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ABSTRACT 
Efficient adsorbent ferrogels based on gelatin and dextrose were synthetized using freeze-thawing 
technique. Two different methodologies of magnetic particles incorporation were developed. An 
exhaustive morphologic and thermal characterization of hydro and ferrogels was achieved. The 
performance of ferrogel in water remediation was tested using Cd(II) as model contaminant. 
The adsorption ability was evaluated as a function of pH, initial heavy metal concentration, and contact 
time. The maximum adsorption capacity was 35 mg of Cd(II)/g of adsorbent. Ferrogel was regenerated by 
washing with distilled water, maintaining efficiency of almost 30% after the fourth cycle.   
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1. Introduction 

Owing to two specific properties, such as biocompatibility and 
biodegradability, biopolymeric-based hydrogels represent a 
class of materials with potential to be applied in several fields 
such as medicine, pharmacy, biology, agriculture, etc [1,2]. 
Biopolymers-based hydrogels are widely study for environ-
mental applications, especially chitosan, polyglutamic acid, 
and crosslinked hydrogels based on the mentioned biopoly-
mers [3–6]. 

In particular, gelatin hydrogels have found diverse specific 
uses in biomedicine during last years [7–10]. 

The main limitation associated with gelatin hydrogel is that 
it exhibits poor mechanical properties and readily dissolves in 
water in a short time at temperatures above 29°C. Therefore, 
the crosslinking treatment must be necessarily implemented 
to obtain suitable materials regarding their applications [11]. 
Consequently, physical and chemical crosslinking procedures 

have been developed using different agents that is, glutaralde-
hyde, gellan gum, genipin, among other polymers [10,12,13]. 

Besides, during the last few years, hybrid materials based on 
polymeric gel and inorganic moieties have received increasing 
attention due to the synergic effect of both components in 
terms of providing specific properties to the prepared 
materials. 

In particular, magnetic hydrogel emerged as efficient tools 
in fields such as bioseparation, biomedical, and catalytic 
[14–16]. Regarding gelatin magnetic hydrogel, it was difficult 
to find any article in the literature exploring their application 
for environmental remediation. However, there are many 
researches based on gelatin ferrogel, reporting their synthesis 
methodology and release behavior oriented to biomedical 
application [17–21]. In most of these articles, ferrogels were 
prepared co-precipitating magnetic nanoparticles in the 
medium of hydrogel formation. Moreover, in some works, 
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authors have used biopolymers such as chitosan and used 
carboiimide to induce the crosslinking structure [19,20]. 

The aim of this manuscript is to obtain gelatin-based 
magnetic gels able to be efficiently used as adsorbents of water 
pollutants. The combination of the high adsorption capacity 
with the magnetic properties results in a versatile reusable 
material with wide industrial interest. 

Dextrose was selected as crosslinking agent, evaluating 
different concentrations. The hydrogel preparation method 
was the freeze-thawing (F-T). Besides, two routes for the 
incorporation of magnetic nanoparticles were analyzed. 

After a survey of available literature, it was difficult to find 
reports dealing with the preparation of gelatin-based magnetic 
gel crosslinked with dextrose and without using any triggered 
for the reaction. 

Furthermore, an exhaustive characterization of hydro and 
magnetic gelatin gels was achieved, determining swelling, 
thermal, magnetic and mechanical properties, and surface 
morphology. Finally, their performance as adsorbent was 
evaluated in batch experiments, using a standard solution of 
cadmium ion as model of water contaminant. An in-depth 
study on the adsorption behavior was performed covering 
the influence of pH media, contact time, and heavy metal 
ion concentration. Moreover, an intensive study of material 
regeneration and reuse was performed to assess the feasibility 
to apply the adsorbent in a continuous industrial process. 

Finally, it is important to highlight that, to the best of these 
authors’ knowledge, the use of gelatin-based hydrogel for 
remediation applications is very limited, at least judging by 
the available articles. More specifically, the combination of 
substrates, synthesis methodology, and application here 
proposed has not been earlier reported in open literature. 

2. Materials and methods 

Gelatin was purchased from Fluka Analytical (Sigma-Aldrich). 
It is 48723 Gelatin tested according Ph. Eur (CAS No.: 9000- 
70-8). Dextrose anhydre, Mw ¼ 180.16 g mol� 1, was 
from Anedra (Argentina) and was used as reinforcement of 
hydrogel gelatin network. Iron(II) sulfate, heptahydrated, 
and iron(III) chloride, hexahydrated, were purchased from 
Cicarelli Laboratory (Argentina). 0.1 M NaOH solution from 
Cicarelli. Distilled water was used for the preparation of all 
reactant solutions. Standard solutions of cadmium between 
0.5 and 400 mg L� 1 were used for the adsorption assays. 

2.1. Hydrogels synthesis 

Gelatin (10% w/v) and different amounts of dextrose (5, 15, 
and 50% w/w) were used for hydrogel synthesis using the 
freeze-thawing methodology. The technique consists of 
dissolved biopolymers in water and allows to swell for 24 h 
at 6°C. After that, a homogenous solution was obtained by 
increasing the temperature at 50°C for 1 h. Finally, varied 
volumes of solution were filled in disposable base molds and 
allowed to form the gel at room temperature. The obtained 
hydrogels were named as gelatin–dextrose hydrogel (HGD) 
(5, 15, and 50 refer to content dextrose). 

2.2. Synthesis of ferrogels 

Gelatin/dextrose hydrogel HGD15 was selected for the 
preparation of ferrogels. This selection was based on the 
swelling degree and the stability on the application 
conditions. 

