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In this paper, spherical Fe304/bacterial cellulose (BC) nanocomposites as adsorbents for heavy metal
ions were biosynthesized from Gluconacetobacter xylinum by agitation fermentation. A pH controlling
embedding method as a new approach was applied to biosynthesize spherical Fe;04/BC nanocomposites.
Scanning electron microscopy (SEM) images indicated that the Fe;04 nanoparticles were enwrapped
homogeneously in the spherical BC. The spherical Fe304/BC nanocomposites with 33 wt% ferrous loading
had 41 emu/g of the saturated magnetization (o) and 27 Oe of the related coercivity. The adsorption and

Iéfg::/?l;iisis elution capacities of the spheres for Pb?*, Mn?*, and Cr3* were evaluated. The results indicated that the
Fes04 spherical Fe;04/BC nanocomposites had high adsorption capacities and were recyclable after the elution

of heavy metal ions. Compared with conventional preparation procedure for cellulose spheres, spherical
Fe304/BC nanocomposites can be readily prepared without sophisticated steps and have high adsorption
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1. Introduction

In recent years, the industrial and domestic wastewater con-
taining heavy metal ions is responsible for causing several damages
to the environment and adversely affecting the health of the peo-
ple (Matsuto, Jung, & Tanaka, 2004). Natural cellulose derived from
plants can be used to prepare cellulose spheres as adsorbent mate-
rials for heavy metal ion reclamation (Kumar, Kang, & Hohl, 2001;
Liang & Chen, 2007; Liu, Huang, & Deng, 2007; Nagaoka et al., 2002;
Rama, Senapati, & Das, 2005). However, the preparation procedure
for cellulose spheres involves several sophisticated steps such as
basification, aging, carbonization, dissolution, opposing suspension
and renewing (Liang & Chen, 2007; Liu et al., 2007), during which
environmental pollutants are created such as strong alkali, acid and
organic solvents (Nagaoka et al., 2002; Rama et al., 2005).

Bacterial cellulose (BC) consisting of cellulose nanofibrils, is
biosynthesized by Gluconacetobacter xylinum. The remarkable
features of BC, such as high crystallinity and high modulus com-
pared with other sources of cellulose, result in the mechanical
improvement of PVA/BC nanocomposites (Millon & Wan, 2006).
The high purity and tremendous water holding capability provide
good biocompatibility and controllable biosynthesis (Uraki et al.,
2007). Chemical sulfation and phosphorylation of BC can be used
as potential scaffolds for tissue engineering of cartilage (Svensson

* Corresponding author. Tel.: +86 022 60601598; fax: +86 022 60272218.
E-mail address: jiashiru@tust.edu.cn (S. Jia).

0144-8617/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.carbpol.2011.06.061

et al,, 2005). From biosynthesis point of view, there are two fer-
mentation approaches to culture BC. In static fermentation, BC is
created in the form of a membrane at the liquid-vapor interface. In
agitation fermentation, it can be shaped as spherical bacterial cel-
lulose by controlling the condition of the agitation culture (Czaja,
Young, Kawecki, & Brown, 2007; Sani & Dahman, 2010; Yamanaka
& Sugiyama, 2000).

Compared with BC membrane, spherical BC with great surface
areas and nano-pores has potential applications in bioseparation,
heavy metal ion removal from sewage disposal and immobilization
reactions. Dead cells and cell debris in BC are also helpful to remove
heavy metal ions from sewage disposal, since these substances
are rich in chemical functional groups such as carboxyl, phospho-
ryl, hydroxyl, phosphate and amino groups, which are combinable
with heavy metal ions. N, O, P and S as co-ordination atoms
are complexed with heavy metal ions and co-ordination com-
plexes were formed (Vieira & Volesky, 2000). To address this need,
the Fe304/bacterial cellulose spheres are used without removing
enwrapped dead cells and cell debris.

Since spherical BC with fine nano-pores is easily undermined by
traditional recycling process such as filtration or centrifugation, it
cannot be properly recollected, which restricts its potential appli-
cations. Magnetic separation technology is widely used to separate
nucleic acid, protein and other biological macromolecules in bio-
material extraction and purification (Zborowski, Moore, Williams,
& Chalmers, 2002). In this technology, the composite containing
magnetic particles processes superparamagnetism, so it can be col-
lected under a magnetic field. When the magnetic field is removed,
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the magnetism disappears and the composite can be re-dispersed
without damage (Timko et al., 2004).

