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• The starting reactants are not important
for the characteristics and properties of
the Fe3O4 NPs without BC.

• When NPs are formed inside BC net-
works, the starting materials influence
the nanocomposites characteristics and
properties.

• Morphology, size, crystal structure,
loading amount, and magnetic phase of
Fe3O4 NPs are affected by the BC net-
works.

• The ability to alter and control the prop-
erties of the NPs enables one to direct
towards specific target applications.
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Hybrid nanocomposites of bacterial cellulose (BC) and magnetic iron oxide nanoparticles (NPs) are of interest
due to their potential for novel applications. Magnetic NPs are typically synthesized by co-precipitation since it
is facile, enabling control of their size and distribution. Thiswork investigates the effect of using different starting
reactants (Fe(II) and Fe(III) salts) in the fabrication and control of the properties of BC/iron oxide nanocompos-
ites. It was found that the choices of starting reactants are not important for synthesizing NPs outside of the BC
networks. However, the starting reactants do affect the formation of NPs when they are synthesized in the BC
network. Significant differences in themorphologies, sizes, crystal structures, andmagnetic phases of NPs occurs
when in this environment. The nanopores of BC networks in some instances force the aggregation of the NPs, ei-
ther within the pores, or on the surfaces of the fibrils. Nanocomposites synthesized from Fe(II) sulfate and Fe(III)
chloride were found to exhibit the highest magnetization. These nanocomposites have potential for flexible sen-
sors, actuators, or electromagnetic shielding. Nanocomposites from Fe(II) acetate and Fe(III) chloride, though
exhibiting lower magnetization, preserve a porous structure. Thus, they have potential as adsorbents or for
wound healing applications.

© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Bacterial cellulose (BC) is a fascinating and renewable natural
nanomaterial, produced from the cultivation of gram-negative bacteria
e.g. Gluconacetobacter xylinum. It has received a large amount of interest
owing to its unique structural features and favorable properties, for ex-
ample, remarkable mechanical properties, porosity, water absorbency,
moldability, biodegradability, and excellent biological affinity [1,2]. In-
tensive research and exploration on BC nanomaterials have been con-
ducted. This research has mainly focused on the biosynthetic process
to achieve low-cost preparation [3–5], but also towards potential appli-
cations in awide range offields, such as papermaking [6], food and food
packaging [7], andmedicine [8,9]. Nevertheless, BC lacks certain proper-
ties (antibacterial, electrically conductive, ferromagnetic), which limits
its applications in various fields, such as an antimicrobial material, for
electrical devices, batteries, sensors, or electromagnetic shielding.
Therefore, the synthesis of BC nanocomposites, combining it with
other materials, has been conducted to address these limitations
[10–13].

In recent years, hybrid nanocomposites consisting of BC nanofibers
and magnetic nanoparticles (NPs) have attracted much attention due
to their potential novel applications, for instance as actuators [14,15],
sensors [16,17], for electromagnetic shielding [18,19], information stor-
age [20], anti-counterfeit materials [21], and heavy metal adsorption
[22,23]. The most common magnetic NPs that have been incorporated
into a BC nanostructure are magnetite (Fe3O4) forms; this is due to
their relatively large magnetization and chemical stability [15,24–28].
There are several approaches for synthesizing magnetic BC nanocom-
posites, such as incubation of BC in themagnetite-dispersed cultureme-
dium [23,29], the immersion of BC in Fe3O4 solution [15,16,24],
hydrothermal processing [30], and co-precipitation [19,20,25–28].

The co-precipitation method is one of the most popular choices for
synthesizing BC/iron oxide nanocomposites [19,20,25–28]. This process
is straightforward and can provide a good distribution of magnetite
NPs. The approach also enables control of the size and distribution of
sizes by adjusting appropriate processing parameters [31–34].Moreover,
the choices of the starting reactants in the process can be tuned. For co-
precipitation of iron oxide (Fe3O4), Fe2+ ions (e.g. FeCl2, FeSO4) and Fe3+

ions (e.g. FeCl3, FeNO3) are required. Either sodium hydroxide [31,32] or
ammonia [33,34] are common alkaline agents for converting Fe(II), Fe
(III) salts into Fe3O4 NPs. FeCl2 and FeCl3 are the most common starting
reactants for preparing BC/Fe3O4 nanocomposites [20,25,27,35]. How-
ever, other forms of Fe(II), Fe(III) salts have also been used. For example,
combinations of FeSO4 and FeCl3 [26,36], or FeSO4 and Fe2(SO4)3 [37],
have also been explored. Furthermore, decomposition of iron acetylace-
tonate (Fe(acac)3) under microwave irradiation has been used for the
fabrication of magnetic BC film [38].

