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The objective of this work was to prepare and characterize magnetic hydrogels based on
iota-carrageenan, a polysaccharide obtained from biomass (Rodophyceae algae), containing
maghemite (c-Fe2O3) nanoparticles. The morphological, thermal and magnetic properties
of the hydrogels were evaluated, as well as the influence of the crosslinking agent
(CaCl2) at different concentrations (0.3 mol L�1 and 0.5 mol L�1) on the hydrogels’ proper-
ties. The samples were characterized by scanning and transmission electron microscopy,
vibrating sample magnetometry, thermogravimetry, Fourier-transform infrared spec-
troscopy and Mössbauer spectroscopy. The swelling degree of the hydrogels was also
determined. The results showed that the synthesized magnetic material was mostly com-
posed of c-Fe2O3 and presented ferrimagnetic behavior. The hydrogels had spherical mor-
phology and particle size in the range of 710 lm. The TEM images proved the magnetic
particles had nanometric size. The hydrogels had good thermal stability and swelling
degree in water of around 55%. Both the magnetic nanoparticles and crosslinking agent
(Ca2+) were well distributed on the surface of the hydrogels. The samples responded to
the stimulus of a magnet.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Hydrogels based on polysaccharides (biopolymers that are biorenewable resource, environmentally friendly) have been
used in many fields because of their characteristics, such as biodegradability, biocompatibility, stimuli-responsive character-
istics and biological functions making them a material of choice for many applications (including biomedical, toxic ion
removal and water purification) [1–5]. Compared to their synthetic counterparts, renewable polymer-based materials offer
a number of advantages especially regarding their environmental friendliness and low cost [6].

Among the polysaccharides, carrageenan stands out for its high capacity to absorb water, non-toxicity and abundance,
since it is extracted from red algae [7,8].

The carrageenans are a group of linear sulfated polysaccharides, present in the cell structure of Rodophyceae algae. Besides
this source, Gigartinaceae produce Kappa (j) and Lambda (k) carrageenans, while Solieriaceae produce Kappa and Iota (i) car-
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rageenans. All carrageenans have high molecular mass and are formed of alternating units of D-galactose and 3,6-anhydro-D-
galactose (3,6-AG) joined by a-1,3 and b-1,4-glycosidic bonds [7–12].

The main differences between the types of carrageenan are the position and number of ester sulfate groups (3,6-anhydro-

D-galactose-n-sulfate). The content of 3,6-anhydro-D-galactose (3,6-AG) determines the characteristics among the car-
rageenan types and higher levels of ester sulfate imply smaller gelling force and lower solidification temperature [7,10,13].

Iota-carrageenan contains from 28% to 35% ester sulfate and 25% to 30% 3,6-AG units. It has the particular feature of form-
ing colloids and gels in aqueous media at very low concentrations. These gels are transparent and thermoreversible, and can
have a wide range of textures, from highly elastic and cohesive to firm and brittle, depending on the combination of fractions
utilized. In particular, i-carrageenan (Fig. 1) is insoluble in cold water but is soluble in hot water (P60 �C) [8,13].

The characteristics of a nanocomposite are determined by the synergism between the intrinsic properties of the polymer
and the properties of the inorganic particles that are added to the system. In this work, we prepared a polymeric nanocom-
posite with superparamagnetic properties composed of a polysaccharide (iota-carrageenan) and magnetic nanoparticles of
iron oxide.

Superparamagnetism occurs when a material is composed of sufficiently small crystals with spins oriented in mon-
odomains that can be considered as being thermodynamically independent particles. The magnetic moments of these mon-
odomains affect the interaction of the unpaired electrons. The resulting magnetic moment becomes greater than that of a
paramagnetic substance, and the specific magnetic sensitivity of these particles can substantially exceed the value of the cor-
responding soluble paramagnetic species due to this magnetic ordering [15,16].