Superparamagnetic particle materials include Ni, Co, Fe, Fe,03,
Fe304, Fe-Co, and Ni-Fe (Safarik & Safarikova, 2002). Among
these, Fe304 nanoparticles with low mammalian cell toxicity
(LD5g <2000 mg/kg) are readily prepared and very stable under
culture mediums (Jiles, 2003). Therefore, it is expected that the
spherical Fe304/BC nanocomposites can be designed and biosyn-
thesized.

In this paper, spherical Fe304/BC nanocomposites were biosyn-
thesized via G. xylinum by agitation fermentation. Dead cells and
cell debris in the spherical Fe304/BC nanocomposites were inac-
tivated without removal. The adsorption and elution capacities of
the spheres for Pb2*, Mn2*, and Cr3* were evaluated. The results
indicated that the spherical Fe304/BC nanocomposites had high
adsorption capacities and can be used repeatedly after the elution
of heavy metal ions.

2. Materials and methods
2.1. The fabrication of Fe304 nanoparticles

Fe304 nanoparticles were synthesized by co-precipitation from
a mixture solution of Fe(Il) and Fe(Ill) salts (Dresco, Zaitsev,
Gambino, & Chu, 1999; Ramirez & Landfester, 2003; Zheng, Cheng,
Bao, & Wang, 2006). The detailed preparation procedure is as fol-
lows: FeCl3-6H,0 (23.5 g) and FeCl,-4H, 0 (8.6 g) were weighed and
dissolved in deionized water (600 ml) at 30°C. NH3-H,0 (200 ml
of 8 mol/l) was then slowly added into the mixture solution of
FeCl; and FeCl, with vigorous stirring under N, gas to prevent
oxidation until the pH reached 10. After precipitation, the Fe30,
nanoparticles were repeatedly washed using deionized water and
ultrasonically treated to prevent aggregation until the pH reached
7. Finally, Fe304 nanoparticles were sterilized at 121 °C for 30 min.

2.2. Biosynthesis of spherical Fe304/BC nanocomposites

G. xylinum CGMCC No. 2955 was isolated in the Key Labora-
tory of Industrial Fermentation Microbiology, Tianjin University
of Science and Technology, and stored in China General Micro-
biological Culture Collection Center. The culture medium for BC
agitation fermentation consisted of carbon source 25 g/l (Yingbo
Biochemical Reagent Co. Ltd., China), peptone 10 g/I (Sigma, Amer-
ica), yeast extract 7.5 g/l (Sigma, America) and disodium phosphate
10¢g/l (Sigma, America) at the initial pH value 6.0. For seed cul-
ture, G. xylinum was inoculated into culture medium (100 ml) in
a 500 ml flask on a rotary shaker (Donglian Co. Ltd., China) with
160 rpm of agitation speed and incubated at 30 °C for 24 h (Jia et al.,
2004; Tang, Jia, Jia, & Yang, 2010). After incubation, cellulase (2 ml
of 10,000 U/ml, Novozymes, Denmark) was added to the culture for
enzymolysis at 30 °C for 2 h. The aim of cellulase hydrolysis was to
degrade cellulose in the seed liquid, so as to liberate enwrapped
cells; therefore uniform BC spheres were produced in the sub-
sequent fermentation stage. G. xylinum cells were centrifugally
washed with deionized water for three times to remove residual
cellulase and then added in 100 ml culture medium with sterilized
Fe304 nanoparticles. After 48 h of fermentation, Fe30,4/BC spheres
were collected and washed with flowing water to remove resid-
ual medium. Then they were boiled in distilled water for 5 min to
inactivate the cells.

2.3. Characterization of the spherical Fe304/BC nanocomposites
The X-ray diffraction (XRD) with CuK, radiation (Bruker-

AXS/D8 Advance) was used to measure the crystallinity of Fe304
nanoparticles, spherical BC, and Fe304/BC spheres. XRD data were

collected in the 26 range from 5° to 80°, with a step of 0.02°.
The electron field emission scanning electron microscope (FESEM),
LEO/1530VP, was applied to observe morphology of the spheri-
cal Fe304/BC nanocomposites. The samples prepared for the SEM
experiments were rapidly frozen in liquid nitrogen, and then trans-
ferred to a freeze dryer to allow the frozen water in the samples
to sublimate. A thin layer of gold was coated on the surface of all
samples. The magnetic intensity of spherical Fe304/BC nanocom-
posites was measured using Physics Property Measurement System
(PPMS-9) Quantum Design.

