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Small-Angle X-Ray Scattering of Alginate Membranes Doped
with CoFe2O4 Nanoparticles. Preliminary Results

Today, alginate is one of the most employed biopolymers in agricultural, food and
life science related industry, mostly due to its high-performance gelling and viscosity
properties. The initial industrial uses of alginates were as adhesive binders, however
more recently they are extensively applied as thickeners, emulsiˇers, ˇlm and gel
making substances. The complementary use of alginate and magnetic nanoparticles
can lead to new biomedical and biotechnological applications, including targeted
drug delivery, magnetic cell separation, enzyme immobilization, magnetic resonance
imaging (MRI), and hyperthermia treatments.

In this study, the structural investigations of alginate membranes doped with
CoFe2O4 nanoparticles and the effect of their cross-linking with CaCl2 · 2H2O us-
ing atomic force microscopy (AFM), scanning electron microscopy (SEM), X-ray
diffraction (XRD), and small-angle X-ray scattering (SAXS) methods are presented.

The investigation has been performed at the Frank Laboratory of Neutron Physics,
JINR.
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INTRODUCTION

Alginates are linear water-soluble polysaccharides comprising (1-4)-linked
units of α-D-mannuronate (M) and β-L-guluronate (G) at different proportions
and different distributions in the chain [1, 2].

They are present in brown algae and can also be found in metabolic products
of some bacteria [3]. The chemical composition and sequence of the M and
G residues depend on the biological source and the state of maturation of the
plant [4]. The alginates, as well as all the polysaccharides, are polydisperse in
terms of molecular mass so that they are more similar to the synthetic polymers
than to other biopolymers such as proteins and nucleic acids [5, 6].

Alginates are well-known natural ionic polysaccharides used mainly as food
additives, thickeners, gelling agents, and in the controlled delivery of drugs [7Ä9].
In Fig. 1, the structure of sodium alginate is shown.

A magnetic colloid, also known as a ferro�uid (FF), is a colloidal suspension
of single-domain magnetic particles, with typical dimensions of about 10 nm,
dispersed in a liquid carrier [11].

In order to avoid agglomeration, the magnetic particles have to be coated
with a shell of an appropriate material. According to the coating, the FFs are
classiˇed into two main groups: surfacted (SFF), if the coating is a surfactant

Fig. 1. Representation of the structure of sodium alginate [10]

Fig. 2. Sketch of surfacted magnetic particles: a) single-layered surfacted nanoparticles;
b) double-layered surfacted nanoparticles [11]
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molecule [11, 12], and ionic (IFF), if it is an electric shell [13]. Figure 2 gives
the sketch of surfacted magnetic particles.

Cobalt ferrite nanoparticles (CoFe2O4) have received increasing attention
due to combination of their bulk magnetic properties with the magnetic properties
typical of nanoparticles (superparamagnetism) that make them ideal materials for
technological and medical applications [14].

By combining the polymer with the nanoparticles in different forms, bene-
ˇt can be obtained from the combination of the features inherent to both the
components, and the new material can have a wide range of applications.

1. EXPERIMENTAL SECTION

1.1. Materials and Membrane Preparation. For this study, we used alginic
acid sodium salt with low viscosity and CoFe2O4 nanoparticles. Alginic sodium
salt was purchased from Alpha Aesar, A Johnson Mathey Company; it has the
viscosity of 40Ä90 mPa · s (1% solution) and the pH of 5.0Ä7.5 (1% solution).

The ferro�uid was prepared at the Institute of Technical Chemistry (Perm,
Russia) by the coprecipitation of Fe(OH)3 and Co(OH)2, ferritisation of hydroxide
mixture in 1 M alkali aqueous solution, adsorption of lauric acid on ferrite par-
ticles, and peptisation of hydrophobic precipitate in aqueous solution with sodium
n-dodecyl sulphate [14].

The membranes were prepared by casting from aqueous solutions using the
method described by Russo [15]. Two solutions of 1% (wt/v) sodium alginate
were prepared, while stirring, at the room temperature for 24 h. After a clear
solution was obtained, we added 1 mL of CoFe2O4/lauric acid/DDS-Na/H2O fer-
ro�uid in one of the solutions and sonicated it to ensure homogeneous distribution
of the nanoparticles in the solution.

The solutions were poured into a glass Petri dish, avoiding bubble formation,
and kept in an oven at 50◦C to ensure the evaporation of the solvent. After the
solvent was evaporated, the membranes were peeled off and kept in an exicator
till use.