It is therefore known that various forms of iron precursors can be
used for the synthesis of BC/Fe3O4 nanocomposites. Nevertheless, no
systematic study has been reported on the effect of the starting reac-
tants on the formation,morphology, size and distribution, andmagnetic
properties of magnetic BC composites, particularly where the NPs are
formed in situ within the BC network. The objective of the present
work is to bridge that gap, and investigate the effect of using different
starting reactants in the control of the fabrication of BC/iron oxide nano-
composites for specific properties. This knowledge is significant for
understanding themechanism for the formation of iron oxide NP inside
the BC network structure. It is also practically useful to select the
optimized choices of the starting chemicals for the designed properties.
Three Fe(II) salts and two Fe(III) salts were chosen as the starting
reactants, resulting in 6 pairs of starting chemicals. The structure and
morphology, as well as magnetic properties of each pair, are systemati-
cally studied and discussed in terms of the properties they exhibit. The
understanding of the structure and properties of themagnetic BC nano-
composites via the controlled synthesis using the right pairs of starting
2

reactants would suggest implications for the design for target
applications.

2. Materials and methods

2.1. Chemicals

The chemicals used in this work were iron (II) chloride tetrahydrate
(FeCl2·4H2O, purity p.a. ≥99.0%, Sigma-Aldrich), iron (II) sulfate
heptahydrate (FeSO4·7H2O, Reagent grade, Ajax Finechem), iron (II)
acetate (Fe(C2H3O2)2, ≥99.99%, Sigma-Aldrich), iron (III) chloride hexa-
hydrate (FeCl3·6H2O, Reagent grade, Sigma-Aldrich), iron (III) nitrate
nonahydrate (Fe(NO3)3·9H2O, Reagent grade, Ajax Finechem), sodium
hydroxide (NaOH, 99%, RCI Labscan), Yeast Extract Powder (Himedia)
and D-Glucose (anhydrous AR, Ajax Finechem), and ammonia solution
(28% NH3 in H2O, Grade AR, QRëC).

2.2. Biosynthesis of bacterial cellulose

Bacterial cellulose (BC) pellicles were prepared by cultivation of the
bacterial strain Komagataeibacter nataicola (strain TISTR 975), supplied
from the Microbiological Resources Centre, Thailand Institute of Scien-
tific and Technological Research (TISTR). The culture was grown in a
medium consisting of 100 g of anhydrous D-glucose (Ajax Finechem)
and 10 g of yeast extract powder (HiMedia) in 1 L of de-ionized (DI)
water. This combination was cultivated for 24 h at 30 °C in a shaker
incubator (150 rpm). Then, 1 ml of the cell suspension was introduced
into a container containing 50 ml of a fresh liquid culture medium.
The cultivation continued at 30 °C under static conditions for 14 days.
After that, the BC pellicle was harvested. It was purified by boiling in
distilled water, following by soaking in NaOH solution for 24 h. Finally,
it was rinsed with DI water several times until a pH of 7 was reached.
The purified BC hydrogel was transformed into a BC aerogel by freeze-
drying which was kept at room temperature before further use.

2.3. Synthesis of BC/Fe3O4 nanocomposites and Fe3O4 nanoparticles

For the synthesis of the BC/iron oxide nanocomposites, firstly, the
starting reactants of Fe2+ (0.01 mol) and Fe3+ (0.02 mol) were sepa-
rately dissolved in 200 ml of DI water at 50 °C with continuous stirring
for 10 min, before mixing together. These processes were carried out in
an ambient atmosphere. Then, the freeze-dried BC aerogels were then
immersed in the iron ion solution and soaked for 90 min with continu-
ous stirring. The color of BC pellicles changed from opaque white to or-
ange during this process. Argon gas was then purged into the solution
for 10 min. Subsequently, 400 ml of aqueous NH3 was slowly added to
the solution for the co-precipitation of iron oxide NPs. During this pro-
cess, the BC pellicles gradually turned black. When the process was
completed, the products were rinsed with water several times under
ambient conditions to remove unwanted materials until a pH of 7 was
obtained. The BC nanocomposites in the form of a hydrogel were
oven-dried at 80 °C overnight to obtain the magnetic BC sheets.

To investigate the effect of the starting reactants, iron (II) chloride
(C), sulfate (S), and acetate (A), and iron (III) chloride (C) and nitrate
(N), were used. Thus, a total of 6 pairs of chemicals were studied. The
chemical reactions for the co-precipitation of each pair are as follows:

Cþ C; FeCl2 þ 2FeCl3 þ 8NH4OH ! Fe3O4 þ 8NH4Clþ 4H2O ð1Þ

Sþ C; FeSO4 þ 2FeCl3 þ 8NH4OH ! Fe3O4 þ 6NH4Clþ NH4ð Þ2SO4
þ 4H2O ð2Þ

Aþ C; Fe C2H3O2ð Þ2 þ 2FeCl3 þ 8NH4OH
! Fe3O4 þ 6NH4Clþ 2NH4 C2H3O2ð Þ þ 4H2O ð3Þ
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CþN; FeCl2 þ 2Fe NO3ð Þ3 þ 8NH4OH
! Fe3O4 þ 6NH4NO3 þ 2NH4Clþ 4H2O ð4Þ

SþN; FeSO4 þ 2Fe NO3ð Þ3 þ 8NH4OH
! Fe3O4 þ 6NH4NO3 þ NH4ð Þ2SO4 þ 4H2O ð5Þ

AþN; Fe C2H3O2ð Þ2 þ 2 FeNO3ð Þ3 þ 8NH4OH
! Fe3O4 þ 6NH4NO3 þ 2NH4 C2H3O2ð Þ þ 4H2O ð6Þ

The names of the BC nanocomposite samples are labeled as BC-Fe(II)
Fe(III) according to the starting reactants for Fe(II) and Fe(III) ions. A
total of 6 samples were fabricated, namely, BC-CC, BC-SC, BC-AC, BC-
CN, BC-SN, and BC-AN, as a consequence of Eqs. (1)–(6). For example,
BC-CN refers to the product from Eq. (4), where the starting reactants
are Fe(II) chloride and Fe(III) nitrate.

