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Abstract Polyvinyl alcohol (PVA) ferrogels were easily
obtained through a one-pot technique that involves co-
precipitation of iron salts in the presence of a PVA solution,
followed by freezing–thawing cycles of the resulting
nanoparticles (NPs) dispersions. The protecting effect of
PVA enabled the synthesis of small magnetic NPs that did
not agglomerate in the initial solution allowing the
synthesis of well-dispersed ferrogels by physical cross-

linking. Physical properties of the physically cross-linked
ferrogels, as swelling ability, melting temperature, and
crystallinity, were barely affected by the presence of NPs,
presenting similar or improved values when compared with
chemically cross-linked systems. Ferrogels showed super-
paramagnetic properties at room temperature that combined
with the absence of toxic residues arising from cross-
linking agents make them ideal candidates for their use in
biomedical applications (artificial muscles, drug delivery,
and sensors among others).
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Introduction

Polymer gels are fascinating materials with multiple and
diverse applications as separator agents, solvent absorbers,
ion exchangers, diapers, and drug delivery devices between
others [1, 2]. They are wet and soft materials constituted by
networks of flexible cross-linked chains with a fluid filling
their interstitial space [3]. Depending on the type of cross-
link forming the network, polymer gels can be classified as
chemical gels (cross-linked by covalent bonds) or physical
gels (joined by weak forces as hydrogen bonds, van der
Waals forces, or hydrophobic and ionic interactions) [1].
Physical gelation is usually a reversible process that occurs
through the called sol–gel transition [1].

Large swelling capacities of gels make them attractive
not only as absorbents or separators but also as hosts for the
development of multifunctional materials. For example, by
incorporation of liquid crystals [4] or metal ions [5] to the
liquid phase, materials with especial properties have been
obtained. In the case of physical gels, the ability to be
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reversibly transformed between the liquid and the gelled
states adds new advantages to the obtained materials.

Nanocomposite polymeric hydrogels are cross-linked
polymer networks swollen with water modified by the
presence of nanoparticles (NPs) or nanostructures [6]. NPs
can add unique physical properties to the gels as respon-
siveness to mechanical, optical, thermal, barrier, magnetic
or electric stimulation among others [6, 7]. Ferrogels are
obtained by incorporation of magnetic NPs to polymeric
hydrogels. For their biocompatible nature, iron oxide
NPs are the first choice to obtain ferrogels with
potential uses in biomedicine [8]. The magnetoelastic
properties of such gels give them the potential use as
biomembranes [9], biosensors [10], artificial muscles [11],
and matrices for drug delivery [12–15]. Size and surface
characteristics of NPs, the incorporation approach to the
hydrogel, and the procedure used to obtain the polymer
network are variables that can strongly influence the final
properties of ferrogels [16].

Polyvinyl alcohol (PVA) is a hydrophilic, biocompatible
polymer that has been previously used for the synthesis of
NPs and nanocomposites in different ways. For example, it
has been used as a stabilizing agent in the preparation of
ferrofluids based on magnetite obtained by chemical
coprecipitation [17]. Noncross-linked films and fibers (by
wet spinning) could also be obtained from this polymer and
magnetic NPs obtained by in situ precipitation within the
matrix [18].

PVA is an interesting polymer for the synthesis of
biocompatible high-strength hydrogels [19]. This polymer
can be covalently cross-linked through the use of chemical
agents [20], electron beam, or γ-irradiation [21]. The use of
cross-linking agents as glutaraldehyde (GA) presents dis-
advantages associated with the presence of residual
amounts of toxic molecules in the gel, undesirable for
biomedical applications [22]. Use of complex irradiation
techniques, as electron beam or γ-irradiation, although does
not leave behind toxic impurities, has usually problems
associated with bubbles formation [23]. A third mechanism
of hydrogel preparation involves physical cross-linking by
freezing–thawing. This is a thermal strategy not only
restricted to the formation of cross-linking points in
polymers but also applied to many different processes. It
has been used, for example, to fabricate stable nanorods
with rigid walls as a simple postsynthesis temperature
program [24]. In the formation of hydrogels, crystallites
formed during freezing–thawing cycles act as the cross-
linking points of the matrix [25, 26]. Such materials exhibit
higher mechanical strength than gels obtained by chemical
or irradiative techniques and only require the use of
repeated and easy freezing and thawing cycles [25, 27].