Superparamagnetic substances need remanent magnetization near zero when the magnetic field is removed, because the
orientations of the monodomains return to being random. This means that the superparamagnetic iron oxide contrast agents
will not aggregate due to the magnetic attraction [16].

The superparamagnetic property of a material is directly related to the size of its magnetic nanoparticles. Only particles
with diameter smaller than 30 nm are superparamagnetic [15,17,18].

Nanoparticles of an iron oxide, such as maghemite (c-Fe2O3), are nontoxic, making them attractive for the preparation of
polymeric materials with magnetic properties for use in many areas [16].

Therefore, this paper describes the preparation and characterization of nanocomposite hydrogels based on i-carrageenan
and nanoparticles of c-Fe2O3, crosslinked with Ca2+ ions. For this purpose, the morphological, thermal and magnetic prop-
erties of the hydrogels formed were evaluated. This research paper is of great importance; since it describes the preparation
of a new hybrid polymeric material, eco-friendly, based on polysaccharide and iron oxide, which combines the characteris-
tics of organic and inorganic compounds. Until now, were not found in the literature, works that deal with a systematic study
on the preparation of magnetic hydrogels based on iota-carrageenan with spherical morphology. This type of carrageenan
may provide a hydrogel with improved properties, because it contains a larger number of sulfate groups along its chain,
which may lead to a more cross-linked polymeric network.

2. Materials and methods

The reagents used in this study were analytical grade (PA) and were used as received: ethanol (C2H6O) (Sumatex Produtos
Químicos Ltda.), iron (III) chloride (FeCl3), 1% sodium hydroxide (NaOH), ammonium hydroxide (NH4OH), iron (II) sulfate
(FeSO4), 1% chlorhydric acid (HCl), 1% nitric acid (HNO3) (Vetec Química Fina Ltda.), oleic acid (C18H34O2) (B. Herzog Comér-
cio e Indústria S.A.), iota-carrageenan (Iota-90 – Agargel Ltda.) and anhydrous calcium chloride (CaCl2�2H2O) (Farmos).

2.1. Synthesis of the magnetic material

The magnetic material was synthesized by mixing the iron II and III salts using NH4OH as a base in a system composed of
a three-neck round bottom flask, thermostatically controlled bath and mechanical stirrer. First, 14 g of iron sulfate was dis-
solved in a beaker containing 50 mL of distilled water, under magnetic stirring. In another beaker, 27 g of iron chloride was
dissolved in 50 mL of distilled water, under magnetic stirring. These two solutions were then mixed in a three-neck round
bottom flask with capacity of 500 mL, under magnetic stirring, after which 130 mL of a solution of NH4OH (PA grade) was
added slowly, followed by 10 mL of oleic acid. The flask was placed in a thermostatically controlled silicon oil bath at
80 �C, under mechanical stirring for 30 min and the pH was measured. After this period, the mixture with the precipitate
was left to cool slowly to room temperature and was washed with water and ethanol to remove the excess oleic acid.
Fig. 1. Chemical structure of iota-carrageenan.
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The precipitate was separated by forced decantation by a magnetic field. The modified magnetic material was dried and
stored in a flask in the dark and placed in a desiccator.

2.2. Preparation of the magnetic carrageenan solution

Two grams of iota carrageenan was mixed in 90 mL of distilled water at 60 ± 5 �C until totally dissolved. Then the solution
was cooled to 50 ± 5 �C and the previously synthesized magnetic material was added, in a ratio of 2:1 by weight of car-
rageenan versus iron oxide, after which the solution was stirred until becoming homogeneous.

2.3. Preparation of the magnetic carrageenan microspheres

The hydrogels were prepared according to the method described by Nazarudin et al. [14]. The mixture containing the car-
rageenan and magnetic material was added dropwise at room temperature with a metering pump into a beaker containing
the crosslinker solution (CaCl2), at two concentrations (0.3 and 0.5 mol L�1) (Supplementary material). The microspheres
formed were left in contact with the crosslinker solution under gentle stirring for 3 h.