For comparison, the synthesis of pure iron oxide NPswithout BCwas
also carried out. The processes are the same, but only that the BC pelli-
cles were absent from the solution. The iron oxide NPs are labeled as
P-CC, P-SC, P-AC, P-CN, P-SN, P-AN.

2.4. Materials characterization

The surface morphologies of the samples were observed using a
field-emission scanning electron microscope (FESEM, FEI-Helios, USA).
Samples were gold coated prior to imaging with the SEM. A transmis-
sion electron microscope (TEM, FEI-Tecnai G2 20, USA) was used to in-
vestigate the size and distribution of Fe3O4 NPs. Phases and crystalline
structures of the samples were investigated using X-ray diffraction
(XRD) with a diffractometer employing Cu-Kα radiation (PANalytical,
Empyrean, USA) in the 2θ range of 10–80°. Magnetic properties mea-
surements were carried out using a vibrating sample magnetometer
(VSM) option in the VersaLab instrument (Quantum Design, USA)
with the maximum applied field of 10 kOe. The functional groups of
the BC/Fe3O4 nanocomposites were studied using Fourier transform in-
frared (FTIR) spectroscopy (Bruker, TENSOR27, Germany) within the
wavenumber range of 600–4000 cm−1. Thermal properties of the sam-
ples were studied using a thermogravimetric analysis (TGA) technique
(Hitachi-STA7200, Japan). In addition, X-ray absorption spectroscopy
Fig. 1. Typical SEM images of the Fe3O4 NPs prepared from co-precipitation using diffe
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(XAS) of the Fe K-edge was conducted at BL1.1W:Multiple X-ray Tech-
niques at the Synchrotron Light Research Institute (SLRI), Thailand.
3. Results and discussion

The results on the synthesis of the iron oxide NPs prepared by co-
precipitation from different starting reactants, but in the absence of
the BC networks, were firstly presented. Fig. 1 presents SEM images
showing the morphology of the iron oxide NPs. No obvious differences
can be found among the samples. Clusters of irregular-shaped NPs
were observedwith sizes in the range 30–38 nm (Table 1). The TEM im-
ages in Fig. 2 show a distribution of sizes of Fe3O4NPs. The boundaries of
each particle are more visible, but, again, there are no distinct features
between the samples synthesized using different starting reactants.
The particle sizes of each sample varied in the range of 9–11 nm(labeled
in Fig. 2 as well as in Table 1), which in comparison to the SEM images
suggests a smaller ultimate NP size. This smaller size may be because
of clustering of the NPs in the SEM images making it difficult to resolve
individual particles.

Typical XRD patterns are presented in Fig. 3. These patterns enabled
the phase and crystal structures of the NPs to be determined. The XRD
pattern of each sample was compared to the standard Fe3O4 reference
(ICDD: 00–019-0629). No secondary phases were observed. This indi-
cates that the co-precipitation method, whether using any pair of
starting reactants, can form amagnetite phase, with a negligible change
in the lattice parameters (8.314–8.350 Å). The crystallite size of each
NPs, calculated by using the Scherrer equation, is in the range of
10–13 nm (Table 1), which is within the same range as values obtained
from TEM analysis. It should be noted that the XRD pattern for themag-
netite (Fe3O4) phase is similar to the maghemite (Fe2O3) phase (ICDD:
00–039-1346) (also shown in Fig. 3). Therefore, the synthesized NPs
in this work could possibly be either the Fe2O3 phase or the Fe3O4

phase, or possibly a combination of both phases. The fact that it is very
difficult to distinguish between these two phases has been previously
noted in the literature [39,40].

The magnetic property measurements are shown in Fig. 4. The data
for all samples are similar. Themagnetization (M) versusmagnetic field
(H) curves follow a typical S-shape for the ferrimagnetism of magnetic
rent starting reactants: (a) P-CC, (b) P-SC, (c) P-AC, (d) P-CN, (e) P-SN, (f) P-AN.



Table 1
Comparison of theparticle size, crystallite size andMs of the Fe3O4NPs. Errors are standard
deviations from the mean.