PVA and iron oxide NPs have been previously used
to obtain ferrogels [18, 28–30]. Most of these approaches

are based in a first step involving the synthesis of
magnetic NPs followed by their incorporation in a PVA
solution that will be subsequently cross-linked to give a
ferrogel [31]. The main problem associated with this
technique is the almost unavoidable formation of NPs
aggregates [32]. This problem is usually minimized by
using chemically compatible coatings to functionalize the
NPs. However, these procedures usually add complexity
and extra time to the ferrogel synthetic process. The
synthesis of NPs in the presence of a PVA solution,
previous to the formation of the gel, could avoid these
problems. After the synthesis, the obtained ferrofluids can
be used to obtain ferrogels by chemical cross-linking
strategies. However, most of the chemical cross-linking
agents are toxic, which decrease the potentiality of the
systems in biomedical applications as a consequence of
the unavoidable presence of residues.

In this work, an in situ technique for the synthesis of
NPs in presence of PVA was combined with a freezing–
thawing (FT) procedure for the one-pot generation of
ferrogels. Freezing–thawing is a nontoxic, easy way to
obtain PVA gels with good properties. Magnetic,
thermal, and swelling properties were analyzed and
compared with chemically cross-linked ferrogels in
order to evaluate the potential applications of these
systems in biomedicine.

Experimental methods

Materials

PVA was purchased from Aldrich with a hydrolysis degree
higher than 98–99% and a molecular average weight of
93,000 g/mol. Iron(II) sulfate heptahydrated and iron(III)
chloride hexahydrated were from Cicarelli laboratory
(Argentina); glutaraldehyde was from QRS analytical
(Argentina); hydrochloric acid and methanol were from
Biopack (Argentina); acetic acid buffer, sulfuric acid, and
ammonium hydroxide were from Anedra laboratory
(Argentina).

Synthesis of gels

Twenty grams of PVAwas dissolved in 200 ml of a solution
containing 2.97 g Cl3Fe·6H2O, 1.485 g of SO4Fe·7H2O and
1 ml of HCl (to avoid oxidation of Fe(II)) at 85 °C under
slow magnetic stirring during 4 h. After cooling to room
temperature, 10 ml of NH3 was added to the clear solution
to produce the basic coprecipitation (pH=10) of magnetite
NPs (Fe3O4). Reaction is showed in Eq. 1.

Feþ2 þ 2Feþ3 þ 8 OH� ! Fe3O4 þ 4H2O ð1Þ
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To obtain thin samples of the ferrogels, cross-linking
was carried out on flat moulds using 10 ml aliquots of the
initial solution. For samples obtained by freezing–thawing
(FT ferrogels), the solution was frozen for 1 h to −18 °C
and then placed at 25 °C (thawing process) for the same
time in order to produce cross-linkings. This procedure
of freezing–thawing was performed three times. The
obtained film was dried until constant weight (35 °C,
24 h). This is the optimal number of cycles for the
formation of a stable three-dimensional network with
good mechanical properties [33].

To obtain ferrogels chemically cross-linked by glutaral-
dehyde (GA ferrogels), a cross-linking solution obtained by
mixing methanol (3 ml, 50 vol.%), acetic acid (2 ml, 10 vol.
%), and glutaraldehyde (1 ml, 5 vol.%) was prepared. Of
this solution 2.8 ml was added on 10 ml of the initial PVA
solution and then cast onto an antiadherent container.
Drying was carried out in an oven at 35 °C for 24 h (until
constant weight). A similar procedure in the absence of iron
salts was used to obtain FT and GA hydrogels devoid of
NPs used for comparative purposes.

Techniques

DSC measurements were carried out in a Shimadzu
DSC-50. Samples were scanned from room temperature
to 250 °C at a heating rate of 10 °C/min, under
nitrogen atmosphere. The melting temperature (Tm) was
taken from the obtained curve at the peak value. The
crystallinity degree (Xcr) was calculated from the follow-
ing equation:

Xcr% ¼ $H

wm$Hc
� 100 ð2Þ

where ΔH was determined by integrating the area under
the melting peak over the range 190–240 °C, ΔHc was the
heat required for melting a 100% crystalline PVA sample
(138.6 J/g) [34, 35], and wm was the weight fraction of
PVA (obtained from TGA curves).

Ferrogel morphologies were observed by FESEM in a
Zeiss ULTRA plus instrument. The samples were lyophi-
lized and fractured in liquid air before testing.