The cross-linking was made with a 3% CaCl2 · 2H2O solution in which the
membranes were immersed for 30 min, after that they were dried.

Depending on the technique used, sample preparation might be different and
it was presented in the Method section.

1.2. Methods of Characterization. 1.2.1. Small-Angle X-Ray Scattering.
Small-angle X-ray scattering (SAXS) is a small-angle scattering (SAS) technique
where the elastic scattering of X-rays by a sample, which has inhomogeneities in
the nanometer range, is recorded at very low angles (typically 0.1−10◦). This
angular range contains information about the shape and size of macromolecules,
characteristic distances of partially ordered materials, pore sizes, and other data.
SAXS is capable of delivering structural information of macromolecules between
5 and 25 nm, of repeat distances in partially ordered systems of up to 150 nm [16].

2



Fig. 3. Principle of SAXS [18]

X-ray scattering techniques are a family of nondestructive analytical tech-
niques which reveal information about the crystallographic structure, chemical
composition, and physical properties of materials and thin ˇlms [17].

The small-angle X-ray scattering (SAXS) technique (Fig. 3) has been applied
to investigate membrane structure of alginate in the absence and presence of
divalent cation Ca(II) and CoFe2O4 nanoparticles.

Sample Preparation. The SAXS measurements were taken with a Rigaku
small-angle X-ray scattering (SAXS) pinhole camera system (Japan) installed
with a Rigaku MicroMax-007 HF X-ray source.

The membranes were cut in ∼ 1×1 cm samples and ˇxed on a one-sided tape.
After that they were mounted on the sample holder facing the beam directly. For
the precision of measurement, SAXS analysis was made also for the tape without
sample.

1.2.2. Atomic Force Microscopy. Atomic force microscopy (AFM), also
known as scanning-force microscopy (SFM), is a type of scanning probe mi-
croscope technique. It works by running a sharp tip attached to a cantilever and
sensor over the surface of a sample and measuring the surface forces between the
probe and the sample [19]. As the cantilever runs along the sample surface, it
moves up and down due to the surface features and the cantilever de�ects accord-
ingly. This de�ection is usually quantifed using an optical sensor, with the laser
beam being re�ected on the back of the cantilever onto the light detector [19].
AFM does not need to operate in vacuum and can operate in ambient air or under
liquid; hence, it is increasingly being used to image biological samples as well as
nanoparticles [20Ä22].

Atomic force microscopy is a relatively nondestructive technique as com-
pared to conventional scanning electron microscopy and transmission electron
microscopy. It also has an additional advantage of 3-dimensional measurements
of the surface structure of polymers [23].
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The direct visualization of 3-dimensional images of the polymer surfaces is
helpful for understanding the effects of changes in processing conditions. The
ˇeld of nanocomposite is emerging at a rapid rate. Atomic force microscopy can
be useful for the characterization of these nanocomposite materials.

The conventional surface characterization techniques provide only pictorial
images of the polymer surface [24]. Atomic force microscopy can be exploited to
measure the mechanical properties, adhesion forces and structure of the polymer
surface by making slight changes in the instrumentation involved. The capability
of AFM to delineate the phase transitions of polymers provides us with impor-
tant insight regarding the factors that are responsible for the peculiar properties
exhibited by polymers. Thus, complete characterization of a polymer surface is
possible by AFM [25].

Sample Preparation. Atomic force microscopy INTEGRA PRIMA was pro-
vided by the company NT-MDT Spectrum Instruments (Zelenograd, Russia).
AFM images were recorded at semi-contact mode, known as tapping mode, with
a standard NSG01 and NSG01 Au tips of 10 nm curvature radius (NT-MDT
Spectrum Instruments, Zelenograd, Russia) at room temperature. The imaging
rate was 0.3 Hz. Both height and phase images were recorded.

AFM imaging was performed on ˇlms prepared from alginate solution and
alginate solution doped with CoFe2O4 nanoparticles. Samples were cast as ˇlms
for ease of imaging. One drop of alginate solution at a given concentration was
deposited onto a quartz glass slide, after which the drop was aspirated using a
Pasteur pipette and let to dry at room temperature. Calcium chloride at a given
concentration was added to the ˇlm in a drop-wise fashion to induce cross-linking.