Nanoparticles Particle size (nm) Crystallite size (nm) Ms (emu/g)

SEM TEM XRD

P-CC 37 ± 7 11.3 ± 2.0 12.2 ± 1.8 61.5 ± 3.1
P-SC 30 ± 5 11.1 ± 3.0 12.4 ± 1.9 54.5 ± 2.7
P-AC 38 ± 5 11.3 ± 2.7 13.8 ± 2.1 60.6 ± 3.0
P-CN 30 ± 5 10.2 ± 2.0 12.4 ± 1.9 56.3 ± 2.8
P-SN 37 ± 6 10.9 ± 2.0 11.2 ± 1.7 56.6 ± 2.8
P-AN 32 ± 6 9.4 ± 2.2 10.4 ± 1.6 57.5 ± 2.9
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oxides. An absence of a hysteresis loop, and the near-zero coercivity
(Hc), imply superparamagnetism, which is thought to be due to the
small sizes of the NPs. The magnetic susceptibility (slopes of the M-H
curves) of all samples are almost identical, and the saturation magneti-
zation (Ms) varies only slightly from 55 emu/g for P-SC to 61 emu/g for
P-CC (Table 1). Since the morphology, size, and crystal structures of the
NPs from each pair of reactants are similar, it is not unexpected that the
magnetic properties of each sample are virtually unchanged.

From the above results, it can be concluded that using different
starting reactants in preparing iron oxide NPs by co-precipitation does
not significantly affect themorphology, size, phase and crystal structure,
or magnetic properties of the synthesized particles. Whether it is P-CC
or P-AN, or other samples, they show no distinct characteristics. Any
kind of ferrous or ferric salts can be employed in the co-precipitation
process of iron oxide NPs. These findings are however contradictory to
previous reports which found differences in the size and Ms values for
iron oxideNPs using various Fe reactants [41]. The discrepancy between
the present work and others [41] could be attributed to several factors
related to the details of the co-precipitation synthesis. Firstly, the alka-
line agent in the present work (NH4OH) is different from NaOH used
for reference [41]. The kinetics for the chemical reactions between
Fig. 2. Typical TEM images of the Fe3O4NPs prepared from co-precipitation using different starti
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NH4OH and NaOH may be different and, thus, the rate for converting
iron ions into iron oxides is likely to vary. Dissimilar alkaline reagents
would lead to resultant iron oxide NPs with differing morphologies
and sizes. Moreover, the concentration of precursors, the time and tem-
perature of co-precipitation all have an effect on the morphology and
size of the magnetic iron oxides. Nabiyoui et al. found that increasing
the co-precipitation time resulted in a larger particle size [42]. They
also found that by lowering the magnetic ion concentration, larger
NPs were observed, while heating during the process increased both
size andMs of the NPs. Therefore, the results in the present work cannot
be directly compared with other studies since the processing parame-
ters were not systematically controlled for a direct comparison.

On the other hand, the morphology, phases, functional groups, and
magnetic properties of the BC/iron oxide nanocomposites, prepared by
co-precipitation in the presence of BC, show some variations when
using different starting reactants. These differences are unexpected
since the reactants are the same, however the medium in which they
are produced has changed to a BC network. This environment of a fi-
brous network may present a particular pore size that inhibits the
growth of the NPs during co-precipitation. Fig. 5 shows representative
SEM images of the BC/iron oxide samples. Unlike the SEM images for
the NPs, the nanocomposite samples show an obvious difference be-
tween samples. For instance, the iron oxide NPs appear to be densely
packed within the 3D network of the BC nanofibers for BC-CC whereas
the NPs are loosely formed on the surface of the BC nanofibers for
BC-AC. The formation mechanism of the iron oxide NPs in the BC tem-
plate is thus dependent on the starting reactants. The porous networks
of the BC also form an environment in which the NPs are synthesized. It
could be that given this environment, there is an alteration of the clus-
tering and distribution of the NPs depending on the starting reactants.
The size of the NP clusters in each sample is estimated from the SEM
images as shown in Table 2. It is observed that the cluster sizes of the
BC-CC, BC-SC and BC-CN are larger (75–86 nm) compared to the cluster
sizes for BC-AN, BC-SN, and BC-AC. (55–65 nm). It is especially noted for
ng reactants: (a) P-CC, (b) P-SC, (c) P-AC, (d) P-CN, (e) P-SN, (f) P-AN. c.s.= crystallite size.



Fig. 3. Typical XRD patterns of the Fe3O4 NPs prepared from co-precipitation using
different starting reactants: (a) P-CC, (b) P-SC, (c) P-AC, (d) P-CN, (e) P-SN, (f) P-AN.

Fig. 4. Typical magnetization curves for the Fe3O4 NPs prepared from co-precipitation
using different starting reactants: (a) P-CC, (b) P-SC, (c) P-AC, (d) P-CN, (e) P-SN, (f) P-AN.
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BC-SN and BC-AC, that theNPs only coat the surface of the BC nanofibers
but do not fill the interfibrillar pores. It is noted that the cluster sizes of
the NPs in the nanocomposites are relatively larger than in the case of
the pure NPs. This might be due to the open structure of the BC aerogels
which allow the clustering of NPs to occur more readily in the co-
precipitation process. The lateral sizes of BC fibrils have previously
5

been reported to be in the range 10–100 nm[43–45],which by a consid-
eration of their stochastic geometry yields pore sizes less than 0.1 μm
[43]. Within this confined geometry, it would be expected that the
NPs would cluster, or given the right size range, coat the surface of the
BC fibrils. It is expected that smaller NPs will have a higher surface to
volume ratio, and therefore couple to the BC fibrils through increased
van derWaals interactions, or interactions between the positive charge
of free Fe ions, and the partial negative charge of the -OH groups on the
cellulose during co-precipitation.