Thermogravimetric studies were performed in a
Shimadzu TGA-DTGA 50. All dried samples (35 °C,
24 h) were analyzed from room temperature to 900 °C
at 10 °C/min under air atmosphere. Degradation tem-
perature (Tp) and nanoparticles content (percentage of
NPs) were obtained from these measurements. X-ray
diffraction (XRD) analysis was carried out using an
analytical expert instrument (K∞Cu=1.54Å) from 2θ=3°
to 60° at a rate of 2°/min.

Swelling determinations were carried out in distilled
water at 25 °C. All samples were dried before immersion

for 24 h at 35 °C. The swelling degree (Mt) percentage was
determined by the following equation:

Mt% ¼ Mf �Mi

wmMi
� 100 ð3Þ

were Mi and Mf are the mass of the sample before and after
immersion respectively and wm was the weight fraction of
PVA (obtained from TGA curves).

To perform gel fraction measurements, slices of the
samples were placed in a fan oven at 35 °C until no change
in mass was observed. After this first drying process, they
were immersed in distilled water for 4 days to rinse away
soluble species. Subsequently, the immersed sample was
removed from distilled water and dried at 35 °C until
constant weight was reached. Therefore the gel fraction
(GF) can be calculated as follows:

GF% ¼ Wf �WNPs

Wi �WNPS
� 100 ð4Þ

where Wi and Wf are the mass of the dried gels before and
after immersion in water respectively and WNPs is the mass
of NPs obtained from TGA curves.

Magnetic properties of the samples were investigated
by SQUID magnetometry. Magnetization of FT and GA
ferrogel samples was measured at room temperature
(25 °C) as a function of the applied magnetic field
between −20 to 20 kOe.

Results and discussions

GA and FT ferrogels were obtained by direct cross-linking
of PVA/magnetite dispersions. This procedure involves a
first coprecipitation step, in which PVA protecting ability is
used to control the size and aggregation level of NPs, and a
second cross-linking step of the stable resulting aqueous
dispersions. Adsorption of PVA on NP surface is expected
to occur during the first step. This adsorption process has
strong influence on size, shape, aggregation level and
magnetization of NPs, and, consequently, on final proper-
ties of the ferrogels [36]. On the other hand, the strong
interactions between NPs and PVA polymer chains could
affect the efficiency of freezing–thawing procedure and the
final properties of PVA gels. Hence, a detailed analysis of
the synthesis procedure and final magnetic and thermal
properties of these materials is highly desirable in order to
evaluate their potential performance as smart materials.

The first interesting aspect of the synthesis is the high
stability and optical homogeneity of the initial NPs–PVA
dispersions. Presence of OH groups on the PVA backbone
gives to this polymer high affinity by oxide surfaces.
Hence, adsorption of polymer chains controls growth and
aggregation and avoids formation of big flocculates and
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clusters of NPs. Thanks to this high dispersion stability,
cross-linking can be carried out directly on the prepared
NPs dispersion without previous separation, stabilization,
or purification steps. In this case, films were obtained by
casting an aliquot of the solution on antiadherent flat
moulds. To obtain FT ferrogels, successive freezing (in a
commercial freezer) and thawing (at room temperature)
steps were applied on the samples. Drying was performed
at 35 °C after 3 FT cycles [33]. For comparative purposes
similar samples were chemically cross-linked with glutar-
aldehyde. With this cross-linker, acetal bridges form
between the pendant hydroxyl groups of the PVA chains
giving place to a network. It is necessary to keep in mind
that, as with any other cross-linker agent, residual amounts
of reagents always remained in the gel that only can be
removed after time-consuming extraction procedures. The
presence of toxic residues arising from chemical cross-
linking processes (GA, methanol, acetic acid, etc.) is
unacceptable for pharmaceutical and biomedical applica-
tions [35].

Figure 1 shows photographs of the obtained ferrogels
and their behavior when exposed to the field of a permanent
magnet. This simple analysis showed the presence of a
magnetic phase contained in the PVA matrix.

The presence of a homogeneous dispersion of small
particles in both kinds of samples was confirmed by
FESEM performed on cryofractured samples (Figs. 2
and 3). NPs size was below 50 nm for in both ferrogels
with only low levels of aggregation detected. These results
confirm the efficiency of PVA in the protection against
growth and aggregation of magnetite NPs generated by

coprecipitation in aqueous solution. On the other hand, it
shows that the FT procedure is useful for the synthesis of
well-dispersed ferrogels with similar characteristics to that
obtained by chemical cross-linking.

