to be more uniform in size than ferrimagnetic biogenic magnetites
(30-100 nm)20 .

CONCLUSIONS

Sodium O-(carboxymethyl)cellulose fibers derived from chemically modified
wood pulp have been given magnetic properties . The in situ synthesis of Fe304 in the
fiber matrix takes place at neutral pH and under mildly oxidative conditions which do
not damage the cellulosic substrate . The crystalline magnetic particles are - 10 nm in
size and well entrapped in the cellulosic matrix . A thin parchment-like film displays a
magnetic hysteresis behavior typical of a superparamagnetic material .

The reaction may be performed with a wide range of natural biopolymers, either
in their native state or suitably chemically modified both as to composition and/or
physical state. Accordingly, this process could be used with such substrates as contin-
uous-filament alginic acid, cross-linked gels of sulfate-containing polysaccharides,

(6)
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oxidized particulate carbohydrate polymers (such as starch), and iron-complexing
polysaccharides (such as chitosan) for transformation into a magnetic state .
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