Themechanism for the formation iron oxide NPs in the BC nanofibril
network starts from the attraction of Fe2+, Fe3+ ions to the hydroxyl
(-OH) group of the BC fibrils. When the alkaline agent (in this case
NH4OH) was introduced in the system, the partial negative charge on
the OH groups interact with the Fe2+, Fe3+ ions, converting them into
iron oxide NPs on the surface of the BC fibrils. However, there are
other anions (Cl−, NO3

−, C2H3O2
−, SO4

2−), which are present in
Eqs. (1)–(6), which are also involved in the co-precipitation process.
In the absence of the BC networks, these anions are dispersed loosely
in the solution, and hardly affect the co-precipitation of iron oxides.
This is the reason why the characteristics and properties of the NPs
are mostly independent of the starting reactants for the synthesis of
iron oxide NPs alone. In contrast, for the synthesis of nanocomposites,
the porous networks of BC form an environment in which the NPs are
synthesized. The chemical reaction occurs in a very limited space inside
the open structure of the BC aerogels. The conversion of iron ions into
iron oxide NPs will depend on the OH groups interacting with the
Fe2+, Fe3+ ions. The existence of the anions (Cl−, NO3

−, C2H3O2
−,

SO4
2−) in the proximity of BC fibrils might inhibit or slow the rate of

the conversion due to repulsive forces from the same negative charges
between the anions and OH groups. Depending on how strong the elec-
trostatic forces between anions and the corresponding cation, the rate of
the chemical reactions to form iron oxide NPs occurs differently by
using various starting materials. The different rate in co-precipitation
causes the difference in the growth of the NPs and clustering. For in-
stance, for BC-CC, BC-SC, and BC-CN, the rate of their NP formation is
likely to be increased compared to other samples. Thus, the NPs appear
to be more densely packed in those samples, and the clustering of NPs
are also higher. This interpretation is supported by the larger cluster
sizes of NPs for BC-CC, BC-SC, and BC-CN (75–86 nm) compared to
BC-AN, BC-SN, and BC-AC (55–65 nm). In other words, if the kinetics
of theNPs formation in the porous BC networks is high for the particular
pairs of starting reactants, it promotes the growth of NPs, resulting in
the high density of NPs and the large cluster sizes.

The phase and crystal structures of the BC/iron oxide nanocompos-
ites have been determined by XRD analysis, as shown in Fig. 6. The
XRD pattern of the pristine BC is also presented. This shows the pres-
ence of Bragg peaks located at 14.3°, 16.6° and 22.3° corresponding to

the 110
� �

, (110) and (200) diffraction planes, in agreementwith previ-

ous studies [21,46]. For nanocomposites, when the iron oxide NPs were
introduced into the systems, the diffracted peaks at 2θ = 30.0°, 35.4°,
43.1°, 57.2°, 62.6°, equivalent to (220), (311), (400), (511), and (440)
reflections of the magnetite structure, are observed. This confirms the
formation of iron oxide NPs in the BC structure. On the other hand,
the XRDpeaks of BC aremostly suppressed,which is due to thepresence
of the intense XRD peaks from the crystalline iron oxide phases. The ob-
served reduction of the BC diffraction peaks is commonly observed in
the BC/NPs composites in the literature [15,25,37,47]. However, some
samples still consist of secondary phases, such as BC-CC (at 2θ =
32.4°), or BC-AC (at 2θ = 44.5°). The secondary phase for BC-CC was
identified as NH4Cl which is a salt byproduct from Eq. (1). Similarly,
the secondary phase observed for BC-AC could also be from byproducts
from Eq. (3). It should be noted that these secondary phases were not
observed for P-CC or P-AC. This is because, in the case of NP synthesis,
the byproducts can be easily removed through centrifugation andwash-
ing. For BC nanocomposites, they are grown in the open structure of the



Fig. 5. Typical SEM images of the BC/Fe3O4 nanocomposites prepared from co-precipitation using different starting reactants: (a) BC-CC, (b) BC-SC, (c) BC-AC, (d) BC-CN, (e) BC-SN, (f) BC-
AN.
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BC network and attach to the BC nanofibrils. This makes themmore dif-
ficult to be removed bywashing. This point is discussed again in the FTIR
section.

The crystallite size of the NPs in BC, calculated by using Scherrer
equation, is in the range of 10–16 nm (Table 2). These sizes are very
close to the crystallite sizes for the pure NPs without BC. This indicates
that although the NPs are found to cluster, with much larger overall
sizes in the BC networks, the sizes of the iron oxide crystals are still rel-
atively unchanged. It is noted however, that due to peak broadening, be-
cause of the small size of the NPs, that these figures are subject to some
error when determined using the Scherrer equation. As noted, since the
XRD patterns of Fe3O4 and Fe2O3 are very similar, the nanocomposites
could be either BC/Fe3O4 or BC/Fe2O3, or the combination of both
phases. The presence of mixed phases could potentially influence the
magnetization of the nanocomposites, as discussed later.