2.4. The adsorption and elution of Fe304/BC on Pb2*, Mn?* and
cr3t

The heavy metal salts (Pb(NOs3);, MnCl,-4H,0 and
Cr(NO3)3-9H,0) were dissolved in deionized water, respec-
tively. The concentration of each ions (Pb%*, MnZ* and Cr3*) in
the mixture solution was 4000 mg/l. 120 g of spherical Fe304/BC
nanocomposites in wet weight was evenly divided and loaded
in 24 test tubes. 5g of wet samples in each test tube contained
an average 25 mg of dry Fe304/BC nanocomposites. 24 test tubes
were separated into 8 groups. Each group had three test tubes
for parallel tests. Each tube was diluted to 10ml with various
concentrations. The final concentrations of Pb%*, Mn?* and Cr3*
were 0, 20, 40, 60, 80, 100, 150, and 200 mg/l, respectively, for
8 groups in 24 test tubes. All test tubes were placed in a water
bath at 25°C for 2 h to test the adsorption of Pb2*, Mn2* and Cr3*.
Finally, a magnet was used to collect and remove the spheres
out of the tube. 1ml of the upper clear liquid from each test
tube was taken and diluted properly to test the concentrations of
Pb2*, Mn?* and Cr3*. 0.1 mol/l of sodium citrate was used to elute
Pb2*, Mn2*, and Cr3* from the spheres. The above procedure of
adsorption and elution was repeated for three times and denoted
as the first, second and third adsorption and elution. An atomic
absorption spectrophotometer (AA-6800, Shimadzu, Japan) was
used to analyze the element content of Fe, Pb, Mn and Cr. The
content of Pb%*, Mn?*, and Cr3* was determined. The absorption
capacities of Pb2*, Mn2*, and Cr3* were then calculated as follows:

(N-R)x10 N-R (1)
1000 x 0.025 =~ 2.5

In Eq. (1), Q refers to adsorption quantity (mg/g); N is the initial
concentration of heavy metal ions (mg/l); R refers to the resid-
ual concentration of heavy metal ions (mg/1); 10 is the volume of
solution (ml); 0.025 is the weight of dry Fe304/BC nanocomposites.

%xlOO:%xlOO )

In Eq. (2), A refers to adsorption capacity (%); 0.01 is the volume of
solution (I); other terms are same as Eq. (1).

w
B (%)= = x 100 (3)
Q
In Eq. (3), B refers to elution capacity (%); W refers to the eluent
concentration of heavy metal ions (mg/g); other terms are same as

Eq. (1).

Q=

A (%)=

3. Results and discussion
3.1. Biosynthesis of spherical Fe304/BC nanocomposites

Spherical Fe304/BC nanocomposites and BC with 3 mm in aver-
age diameter were successfully biosynthesized by G. xylinum
fermentation under the same agitation procedure. Fig. 1 shows
that spherical BC is opaque and spherical Fe304/BC is black due
to well dispersed Fe30,4 between BC nanofibrils. Fe304 nanopar-
ticles dispersing in polymer matrix have been reported including
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Fig. 1. Photos of spherical BC and spherical Fe304/BC nanocomposites.

direct compounding, interfacial deposition, and in situ polymeriza-
tion (Deng, Yang, Wang, & Fu, 2003; Ma, Guan, Liu, & Liu, 2005;
Sun, Wang, Wang, & Jiang, 2007). However, it is still a challenge
to obtain well dispersed Fe304 nanoparticles during fermentation
process. In this study, pH controlling embedding method as a new
approach is applied to biosynthesize spherical Fe304/BC nanocom-
posites. The proposed scheme of biosynthesis of spherical Fe304/BC
nanocomposites is shown in Fig. 2. During the initial fermentation,
the pH of culture medium is adjusted to 6.5, approaching the iso-
electric point of Fe304 nanoparticles, resulting in its aggregation
in the initial stage. With fermentation ongoing, the acidity of cul-
ture medium continuously increases due to sugar metabolism by
G. xylinum (Krystynowicz et al., 2002). After 36 h the pH of the cul-
ture medium decreases to 4, which is far lower than the isoelectric
point, so Fe304 nanoparticles are dispersed uniformly between BC
nanofibrils and no obvious aggregation is observed. The embedded

Fe304 nanoparticles, containing amphoteric hydroxyl groups, form
hydrogen bonds with the hydroxyl groups of BC nanofibrils (Jonas
& Farah, 1998; Yamanaka & Sugiyama, 2000; Zaar, 1997). During
fermentation, the BC nanofibrils are continuously assembled and
interlinked to form spheres. Fe304 nanoparticles are entrained into
the spheres under the agitation circumstance.