After this process, the microspheres were filtered, washed with deionized water to remove the excess calcium ions and
dried in an oven at 40 �C. The dried hydrogels were characterized to evaluate their morphological, thermal and magnetic
properties, as well as their swelling degree in water.

2.4. Characterization

The hydrogels were analyzed by Fourier-transform infrared spectroscopy (FTIR) to confirm the chemical composition. The
analytic conditions were: KBR cell, resolution of 4.0 cm�1, accumulation of 4 scans and normal beam deflection. The mor-
phology of the iron oxide nanoparticles and hydrogels was evaluated by granulometric analysis, scanning electron micro-
scopy (SEM) and transmission electron microscopy (TEM). The granulometric analysis to determine the grain size
distribution was performed with a Retsch AS 2000 basic vibratory sieve shaker, with sieves of 20, 24, 35, 48 and 60 mesh,
equivalent to 850, 710, 425, 300 and 250 lm, respectively.

For the SEM analysis, the samples were covered with a fine gold layer to increase their conductivity and protect against
localized heating. Secondary electron and X-ray detectors were used to capture the images and the acceleration voltages
were 10 and 15 kV. For the TEM analysis, the samples were ground in an agate mortar with methyl alcohol. The supernatant
was removed from the mortar and diluted in 1 mL of methyl alcohol and then submitted to ultrasound for 10 min. A drop of
the mixture was placed on a copper grid with carbon film. The STEM mode with EDX was used for chemical analysis, at volt-
age of 200 kV. The hydrogels were characterized by XRD to observe their crystalline structure and relate this with their
chemical and physical properties. The following conditions were applied: power of 40 kV; current of 40 mA; Cu Ka radiation
(k = 1.9373); 2h scan from 5� to 45�.

The magnetic properties were analyzed with a vibrating sample magnetometer (VSM) calibrated with a nickel cylinder at
room temperature (cycle time = 1 s and hysteresis cycle time = 10 min). The following properties were evaluated: saturation
magnetization, residual magnetization and coercivity. Each sample was weighed on an analytic balance with precision of
0.0001 g. Then it was covered with insulation material to prevent contamination of the collector. The total time of analysis
was 10 min and the magnetic field was varied from 15,000 G to �15,000 G. Each point was measured at intervals of 1 s: the
magnetization was measured after 1 s and then the field was varied for the next measurement.

The Mössbauer spectroscopy was carried out at room temperature in constant acceleration mode with 1024 channels. The
velocity was calibrated with a metallic iron absorber and the isomer shifts were related to a-Fe. The spectra obtained were
adjusted using the MOSF and DIST3E programs, the latter based on an independent distribution of hyperfine fields and/or
quadrupole splittings. The numerical results of the adjustments are reported as hyperfine parameters, which are: hyperfine
magnetic field (Hhf), expressed in kOe; relative sub-spectral area (S), in %; quadrupole shift and/or splitting (2eQ, DEQ); and
isomer shift (d), in mm/s.

The hydrogels were characterized by thermogravimetric analysis (TGA) using a TA Instruments Q50 V6.4 Build 193 ana-
lyzer. About 10 mg of sample was placed in a platinum capsule and heated under a nitrogen atmosphere, with flow of
100 mL/min, from 10 �C to 950 �C at a heating rate of 20 �C/min. The enabled observing the mass loss, and consequently
the degradation of the hydrogels, at different temperature ranges.

2.5. Determination of swelling degree (Q)

For determination of Q, the dried hydrogels were first weighed on an analytic balance (average weight of approximately
100 mg) and then placed to swell in 90 mL of water. After each time interval ‘‘t”, which varied up to 1 h, the hydrogel samples
were removed from the water and the surfaces were carefully dried to remove the excess water, after which they were
weighed again. The Q values of the different hydrogels were calculated with Eq. (1) [14].
Q ¼ ðMt �MoÞ � 100
Mo

ð1Þ
where Mt is the mass of the hydrogel after swelling for time t, and Mo is the mass of the same sample after drying.