Fig. 7 shows the FTIR spectra of the BC as well as the BC/iron oxide
nanocomposites. The FTIR spectra of the Fe3O4 and Fe2O3 references
are also included for comparison. Under the measuring range, Fe3O4

and Fe2O3 do not exhibit any distinct features, since the FTIR band for
Fe\\O stretching is between 400 and 600 cm−1 [48,49]. Thus, the pres-
ence of the iron oxide NPs should not obstruct the spectra of the BC
nanocomposites. The characteristic absorption bands for the pristine
BC are observed; namely, the hydroxyl (-OH) group at ~3350 cm−1,
C\\H stretching at ~2900 cm−1

, and C-O-C bond stretching at
~1060 cm−1 [24,46]. The BC/iron oxide nanocomposite samples show
Table 2
Comparison of the particle size, crystallite size, Ms, wt% of NPs, and fraction of Fe3O4 and Fe2O

Nanocomposite samples Particle size (nm) Crystallite size (nm)

SEM XRD

BC-CC 86 ± 25 15.4 ± 2.3
BC-SC 75 ± 25 16.5 ± 2.5
BC-AC 63 ± 20 13.0 ± 2.0
BC-CN 85 ± 18 16.7 ± 2.5
BC-SN 55 ± 15 10.1 ± 1.5
BC-AN 65 ± 18 14.5 ± 2.2
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unique changes in the positions of bands representing functional
groups. The bands representing -OH groups of all samples were ob-
served to shift to a lower wavenumber position in the range
3020–3350 cm−1. In co-precipitation, the Fe2+ and Fe3+ ions are
thought to anchor to the -OH groups of the cellulose, before being con-
verted to iron oxide NPs; this is believed to be the cause of a shift in the
position of the band representing -OHgroups [19]. The characteristics of
the band representing C-O-C bonds in the pristine BC were also modi-
fied. Depending on the functional groups of the starting reactants, the
characteristic bands for the nanocomposites can be found in the wave-
length range 1000–1500 cm−1. These bands can be attributed to the by-
products of the co-precipitation process from the chemical reactions
(1)–(6). For example, the characteristic band of ammonium chloride
(NH4Cl) at ~1390 cm−1 [50] is found in the spectrum of BC-CC, which
corresponded well with the XRD secondary phase observed for this
sample. Similarly, the bands located at ~1425 cm−1 and ~ 1050 cm−1

for BC-SC are assigned to theN\\Hbending and the sulfate group of am-
monium sulfate (NH4)2SO4 respectively. The band located at
~1300 cm−1 for BC-AC is associated with ammonium acetate
(NH4C2H3O2) [51]. The NO3 asymmetric stretching band located at
~1315 cm−1 [52] from ammonium nitrate can be found in the BC-SN
sample. The observation of these functional groups indicates that even
after thoroughly washing the BC nanocomposites in water several
times, these salt by-products were not totally eliminated from the sam-
ples. Additionally, the presence of these functional groups could be
3 of the BC/Fe3O4 nanocomposites.

Ms (emu/g) TGA analysis XAS analysis

wt% of NPs fraction of Fe3O4 fraction of Fe2O3

45.1 ± 2.3 65.0 ± 1.9 0.12 ± 0.01 0.88 ± 0.04
56.6 ± 2.8 74.9 ± 2.2 0.51 ± 0.03 0.49 ± 0.02
25.7 ± 1.3 38.0 ± 1.1 0.34 ± 0.02 0.66 ± 0.03
35.4 ± 1.8 40.5 ± 1.2 0.56 ± 0.03 0.44 ± 0.02
34.2 ± 1.7 41.9 ± 1.3 0.43 ± 0.02 0.57 ± 0.03
45.6 ± 2.3 49.9 ± 1.5 0.33 ± 0.02 0.67 ± 0.03



Fig. 6. Typical XRD patterns of the BC/Fe3O4 nanocomposites prepared from co-
precipitation using different starting reactants: (a) BC-CC, (b) BC-SC, (c) BC-AC, (d) BC-
CN, (e) BC-SN, (f) BC-AN.

Fig. 7. Typical FTIR spectra of the BC/Fe3O4 nanocomposites prepared from co-
precipitation using different starting reactants: (a) BC-CC, (b) BC-SC, (c) BC-AC, (d) BC-
CN, (e) BC-SN, (f) BC-AN.

Fig. 8. Typical magnetization curves for the BC/Fe3O4 nanocomposites prepared from
co-precipitation using different starting reactants: (a) BC-CC, (b) BC-SC, (c) BC-AC,
(d) BC-CN, (e) BC-SN, (f) BC-AN.
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another reason for the shift of the -OH groups of the BC since they can
form strong hydrogen bonds with these groups.

The existence of the salt byproducts in the BC nanocomposites could
play an important role in the formation of iron oxide NPs in the BC net-
work. As explained earlier, the difference in themorphology and sizes of
NPs in BC is due to the NP formation mechanism which involves the
presence of various anions according to each chemical reaction. These
anions may impede the reaction between the partial charge on the OH
groups and the iron ions. Alternatively, they may react with NH4

+ ions
and form salt byproducts coated on the surface of BC fibrils, as evi-
denced from FTIR. These byproducts may also hinder the formation of
iron oxide NPs in the BC network. Since the byproducts of each reaction
are different, depending on the starting reactants, their effects on the
formation of NPs are not the same. Such effects would result in the dif-
ference in the morphology, cluster sizes, and distribution of NPs in the
BC nanocomposite, as shown in Fig. 5. This in turn may also influence
the magnetic properties of the nanocomposites.