1.2.3. Scanning Electron Microscopy. Scanning electron microscopy (SEM)
is useful for detailed study of a specimen's surface. A high-energy electron beam
scans across the surface of a specimen, usually coated with a thin ˇlm of gold or
platinum to improve contrast and the signal-to-noise ratio [26].

As the beam scans across the sample's surface, interactions between the
sample and the electron beam result in different types of electron signals emitted
at or near the specimen surface [27, 28].

These electronic signals are collected, processed, and eventually translated as
pixels on a monitor to form an image of the specimen's surface topography that
appears three-dimensional [29].

Sample Preparation. The surface of the samples used in this study was ana-
lyzed by a Hitachi SU8020 (Japan) scanning electron microscope at an accelerated
voltage of 2 kV. Prior to observation, the samples were coated with a thin layer
of gold under vacuum.

1.2.4. X-Ray Diffraction. X-ray diffraction (XRD) is one of the most important
nondestructive tools to analyze all kinds of matter. The technique is used for the
identiˇcation of crystalline phases of various materials and the quantitative phase
analysis subsequent to the identiˇcation [30].
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X-ray diffraction techniques are superior in elucidating the three-dimensional
atomic structure of crystalline solids. The properties and functions of materi-
als largely depend on the crystal structures. X-ray diffraction techniques have,
therefore, been widely used as an indispensable means in materials research,
development and production [31].

Sample Preparation. The presence of the CoFe2O4 nanoparticles in the
membrane was characterized by the XRD technique using X-ray diffractome-
ter (PANalytical Empyrean) with Cu Kα radiation (λ = 0.15406 nm) in a wide
range of 2θ (5◦ < 2θ < 80◦).

The samples were prepared in a similar manner to the ones from atomic force
microscopy. Instead of using quartz glass slide, the sample was casted on a zero
diffraction plate made of silicon cut at special orientation.

2. RESULTS AND DISCUSSION

2.1. Surface Morphology. As previously stated, AFM method was chosen
for imaging, as it provides nanometer resolution and three-dimensional surface
imaging, requires minimal sample preparation and allows imaging in ambient and
liquid conditions.

It can be seen from the surface imaging (Fig. 4) that the addition of CoFe2O4

nanoparticles increases the inhomogeneity on the surface of the membranes and
aggregates of alginate tend to be formed.

Based on the roughness parameters of 1% alginate membrane (Sq = 5.74 nm
and Sa = 3.41 nm) and 1% alginate membrane with nanoparticles (Sq = 44.58 nm
and Sa = 32.09 nm), from AFM imaging at a higher resolution, one can see that by
adding the nanoparticles the surface roughness increases and bigger pores appear

Fig. 4. AFM images of alginate membranes at 10 μm: a) 1% sodium alginate; b) 1%
alginate with CoFe2O4 nanoparticles
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Fig. 5. AFM 3D view of the membranes surface: a) 1% alginate membrane (scanning
area Å 10 μm2); b) 1% alginate membrane with nanoparticles (10 μm2); c) 1% alginate
membrane (2 μm2); d) 1% alginate membrane with nanoparticles (2 μm2); e) 1% alginate
membrane with nanoparticles and visible pores (2 μm2); f) 1% alginate membrane with
nanoparticles (0.5 μm2)

on the surface. The pore size observed on the membrane with nanoparticles has
an average value of 30 nm. Figure 5 shows the 3D AFM images at a higher
resolution in which the pores can be observed.

The data obtained from SEM is in accordance with the observation made
from AFM imaging. It can be seen in the SEM images of the 1% alginate mem-
brane, without and with nanoparticles, that the surface changes morphology (see
Fig. 6). By adding nanoparticles, on the surface of the membrane aggregates with
a mean diameter of 50 nm are formed, and one can observe that the nanoparticles
are heterogeneously spread on the surface in ©pondª-like formations.
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Fig. 6. SEM images of the surface of membranes: a) 1% alginate membrane; b) 1%
alginate membrane with nanoparticles

The aggregates observed in Fig. 6, b could be caused by the cross-linking
effect of the divalent and trivalent cations present in the nanoparticles formulation
(Co2+ and Fe3+). It is known that divalent and trivalent cations cross-link the
polymeric chains of alginate and rearrange their structure according to the egg-box
model (Fig. 7).

The effect of cross-linking with Ca2+ ions can be seen in the height images
from AFM (Fig. 8) and SEM images (Fig. 9).