Fig. 2. Mössbauer spectrum of the pure magnetic material.

Fig. 3. SEM images of the magnetic hydrogel based on iota-carrageenan prepared with CaCl2 at 0.5 mol L�1.
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3. Results and discussion

We first discuss the results of evaluating the nature of the synthesized magnetic material and then the properties of the
hydrogels that were prepared.

The experiments were conducted in triplicate and the results shown are the medians. The hydrogels presented swelling
degree of about 55%.



Fig. 4. (a) SEM image; (b) distribution of calcium; (c) distribution of chloride; (d) distribution of iron; and (e) EDX spectrum of the magnetic hydrogels
based on iota-carrageenan prepared with CaCl2 at 0.5 mol L�1.

D.J. Maciel et al. / European Polymer Journal 76 (2016) 147–155 151
3.1. Magnetic material

The Mössbauer spectrum (Fig. 2) showed that the magnetic material synthesized in this study was composed basically of
maghemite (outer sextet), with a small amount of goethite (inner sextet). This was indicated by the values of the magnetic
fields and relative areas: 487 kOe and 87% (typical of maghemite); and 363 kOe and 13% (typical of goethite), respectively.
The other hyperfine parameters (isomer shifts and quadrupole shifts) also pointed to these phases.

According to the literature [15,16,19,20], the Mössbauer spectrum obtained for samples of magnetic iron oxide precipi-
tated with NH4OH, NaOH and KOH is formed by the sum of twomagnetic sextets with broadened lines due to the nanometric
character of the sample. These sextets may correspond to Fe3+ occupying the tetrahedral sites and octahedral sites in the
cubic structure of maghemite, or to Fe3+ in tetrahedral sites and Fe2.5+ in the octahedral sites of magnetite [21]. The hyperfine
parameters obtained in the present study indicates that the synthesized magnetic material is maghemite (c-Fe2O3).

The FTIR results indicate the composition of the synthesized magnetic material. The spectrum presented the main char-
acteristic bands: OAH (stretching bands of Fe-OH at 3400 cm�1). The OHA (broad band near 1632 cm�1) is related to the
presence of water in the structure. Besides this, two bands between 630 and 550 cm�1 can be attributed to the FeAO stretch-
ing of the c-Fe2O3 and a-Fe2O3 phases, respectively, confirming the presence of iron oxide.



Fig. 5. TEM image (a) and EDX spectrum (b) of the magnetic hydrogel.

Fig. 6. VSM curve of the hydrogel (a) and digital image of the hydrogel samples responding to stimulus from a magnet (b).
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3.2. Evaluation of the hydrogels’ morphological properties

No hydrogels were formed in the experiments where the iota-carrageenan solution was added dropwise in the CaCl2 solu-
tion at a concentration of 0.3 mol L�1. This probably occurred because the biopolymer iota-carrageenan contains a greater
number of SO3

� groups in its chain (Fig. 1). Therefore, the number of Ca2+ ions present in the crosslinker solution was prob-
ably insufficient to crosslink the polymer to form a hydrogel.

In contrast, the dropwise addition of the iota-carrageenan solution in the CaCl2 solution at 0.5 mol L�1 formed hydrogels
with particle size close to 710 lm. These hydrogels tended to contain particles with non-uniform shape. As mentioned in the
literature, increasing the concentration of the crosslinking agent can influence the shape of hydrogel particles. Spherical par-
ticles are associated with tangential crosslinks that occur immediately after the addition of each droplet of the biopolymer
solution that enters the crosslinker solution [22].

The scanning electron micrographs revealed that the hydrogel surface was relatively irregular, having a granulated layer
covering the entire sample, probably due to the crosslinking agent (Fig. 3).