The magnetic M-H curves of the nanocomposites are presented in
Fig. 8. The characteristic curves of the superparamagnetism of the iron
oxide NPs still persist. However, there are variations in the magnetiza-
tions of the BC/Fe3O4 nanocomposites prepared from different reac-
tants, as tabulated in Table 2. The Ms values for each sample are
ranked in the following order BC-SC (~57 emu/g) > (BC-AN, BC-
CC) > (BC-CN, BC-SN) > BC-AC (~26 emu/g). This suggests that the Fe
(II) sulfate and Fe(III) chloride salts are the best candidates for forming
BC/Fe3O4 nanocomposites if the magnetization is the most important
requirement. This particular nanocomposite could be potentially uti-
lized in several industrial applications e.g. flexible sensors, actuators,
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or electromagnetic shielding. In contrast, although the BC-AC nanocom-
posite exhibits a lower Ms, the SEM image (Fig. 5) clearly shows a more
open structure, with high porosity and surface area of the nanofibers.
These features make this nanocomposite an excellent candidate for ad-
sorption or wound healing applications. Thus, by adjusting the starting
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reactants for the co-precipitation of Fe3O4 in BC structure, the character-
istics and properties of the BC nanocomposites can be controlled to-
wards an application.

One of the reasons for the change in Ms could be attributed to the
content of the magnetic phases in the nanocomposite. In general, the
higher the content of the magnetic phase, the larger the magnetization.
To determine the content of the magnetic phases, the BC and the nano-
composite samples were subjected to TGA analysis. As shown in Fig. 9,
BC, without the presence of NPs, has a prominent weight loss in the
temperature range 250–350 °C. This loss is typically associated with
the degradation of BC, including decomposition, dehydration, anddepo-
lymerization of the glycosidic units [24,53]. Above 600 °C, the residual
weight of the sample is stable. For the BC/iron oxide nanocomposite
samples, weight losses initiate at around 200 °C. Theweight loss profiles
are different, depending on the samples. For example, BC-AC and BC-CN
exhibited significant weight losses of 55–60% at a temperature of
~250 °C, whereas the weights of other samples gradually decrease up
to temperatures in the range 600–700 °C. The difference in the weight
loss profiles is believed to be because of the retained functional groups
in each nanocomposite, as shown in Fig. 7. To determine the content
of the magnetic Fe3O4 phase, the weights of the pristine BC at 600 °C
were subtracted from the weight of the nanocomposites at the same
temperature. At this temperature, the retained functional groups are
decomposed, and the remainder is the iron oxide residue. The weight
percentages of the iron oxide NPs are presented in Table 2. From this
analysis, it is noted that the largest value of Ms for BC-SC correlates
with the highest iron oxideNPs content. Conversely, BC-AC has the low-
est Fe3O4 content, resulting in the lowest Ms value. Besides, BC-CN and
BC-SN show similar weight retentions and nearly the same Ms values.
The exceptions are for BC-CC and BC-AN, which exhibit similar Ms

values, but the contents of iron oxide are quite different. Thus, other fac-
tors need to be considered, such as the sizes, and the crystal phases of
the NPs.

The mean size of the magnetic NPs also has an influence on the Ms

value. It was found that the smaller NPs exhibit lower Ms due to a sur-
face disordering effect [54]. The surface of the NPs is composed of
some canted or disordered spins that prevent the core spins from
aligning along the magnetic field direction [55]. Since the smaller NPs
consist of a higher fraction of atoms at the surface, the Ms values of
these NPs is proportionally lower. In the present work, from the XRD
analysis, iron oxide NPs with small crystallite sizes (10–13 nm) are ob-
served for BC-AC and BC-SN, which are relatively smaller than for other
Fig. 9. TGA measurements of the BC/Fe3O4 nanocomposites prepared from co-
precipitation using different starting reactants: (a) BC-CC, (b) BC-SC, (c) BC-AC, (d) BC-
CN, (e) BC-SN, (f) BC-AN.
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samples. These observations correlate well with themagnetic measure-
ments, with the lowestMs values being recorded for these two samples.
Another factor that could contribute to magnetism is the crystal struc-
ture. Only the crystalline phase of magnetite or maghemite can contrib-
ute to ferrimagnetism. A secondary phase or amorphous structure
cannot enhance the magnetization. From Fig. 6, the XRD pattern of BC-
CC shows a prominent peak for the secondary phase (located at
32.4°), which is likely to be non-magnetic, thereby suppressing the
magnetization of the nanocomposite. This is probably the reason that
the BC-CC sample exhibits a not so largeMs despite a relatively substan-
tial amount of the iron oxide NPs in the BC structure. Furthermore, the
secondary phase (at 2θ=44.5°). is also observed for the BC-AC sample.
Its presence reduces themagnetization, and thus contributes to the low-
est Ms value of this sample.