The relationship between the yield of the spherical Fe304/BC
nanocomposites and the quantity of Fe304 nanoparticles added
into the culture mediums is shown in Fig. 3. Atomic absorption
assay is used to measure Fe content. In the initial stage, there is a
dramatic increase in the yield of the spherical Fe304/BC nanocom-
posites with the addition of Fe304 nanoparticles. When the dose
of Fe304 nanoparticles is more than 2.5 g/l, the content of Fe in
the spherical Fe304/BC nanocomposites approaches constant and
the yield reaches to the maximum level. The content of Fe in the
Fe304/BC nanocomposites is 33 wt%.

bacterial cellulose

d

Fig. 2. A schematic diagram of spherical Fe304/BC nanocomposites. a: Fe304 nanoparticles dispersing in the medium; b and c: Fe304 nanoparticles embedded in BC; d.

spherical Fe304/BC nanocomposites.
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Fig. 3. The yield and content of Fe in spherical Fe304/BC nanocomposites.

The content of Fe and the size of Fe304 nanoparticles are
related to the saturating magnetic spectroscopy (os) (Buschow,
2008). The magnetic hysteresis loop of the spherical Fe304/BC
nanocomposites is shown in Fig. 4. Increasing the Fe content in
Fe304/BC nanocomposites from 14% to 33%, the corresponding sat-
urated magnetization (o) increases from 12 to 41 emu/g. Under
the magnetic field, the spherical Fe304/BC nanocomposites show
good magnetic responsiveness. When the applied magnetic field is
removed, their magnetization disappears. Therefore, in this study,
2.5g/l of Fe304 nanoparticles corresponding to 41 emu/g of sat-
urated magnetization (os) is fixed for studying adsorption and
eluent, at which the spherical Fe304/BC nanocomposites can devote
enough saturated magnetization to magnetic separation (Buschow,
2008).

3.2. X-ray diffraction analysis

The X-ray diffraction patterns of Fe304 nanoparticles, spheri-
cal BC, and spherical Fe304/BC nanocomposites were obtained by
XRD measurements. A comparison of the XRD graphs of samples
is shown in Fig. 5. The diffraction peaks of Fe304 nanoparticle
crystalline appear at 18.09°, 29.95°, 35.44°, 43.19°, 57.05°, and
62.61°, which is similar to the peaks of standard Fe304 nanopar-
ticle crystalline at 18.12°, 30.16°, 35.7°, 43.33°, 57.1°, and 62.98°,
corresponding to (220),(311),(400),(422),(511),and (440) of
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Fig. 4. The hysteresis loops for the spherical Fe304/BC nanocomposites.
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Fig. 5. X-ray diffraction spectra for spherical BC and spherical Fe304/BC.

the Fe304 crystalline face, respectively (Wang, Sun, Sun, & Chen,
2003). According to Scherrer equation D = kA /(8 cos ), the grain
size of Fe304 nanoparticles is 15 nm, where k=0.89, A =0.1542 nm,
B=0.01418 of half-peak width at 35.44°.

The saturating magnetic spectroscopy (os) of the Fe304
nanoparticles decreases with a reduction in diameter (He et al.,
2005; Shen, Fang, Zhou, & Liang, 2004). In this study, the syn-
thesized Fe304 nanoparticles with 15nm in size are used for
biosynthesis in the culture medium.

The characteristic diffraction peaks of spherical BC appearing
at 14.56°, 16.60°, and 22.64° represent a typical (Iy) crystalline
of cellulose, which demonstrates that the fabrication of Fe304
nanoparticles in this study is successful (Fontana et al., 1997; Wang
et al.,, 2003). However, the peaks at 14.56° and 16.60° are not
observed in the spherical Fe304/BC nanocomposites, but a signifi-
cant peak at 21.45° appeared which might be due to the alteration
in size and crystallinity of BC. Moreover, since the diffraction peak
intensities of Fe304/BC nanocomposites are relative low, compared
with those of spherical BC, there is an obvious decrease in the crys-
tallinity of the BC in the spherical Fe304/BC nanocomposites.