Fig. 7. a) Structure of the alginate monomers: D-mannuronic acid (left) and L-guluronic
acid (right). b) Egg-box structure of the cross-linking between a divalent cation and G
monomers of two different alginate chains [32]
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Fig. 8. AFM height image of 1% sodium alginate membrane cross-linked with Ca2+ (a)
and 1% sodium alginate membrane and nanoparticles cross-linked with Ca2+ (b)

Fig. 9. SEM image of the cross-linked membranes with Ca2+: without nanoparticles (a)
and with nanoparticles (b)

From the AFM image of the sodium alginate membrane cross-linked with
Ca2+ ions (Fig. 8, a) a layered arrangement of the polymer can be observed,
which is not found at the cross-linked membranes that have nanoparticles. Also,
the roughness parameters of the cross-linked membrane increased (Sq = 29.55 nm
and Sa = 22.55 nm), and for the membrane with nanoparticles they decreased
(Sq = 27.46 nm and Sa = 21.66 nm).

In the case of divalent cations, egg-box model has illustrated that the cations
bond with the blocks of alginate polymers in a planar two-dimensional manner,
and the extent of binding increases with an increasing of ionic radius. On the other
hand, trivalent cations are expected to form a three-dimensional valent bonding
structure with the alginate (Fig. 10) [33].

The cross-linking process is in�uenced by the ionic radius of the cation.
Cations with larger ion radius (Fe3+ Å 1.35 	A) can form a tighter structure
compared with cations with smaller ion radius (Ca2+ Å 1.0 	A) because they are
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Fig. 10. Example of the mechanism of reaction between calcium and aluminum cations
and sodium alginate matrices [33]

expected to ˇll a larger space between the blocks of alginate polymers, resulting
in a tighter arrangement of cross-linked alginate polymers.

Compared with divalent cations, the binding extent of trivalent cations with
alginate is enhanced. Trivalent cations could interact with three carboxylic groups
of different alginate chains at the same time, lead to a larger coordination number
((COO)3M), and form a three-dimensional valent bonding structure, resulting in
a more compact network. These effects were reported in several papers from
Al-Musa [33], Yang [34] and Winkleman [35].

As can be seen in Fig. 9, the presence of Fe3+ and Co2+ in the formulation
of the cross-linked membranes compete with the effect of Ca2+ cations and the
surface from Fig. 9, b looks smoother than the one from Fig. 9, a.

2.2. SAXS Analysis. The scattering patterns obtained from the SAXS analy-
sis are presented in Fig. 11.
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Fig. 11. Scattering patterns of one-sided tape (a), 1% sodium alginate membrane (b), 1%
sodium alginate membrane cross-linked with Ca2+ (c), 1% sodium alginate membrane
and nanoparticles (d), 1% sodium alginate membrane and nanoparticles cross-linked with
Ca2+ (e)
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Fig. 12. SAXS curves of the alginate membranes

From the data obtained, the scattering that occurred from the one-sided tape
was subtracted and the SAXS data was transformed from 2D to 1D, the following
curves being obtained (Fig. 12). The curves were analyzed using Fitter, a program
developed by LIT and FLNP (YuMO group), JINR, Dubna.

The ˇtting models were analyzed on different Q (	A−1) intervals, and the
models identiˇed are presented in the table.

2.3. XRD Analysis. Figure 13 shows the XRD patterns of neat alginate
powder, 1% sodium alginate membrane and cross-linked membrane with Ca2+

cations. Alginate powder exhibited two broad peaks with central positions at 2θ =
15.7 and 24.9◦, respectively, which indicate two different amorphous regions.
But these two broad peaks do not correlate with the data reported in literatu-
re [36Ä38], where it is stated that alginate exhibits two broad peaks with central
positions at 2θ = 13 and 21◦.