Finally, the form of magnetic phases of NPs could lead to a variation
in themagnetization. Asmentioned earlier, the XRD patterns of magne-
tite (Fe3O4) and maghemite (Fe2O3) are very similar, and it is challeng-
ing to distinguish between these two phases from the XRD results. The
BC nanocomposites likely contain both phases in different proportions.
However, these two phases exhibit different Ms values. The bulk Ms

value for Fe3O4 (92 emu/g) [56] is significantly higher than that of
Fe2O3 (76 emu/g) [57], which means that the nanocomposites with a
higher fraction of Fe3O4 are likely to possess higher magnetization. To
determine the fraction of Fe3O4 and Fe2O3, the XAS analysis for Fe K-
edge of the BC nanocomposite samples were carried out. The normal-
ized XAS data were processed and analyzed after background subtrac-
tion in the pre-edge and post-edge region using the ATHENA software,
which is included in the IFEFFIT package [58]. The XAS spectra of the
BC nanocomposites, as well as the Fe3O4 and Fe2O3 references, are
shown in Fig. 10. Since the absorption edge and peaks, and the charac-
teristic features of Fe3O4 and Fe2O3 are different, the linear combination
fit method in the ATHENA software was used to quantify the fraction of
each phase, as represented in Table 2. As expected, all the nanocompos-
ite samples comprise both magnetic oxide phases. In every sample, the
Fig. 10. XAS analysis for Fe K-edge of the BC/Fe3O4 nanocomposites prepared from co-
precipitation using different starting reactants: (a) BC-CC, (b) BC-SC, (c) BC-AC, (d) BC-
CN, (e) BC-SN, (f) BC-AN.
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proportion of the Fe2O3 phase is relatively high with respect to the total
iron oxide content. The presence of the high proportion of Fe2O3 could
be due to the fabrication process under ambient conditions. The Fe2+

ions were possibly oxidized to the Fe3+ ions during the co-
precipitation process. Furthermore, the Fe3O4 NPs inside the BC struc-
ture could be partially oxidized after rinsing and drying the BC nano-
composite hydrogels under ambient conditions. Comparison among
all samples, the fraction of Fe3O4 in BC-CC is noticeably lower than the
other samples. It implies that using Fe(II) and Fe(III) chloride salts as
starting reactants is likely to promote the formation of the Fe2O3

phase. The possible reason is that, according to the chemical reactions,
only the Cl− anion was created when using Fe(II) and Fe(III) chloride
salts (Eq. (1)), whereas two types of anion were generated for the
other reactions (Eq. (2)–(6)). This might be associated with the ease
of oxidationof Fe2+, having just one type of anion, and thus contributing
to the conversion of Fe3O4 to Fe2O3 in the case of BC-CC. It is also a part of
the reason for the reduced Ms of BC-CC due to the presence of a large
proportion of the Fe2O3 phase. On the other hand, BC-SC comprises a
relatively large fraction of Fe3O4 (0.509) which correlates with a high
Ms value for this sample.

4. Conclusions

A systematic study on the synthesis of BC/iron oxide nanocompos-
ites by a co-precipitation method has been presented. The effect of
starting reactants on the physical properties of magnetic nanoparticles
formed inside bacterial cellulose networkswas reported. For these reac-
tants, chloride, sulfate, and acetate salts were used as the source of Fe2+

ions, whereas chloride and nitrate salts were used as the source of Fe3+

ions. For the fabrication of iron oxide NPs, different starting reactants do
not seem to significantly affect the morphology, size, phase, and mag-
netic properties of the synthesizedNPswhen formed outside of the bac-
terial cellulose environment. However, this does have an impact on the
physical characteristics of the BC/iron oxide nanocomposites when
formed in situ. Using different starting reactants leads to differences in
the sizes of the NPs formed inside the BC structure, and various func-
tional groups of the retained by-products. The main phases of Fe3O4

and Fe2O3 were found in all nanocomposite samples, but the presence
of secondary phases was also noted in some samples. Moreover, the
loading amounts of the incorporated NPs were found to vary as the
starting reactants were changed. Additionally, using different Fe(II)
and Fe(III) salts as the starting reactants also yields a different ratio of
the magnetite (Fe3O4) and maghemite (Fe2O3) phases. These ratios
have significant influence on the measured magnetic properties. In
summary, the BC/iron oxide nanocomposite synthesized from Fe(II)
sulfate and Fe(III) chloride, BC-SC, yielded the most abundant amounts
of NPs, pure phases of these materials, large particle sizes, and the
highest Fe3O4/Fe2O3 ratio. All these factors are thought to result in the
highest magnetization value for the BC-SC nanocomposites compared
to other samples. On the other hand, the BC-AC sample exhibited the
lowest magnetization because of the low magnetic oxide content,
small particle size, the existence of secondary phases, and a low propor-
tion of the Fe3O4 phase. The present study thus shows that the choices of
the starting reactants have a direct implication on the design of the
magnetic BC systems. If the magnetization is the most critical factor
for an application, such asflexible sensors, actuators, or electromagnetic
shielding, it is suggested that Fe(II) sulfate and Fe(III) chloride should be
used as the starting reactants. On the other hand, though exhibiting
lower magnetization, the BC-AC nanocomposite preserves a porous
structure and a high surface area of the nanofibers, which makes it
more suitable for applications such as adsorbents or wound healing.
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