3.3. Morphology study of spherical Fe30,4/BC nanocomposites

Morphology of Fe304 nanoparticles enwrapped by the presence
of bacterial cellulose is investigated as shown in Fig. 6. As shown in
Fig. 6a, bacterial cellulose presents nanofibril network where each
fibril is around 50 nm in diameter. Due to the numerous nano-pores
in BC, Fe304 nanoparticles can easily penetrate inside the cellulose
network, keeping a close interaction with the nanofibrils. Fe304
nanoparticles are well known by their granule-like shape, around
15 nm in diameter as shown in Fig. 6b. A large deposition of Fe304
nanoparticles over the BC surface is noticed. The well dispersed
Fe304 nanoparticles can be seen clearly in Fig. 6b, which is con-
sistent with XRD results. It is believed that some nanoparticles are
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Fig. 6. SEM images of surface morphology of spherical BC on the left (a) and spherical Fe304/BC nanocomposites on the right (b).

able to penetrate the BC nanofibrils and create a strong interaction
with dead cells and cell debris of G. xylinum.

3.4. Spherical Fe304/BC nanocomposites for heavy metal ion
removal

Fig. 7 shows the adsorption capacities of the spherical Fe304/BC
nanocomposites for different heavy metal ions (Pb%*, Mn?*, and
Cr3*). The adsorption quantities of these heavy metal ions increased
with the concentrations of the heavy metal ions. When Pb2* con-
centration ranges from 0 to 100 mg/ml, the adsorption quantity
of Pb2* is proportional to its concentration and the adsorption
capacity is higher than 90%. However, the adsorption quantity
approaches a constant at 52 mg/g, when Pb2* concentration ranges
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from 100 to 200 mg/ml and the adsorption capacity is decreased
from 90% to 65%.

The Fe304/BC spheres have a similar behavior for adsorption
of Mn?* and Cr3*. The growth of adsorption quantities with ion
concentrations shows a trend of initial rapid rising and then mild
change. When the concentrations of Mn2* and Cr3* are lower than
60 mg/ml, the adsorption quantities of Mn%* and Cr3* are propor-
tional to their concentrations. In this range, the adsorption capacity
of spherical Fe304/BC nanocomposites is proportional to Mn2*
and Cr3* concentrations, and the adsorption capacity of spherical
Fe304/BC nanocomposites increases from 15% to 26% for Mn%* and
from 14% to 20% for Cr3*. While the concentration of Mn%* and Cr3*
is above 60 mg/ml, the adsorption capacity for Mn2* decreases from
46% to 33% and from 43% to 25% for Cr3*. The adsorption capacity
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Fig. 7. The adsorption and elution capabilities of the spherical Fe304/BC nanocomposites for heavy metal ion removal.
A: first adsorption quantity; B: second adsorption quantity; C: third adsorption quantity; D: first adsorption capacity; E: second adsorption capacity; F: third adsorption
capacity; G: first elution capacity; H: second elution capacity; I: third elution capacity.
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Table 1
Comparison of adsorption quantity of the spherical Fe304/BC nanocomposites with other materials.
Materials Study Adsorption quantity (mg/g) Reclaim Eluents
Fe304/BC spheres This work Pb%*, 65 Yes 0.1 mol/l sodium citrate
Mn?*, 33
Cr3*, 25
M. rouxii biomass Yan and Viraraghavan (2001) Pb?*, 4 Yes 0.05 mol/l HNO3
Cd*, 4
Zn?*, 1
Petiolar felt-sheath palm Igbal et al. (2002) cd®, 11 No
Pb?*, 11
Zn**, 6
Rice husk ash Kumar and Bandyopadhyay (2006) Ccd, 20 No
Hg?*, 67
Black gram husk Saeed and Igbal (2003) Cd**, 50 No

of these three ions is quite different at the same ion concentration
and it is sequenced as Pb%* > Mn2* > Cr3*,

Moreover, 0.1 mol/l sodium citrate is used as an eluent to
remove the heavy metal ions absorbed by the spherical Fe304/BC
nanocomposites. Fig. 7 shows also the three cycles of adsorption
and eluent of Pb%*, Mn2*, and Cr3*. The eluent capacity of the
nanocomposites decreases with the adsorption capacity. Itis shown
that the elution capacity is sequenced as Mn2* > Pb2* > Cr3*. The bal-
anced adsorption quantity of spherical Fe304/BC nanocomposites
for Pb2*, Mn?*, and Cr3* increases with their initial concentration,
whereas the adsorption capacity for three ions has the opposite
trend.