XRD measurements performed on both, FT and GA
films (devoid of NPs), are shown in Fig. 4. Main
characteristic diffraction peaks of semicrystalline PVA
located at 19.8° and 22.9° (2θ) which correspond to the
(1 0 1) and (1 0 Ī) reflection planes, respectively, are present
in both diffractograms [37, 38]. In the case of ferrogels, an
additional peak centered at 35.5° (2θ) was observed. This
peak agrees with the (3 1 1) plane reflection, the most intense
diffraction peak for magnetite or maghemite (19-0629
JCPDS, Joint Committee on Powder Diffraction Standards)
and confirms the presence of this oxide in the PVA matrix.
NPs crystal size in FT ferrogels was also evaluated using
Scherrer equation and XRD data [39]. The average crystal
size was estimated to be 9–10 nm.

Final concentration of NPs in the polymeric matrix was
determined by thermogravimetric analysis. Based on the
initial formulation, theoretical magnetite content should be
6 wt.% in anhydrous samples expressed in terms of
completely oxidized γ-Fe2O3. After subtraction of the
amount of carbonaceous residues arising from incomplete
degradation of PVA (1 wt.%) and bound water, NPs content
was determined to be near identical to the calculated value
for both samples, indicating absence of exudation of NPs
during drying.

To address the effect of NPs on the final properties of the
gels, thermal and swelling experiments were carried out on
hydro- and ferrogels samples obtained by FT. Table 1 shows

Fig. 1 Photographs of FT- (a)
and GA- (b) obtained ferrogels

Fig. 2 a FESEM image of an
FT ferrogel sample containing
6 wt.% of magnetite.
b Magnification of a
region in a
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the Xcr and Tm values for FT samples as determined by DSC
(Fig. 5). Both crystallinity degree and melting temperature
show a slight decrease with the presence of NPs, indicating
the formation of a lower amount of crystallites of smaller
size when compared with the neat matrix. This is also
supported by the decrease in Tp observed for FT samples
with 6 wt.% of NPs. A matrix formed by smaller crystallites
would be easier to degrade than one formed by bigger
crystals. Hence, thermal behavior seems to indicate that
presence of NPs precludes the ability of PVA chains to
order into a crystalline structure [12] which is translated in
a lower crystallinity and a decrease in crystallite size.

Gravimetric water uptake was measured to determine
swelling ability of the samples. This is the most commonly
used method to evaluate the effect of cross-linking on water
transport in PVA [40]. Results for FT and GA samples are
showed in Fig. 6. As can be observed, GA samples (neat
matrix and ferrogel) showed a constant swelling behavior,
indicating that NPs have a low influence on the network
properties. In this case, swelling was mainly determined by
the type and amount of cross-linking agent, the same for
both samples.

A completely different behavior was observed for the
FT samples. In this case, the presence of NPs strongly
decreased the swelling capacity of the gel and increased
its dimensional stability. This effect could be understood
analyzing the mechanism behind cross-linking in FT
physical gels. In these hydrogels, cross-linking points
are small crystallites that join more than three PVA
chains. Size and amount of these crystallites depend on
the number of FT cycles to which samples are
submitted, as well as composition, molecular weight,
and concentration of the initial solution [33, 37, 38]. It
seems possible that the presence of NPs can increase the
total number of crystallites formed (i.e., the number of
cross-linking points) reducing the swelling ability of the
matrix. On the other hand, interaction of the PVA chains
with NPs might conduct to the formation of low-mobility
regions that can act as additional physical cross-linking
points, as reported for formation of Fe3O4 NPs in the
presence of κ-carrageenan. In this reported work, NPs
promote gelation and increase strength of gels, as viewed
by the increase of the viscoelastic moduli and gelation
temperatures [6, 41].

In summary, the presence of NPs influenced the
efficiency of PVA to crystallize which was evidenced by
a decrease in the global crystallinity and the size of the
crystalline zones. However, swelling decreased with the
presence of NPs pointing to an increase of the cross-
linking density. Explanation of both facts could be
found in the formation of a high amount of small
crystallites as a consequence of the presence of NPs
acting as nucleation centers and/or to the creation of
low-mobility regions that can act as additional cross-
linking points (Table 1). As can be observed, the
percentage of GF value increases with the presence of
NPs, indicating that a higher number of PVA chains was
incorporated to the network.