Fig. 7. TG and DTG of pure iota-carrageenan (a), and the magnetic hydrogel crosslinked with CaCl2 (b).
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The composition maps and energy dispersive X-ray (EDX) spectra of the hydrogels (Fig. 4) showed that the microspheres
had good distribution of calcium and chloride over the entire surface, proving that the irregularities (granulated layer)
occurred due to the presence of the particles of the crosslinking agent (CaCl2). This demonstrates the occurrence of a
crosslinking reaction of iota-carrageenan with Ca2+ ions. The element iron was also well distributed on the hydrogel surface.
These results corroborate the formation of magnetic hydrogels of iota-carrageenan crosslinked with CaCl2 at a concentration
of 0.5 mol L�1.

The transmission electron microscope (TEM) images and EDX spectra (Fig. 5) proved that the magnetic iron oxide parti-
cles were dispersed in the hydrogels with nanometric size (<50 nm), confirming the formation of a nanocomposite with
superparamagnetic behavior [8,23].
3.3. Evaluation of the hydrogels’ chemical composition

The FTIR analyses of the pure iota-carrageenan and the magnetic hydrogels were performed in the interval from 4000 to
600 cm�1. The spectra indicated the presence of functional groups of the biopolymer: C@C (band at 1634 cm�1), character-
istic of cyclical chain interactions; SAO (broad band between 1225 and 1152 cm�1), characteristic of ester sulfate interac-
tions; galactose-4-sulfate (broad bands at 842 cm�1); pyranose sulfate (broad bands at 699 cm�1); SAO (asymmetric
sulfate stretching in the range of 1010–1070 cm�1); CAO and CAOH (elongation in the interval 845–850 cm�1); and CAOAS
(elongation of a (1,3)-D-galactose at 805 cm�1) [24].
3.4. Evaluation of the hydrogels’ magnetic properties

The VSM curve (Fig. 6a) demonstrates that the hydrogels did not present a hysteresis cycle, a phenomenon that causes a
delay between the magnetic flux density and the magnetic field. The remanent magnetization (MR) value was near zero
(0.1882 emu/g), indicating the hydrogels had superparamagnetic characteristics. Finally, the saturation magnetization
(MS) was 2.9623 emu/g and the coercivity magnitude (HC) was 29.5373 emu/g.

In this study, even the hydrogel samples with low saturation magnetization responded well the stimulus from a magnet
(Fig. 6b), confirming they can be classified as magnetic hydrogels.
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3.5. Evaluation of the hydrogels’ thermal properties

The TG and DGT curves of pure iota-carrageenan are presented in Fig. 7a. The first mass loss stages corresponded to loss of
the water in the biopolymer (characteristic of its hydrophilicity), in the temperature range of 0–200 �C. The second mass loss
occurred due to degradation of the polymer chains, with the maximum degradation speed of this stage corresponding to
Tmax ffi 227 �C (Fig. 7a).

Fig. 7b shows the TG and DTG curves of the hydrogel. The mass loss stage associated with degradation of the polymer
chains presented Tmax ffi 200 �C. The last degradation stage (between 600 and 750 �C) for the hydrogel corresponded to
the degradation of compounds generated during previous stages.

The Tmax value of the hydrogel was lower than the temperature for the pure iota-carrageenan. That result was not
expected, since the hydrogel has crosslinked polymer chains, which should have caused greater thermal resistance. This
might have happened due to the presence of the magnetic material. The c-Fe2O3 might have influenced the crosslinking
of the polymer chains, causing a reduction of the polymer’s Tmax.

4. Conclusion

The magnetic material synthesized was mainly composed of maghemite (c-Fe2O3). We prepared magnetic hydrogels
based on iota-carrageenan crosslinked with CaCl2 (0.5 mol L�1). In the SEM imaging, the magnetic hydrogels showed rela-
tively spherical morphology with irregular surface. The granulometric analysis indicated the average particle size of the
hydrogels was near 710 lm. The hydrogels presented good thermal stability and swelling degree values in water of around
55%. Both the magnetic nanoparticles and crosslinking agent CaCl2 were well distributed on the hydrogel surfaces. The mag-
netic hydrogels responded to stimulation from a magnet.
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