Under stable pH, Fe304/BC spheres can provide sufficient bind-
ing sites to adsorb heavy metal ions in solutions at low ion
concentrations. In this range, there is a positive relation between
the adsorption capacity and ion concentrations. When the concen-
tration of heavy metal ions is higher than a certain level, all of the
binding sites are occupied. Consequently, the adsorption capac-
ity does not increase any more with ion concentrations (Chen,
Tendeyong, & Yiacoumi, 1997). After elution, spherical Fe304/BC
nanocomposites are recycled and reused for further adsorption
of the same heavy metal ions again. The adsorption and elution
capacities of the reused spheres are investigated and the results
are shown in Fig. 7. Compared with the results of first test, the
adsorption and elution capacities in the second and the third tests
for three heavy metal ions slightly decrease. In summary, spheri-
cal Fe304/BC nanocomposites are capable of adsorbing heavy metal
ions and are separated and eluted rapidly and easily by sodium cit-
rate. It demonstrates that the absorbent can be recycled and utilized
again.

The comparison of adsorption and elution capabilities of spher-
ical Fe304/BC nanocomposites with other materials provided in
references is shown in Table 1 (Igbal, Saeed, & Akhtar, 2002; Kumar
& Bandyopadhyay, 2006; Saeed & Igbal, 2003; Yan & Viraraghavan,
2001). It demonstrates that adsorption and elution capabilities of
spherical Fe304/BC nanocomposites for the heavy metal ions are
much higher than other materials provided in references (Igbal
et al.,, 2002; Kumar & Bandyopadhyay, 2006; Saeed & Igbal, 2003;
Yan & Viraraghavan, 2001). The high adsorption capabilities may be
related to the dead cells and cell debris in the spheres. Dead cells
and cell debris in spherical Fe304/BC nanocomposites are mainly
composed of protein, polysaccharide and lipid, which contain a lot
of functional groups, such as carboxyl groups, phosphoryl groups,
hydroxyl groups, phosphate groups, amino groups, and amide
groups. These groups facilitate adsorption by creating covalent
bonds with metal ions, resulting in the formation of co-ordination
complexes between N, P, O, and S and heavy metal ions (Vieira &
Volesky,2000). These metal ions can also be eluted from the spheres
by changing the pH and ionic strength of the chelation (Lazaridis &
Charalambous, 2005).

The adsorption and elution capabilities of the spherical
Fe304/BC nanocomposites show that they have promising appli-
cations in the industrial sewage treatment. Because it can adsorb
heavy metal ions efficiently and be reclaimed by magnetic field,
spherical Fe304/BC nanocomposites can be used not only to cut
down the cost of the sewage treatment, but also to avoid secondary
pollution to the environment. Although this study describes the
spherical Fe304/BC nanocomposites applied for heavy metal ion
adsorption, we also expect that the knowledge gained here could
be of considerable interests for bioseparation and enzyme immo-
bilization.

4. Conclusions

In this study, a new Fe304-nanoparticle-embedding bacterial
cellulose sphere (spherical Fe304/BC nanocomposites) was biosyn-
thesized by G. xylinum fermentation. A pH controlling embedding
method as a new approach was applied to biosynthesize spherical
Fe304/BC nanocomposites. Dead cells and cell debris were inacti-
vated and reserved in the spherical Fe304/BC nanocomposites. The
XRD and SEM indicated that Fe304 nanoparticles with 15nm in
the average diameter were distributed uniformly in BC during fer-
mentation. The spherical Fe304/BC nanocomposites with 33 wt%
ferrous loading had 41 emu/g of the saturated magnetization (o)
and 27 Oe of the related coercivity. Since the superparamagnetic
spherical Fe304/BC nanocomposites are recycled using magnetic
field separation, it can be utilized repeatedly. The adsorption and
elution capacities of spherical Fe304/BC nanocomposites for Pb2*,
Mn?2*, and Cr3* were evaluated. The results show that the spherical
Fe304/BC nanocomposites can be reused again after the adsorbed
heavy metal ions are eluted. The adsorption capacity of these three
ions is quite different at the same ion concentrations and it is
ranked as Pb2* >Mn2* > Cr3*, and the sequence of elution capacity
is Mn2* > Pb2* > Cr3*,
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