Fig. 3 a FESEM images
of a GA ferrogel sample
containing a 6 wt.% of
magnetite. b Magnification
of a region in a

Fig. 4 XRD curves for magnetite (a), FT ferrogel (b), and GA
ferrogel samples (c)

Table 1 Main characteristics of FT ferro- and hydrogels

Sample Xcr % Tm (°C) GF %

Hydrogel FT 31.8 220.5 67.30±3.55

Ferrogel FT 26.2 215.0 84.17±0.66
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Magnetic properties

As observed in Fig. 7a, the magnetic response of the GA
sample was lesser than the FT sample. Both of them present
almost complete superparamagnetic behavior at room
temperature, with very low values of coercivity (10 Oe in
both cases, Fig. 7b). This low coercivity can be attributed to
a small fraction of particles either sufficiently large as to be
blocked at room temperature or experiencing nonnegligible
interactions among them due to NPs concentration fluctua-
tions or even to some degree of NPs agglomeration.

Considering the amount of magnetic particles in the gels
(6 wt.%) and the obtained saturation magnetization values
of 3.64 and 3.39 emu/g for the FT and GA samples,
respectively, saturation magnetization of NPs can be
calculated as 60.59 and 56.43 emu/g.

Typically, NPs magnetization decreases as its size
diminishes. In a recent work, Laurent et al. [42] have
shown that saturation magnetization of iron oxide NPs
with average sizes of 4.48 and 5.59 nm were 20 and
58 emu/g, respectively. Wu et al. [43] have reported values
of magnetization between 16.80 and 24.10 emu/g for
magnetite NPs with sizes below 5 nm; Vargas et al. [44]
have obtained values of saturation magnetization near to
20 emu/g for 5-nm magnetite particles, and Majewski and
Thierry [45] have reported saturation magnetization
between 55 and 65 emu/g for 20 nm magnetite NPs.
Hence the saturation magnetization results obtained for
GA and FT samples are well consistent with the values

Fig. 5 DSC traces obtained at 10 °C/min under N2 flow, for the FT
hydrogel (dotted line) and the FT ferrogel (solid line) containing
6 wt.% of Fe3O4

Fig. 6 Gravimetric water uptake as a function of time for GA and FT
hydro-and ferrogel samples

Fig. 7 a Magnetization-applied field curves of two samples at room
temperature. b The inset shows a low field detail of the curves

Fig. 8 Circles and squares experimental data of the H decreasing
branches of curves of Fig. 7 for the GA and FT samples. Lines fits
assuming a hyperbolic distribution of NP magnetic moments and a
Langevin response for each single moment. A shift in the horizontal
axis was allowed to account for coercivity effects
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previously reported by others authors for nanoparticles
between 10 and 20 nm.

To corroborate the previous results, a Langevin (L)
distributed function (Fig. 8) was used to fit the experimental
data (continuous line):

M ¼ N mh i R1
0 mL amð ÞP mð Þdm
R1
0 mP mð Þdm ð5Þ

were α=B/kT, B is the magnetic field, k is the Boltzman
constant, and T is the temperature; N is the number of
particles per unit mass, μ is particle magnetic moment, P(μ)
the magnetic moments distribution, and <μ> moment mean
value defined as:

mh i ¼
R1
0 mP mð Þdm
R1
0 P mð Þdm ð6Þ

The mean size of the NPs was estimated to be 10.1 nm
for both the FT and GA samples, confirming previous
obtained results.

Conclusions

Superparamagnetic ferrogels were obtained by a one-pot
procedure based on the freezing–thawing of ferrofluids
obtained by in situ synthesis of iron oxide in the
presence of PVA. A good dispersion of NPs in the PVA
matrix, with typical sizes around 10 nm, could be
obtained thanks to the stabilization properties of PVA
that avoid initial aggregation of crystals during copre-
cipitation. The physical cross-linking approach allowed
the synthesis of materials free of toxic residues, which
results to its paramount importance regarding their
potential biomedical applications. Saturation magnetiza-
tion of NPs embedded in the gels was smaller than the
bulk value but within the range expected for 10 nm NPs
and similar to that obtained for GA cross-linked materials.
This indicated that NPs were completely retained in the
gel (no exudation occurred) and that magnetic properties
could be efficiently transferred to the nanocomposites in a
procedure that increased, at the same time, gel dimension-
al stability and cross-linking density. All these advantages
make these materials very promising for their application
in biomedical fields.
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