It can be noticed that for the alginate ˇlm, the peak at 24.9◦ is sharper than
for the neat alginate powder due to the likely rearrangement of the alginate chains.
Such phenomenon was also observed in plasticized chitosan samples obtained by
thermo-mechanical mixing [36, 39] and could be an in�uence of the preparation
method, taking into consideration that the membranes were dried at 50◦C. This
procedure could have in�uenced the microstructure of the membranes and there
are studies in literature which state that the procedure of drying the membranes
can effect the ˇnal structure of the product [40Ä42], so further investigations
are required.
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Models and scattering parameters obtained from SAXS data using Fitter program

Sample Q-domain Model Scatterer object parameters

1% Na-Alg
0.045Ä0.11 Ball RadiusÅ5306.2 	A

0.04Ä0.25 Biaxial AxisÅ865.7 	A
ellipsoid ExcentricityÅ0.9

1% Na-Alg+
CaCl2

0.0044Ä0.023 Prism A = 7306.8 	A
with edges B = 7928.1 	A
A, B, C C = 7956.3 	A

0.03Ä0.05 Biaxial AxisÅ0.5927 	A
ellipsoid ExcentricityÅ5078

0.05Ä0.1 Triaxial a = 2092.2 	A
ellipsoid b = 6351.5 	A

with semiaxes c = 1065.9 	A
a, b, c

0.1Ä0.18 Biaxial AxisÅ30.8 	A
ellipsoid ExcentricityÅ9631

0.18Ä0.24 Biaxial AxisÅ62.7 	A
ellipsoid ExcentricityÅ9647

1% Na-Alg+
nanoparticles

0.0045Ä0.0115 Ball RadiusÅ5298.3 	A

0.0115Ä0.023 Triaxial Semiaxis a of core Å869.5 	A
ellipsoidal Semiaxis b of core Å19.85 	A
coreshell Semiaxis c of core Å18.5 	A

with semiaxes t = 6500.3 	A
of core a, b, c
and thickness

of shell t

0.02Ä0.037 Triaxial Semiaxis a of core Å152.5 	A
ellipsoidal Semiaxis b of core Å138.7 	A
coreshell Semiaxis c of core Å137.8 	A

with semiaxes t = 6903.5 	A

a, b, c and
thickness
of shell t

0.038Ä0.084 Ball RadiusÅ5344.3 	A

1% Na-Alg+
nanoparticles+
CaCl2

0.006Ä0.0115 Biaxial AxisÅ191.5 	A
ellipsoid ExcentricityÅ220

0.0115Ä0.03 Ball RadiusÅ5414.0 	A

0.04Ä0.095 Biaxial AxisÅ563.3 	A
ellipsoid ExcentricityÅ352
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Fig. 13. XRD patterns of neat alginate powder, 1% sodium alginate membrane, and cross-
linked membrane with Ca2+ cations

Fig. 14. XRD patterns of 1% sodium alginate membranes with CoFe2O4 nanoparticles and
cross-linked with Ca2+ cations

In the XRD spectra of uncross-linked and cross-linked alginate membrane
the characteristic peaks disappear, and this could indicate that Na+ cations are
replaced by the Ca2+ cations.

In Fig. 14, XRD patterns of alginate membranes with CoFe2O2 nanoparticles
are given. The patterns of both samples show prominent peaks belonging to
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the cubic spinel-type lattice of CoFe2O4, which matches well the standard XRD
pattern (JCPDS Card No. 22Ä1086), and the characteristic peaks from the polymer
matrix can be observed.

CONCLUSIONS

The surface morphology of uncross-linked and cross-linked alginate mem-
branes containing CoFe2O4 nanoparticles was investigated by means of AFM and
SEM, and the XRD analysis conˇrms the CoFe2O4 nanoparticles presence in the
membranes.

AFM experiments performed on alginate membrane containing nanoparticles
showed a rough surface and the fact that the presence of nanoparticles promotes
the formation of pores.

The presence of Fe3+ and Co2+ cations in the formulation of the cross-linked
membranes competes with the effect of Ca2+ cations on the alginate polymer, as
can be seen in the AFM and SEM pictures.

Further structural investigations are required to have a better understanding
on the factors that can in�uence the structure of alginate membranes.

Comparing the two-dimensional data obtained from AFM and SEM with
the data obtained from the SAXS analysis, we can conclude that the SAXS
analysis allowed us to have volume information about the structures present in
the membranes:

1. In the SEM image of 1% sodium alginate membrane (Fig. 6, a), the ball
and ellipsoidal structures can be identiˇed.

2. SAXS allowed us to conˇrm the observations made about the SEM images
(Figs. 6, b, and 7) related to the effect of nanoparticles and the cross-linking
process with Ca2+ cations of the membranes by revealing the complex structures
formed, which correspond dimensionally with the ones that appear on the surface
of the membranes.

3. The structures identiˇed by SAXS data can be related to the information
from literature regarding the effect of divalent and trivalent cations.
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