Two different methodologies of synthesis were assayed to 
obtain the ferrogels. One was the in situ mineralization of 
magnetite nanoparticles in gelatin preformed hydrogel 
through co-precipitation. For this purpose, one portion of 
gelatin hydrogel was introduced in a Fe3þ/Fe2þ (2:1 molar 
ratio) aqueous solution during 24 h at room temperature. 
Then, the iron-loaded hydrogel was placed in 0.1 M NaOH 
solution during 150 min. After this period of time, ferrogel 
was washed several times to remove the NaOH present in 
the surface and other moieties of the reaction. 

The second methodology involved a gelatin/dextrose 
solution that was allowed to swell with a homogenous concen-
trated dispersion of Fe3O4 nanoparticles at 6°C for 24 h. The 
used Fe3O4 nanoparticles were previously synthesized in our 
laboratory by conventional co-precipitation method earlier 
reported [22]. Then, the solution was heated at 50°C for 1 h, 
filled in appropriate molds and allowed to form the ferrogel 
there. Figure 1 depicts the schematic representation of the syn-
thesis methodology of ferrogels. In Figure 1a, a photograph 
of the ferrogel obtained through the first methodology (here 
in after, FG1) may be observed. The magnetic ferrogel 
prepared by the second methodology (here in after, FG2) 
may be appreciated in Figure 1b. 

Figure 1. Schematic representation of steps involves in ferrogels synthesis.  
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3. Characterization techniques 

3.1. FTIR spectroscopy, X-ray diffraction, and  
electron microscopy 

Fourier transforms infrared spectroscopy (FTIR) of hydro and 
ferrogels were recorder on a Thermo Scientific Nicolet iS50 
FT-IR, modulo NIR: Thermo Scientific Nicolet iS50 NIR 
module with Integrating Sphere in the frequency range of 
4,000–400 cm� 1. 

X-ray diffraction (XRD) analyses were performed to 
confirm the crystalline structure of magnetite nanoparticles 
on the ferrogels. 

A scanning electron microscope (SEM) was used to exam-
ine morphologies (SEM LEO EVO 40-XVP). Dehydrated 
hydrogels and ferrogel were cryo-fractured in liquid nitrogen, 
then gold metalized for the surface analysis. 

3.2. Thermogravimetric techniques 

The mineral content of the ferrogels was determined by 
thermal degradation (TGA). The TGA measurements were 
carried out in a TA Instrument Discovery Series. Samples were 
heated from 30 to 700°C at 10°C min� 1, using nitrogen as flux 
(25 mL min� 1). Curves of weight loss as function of the tem-
perature were recorded and the maximum decomposition 
temperature of each component was obtained from first 
derivative curves. 

Thermal properties of films were studied by DSC using a 
Pyris 1 PerkinElmer apparatus. Temperature and heat of 
fusion were calibrated using pure indium metal as a standard 
reference. Approximately, 0.01 g of sample was used. All 
materials were heated from 20 to 140°C at 10°C min� 1 to 
obtain the glass transition temperature (Tg) and the melting 
point temperature (Tm). 

3.3. Swelling assays 

Swelling studies were carried out in distilled water at room 
temperature. The pH values of water samples assayed were 
from 6 to 7, and may be considered similar to real polluted 
water sample. Air-dried cross sections of gelatin hydro and 
ferrogels were weighed in the dry state. The samples were left 
swelling in water in a closed vessel. The excess of water of each 
sample was removed with a filter paper before weighing. All 
samples were weighed after a certain amount of time until 
equilibrium swelling was reached. The swelling equilibrium 
degree (SD%) was determined as: 

SD% ¼
ðWf � WiÞ

Wi
� 100 ð1Þ

where Wi is the initial weight of the samples before the immer-
sion and Wf is the final weight of the samples at water content 
equilibrium. 

3.4. Mechanical tests 

The uniaxial stress–strain curves of the free-standing gelatin 
films were obtained using an Instron tensile tester with 
humidity and temperature controlled in unconfined module. 

The tensile tests were performed in a universal mechanical 
machine Instron 3369, with a 1 kN load cell, in accordance 
with the ASTM D882-02 guidelines. The tensile specimens 
were cut in rectangular shapes with dimensions of 50 mm in 
length and 6.5 mm in width. The gauge length was fixed at 
25 mm and the cross head speed was 5 mm min� 1 at room 
temperature. All tests were carried out on a minimum of five 
samples and the reported results are average values. The tensile 
moduli, break elongation, and break strength were also 
obtained. 

3.5. Magnetic measurements 

Magnetic properties were measured with a commercial 
vibrating sample magnetometer at room temperature with a 
magnetic field in the � 10 to 10 kOe range. 

3.6. Adsorption assays 

Adsorption tests of heavy metal ions on hydro and ferrogels 
were performed in batch using Cd(II) solutions as model 
heavy metal. In a typical experience, an amount of hydrogel 
matrix and ferrogel was kept in contact with heavy metal 
solution. It was let swollen in this media for a certain period 
of time at room temperature. Aliquots of the solution were 
withdrawn to measure the concentration of remained metal 
ion by atomic absorption spectroscopy using a GBC Avanta 
932. The adsorbed amount was calculated as follows: 

q tð Þ ¼
C0 � Ctð Þ

m
V ð2Þ

where C0 and Ct (mg) are the initial amount of metal ion and 
the amount of metal ion unadsorbed in the solution, respect-
ively; V is the volume of the Cd(II) 100 mg L� 1 solution; and 
m is the mass of adsorbent material. 

3.6.1. Effect of pH 
The effect of pH on the efficiency of cadmium adsorption was 
investigated in the HGD15, FG1, and FG2. The pH of the 
heavy metal solution was adjusted at 3.0 and 7.0, using 1 M 
HCl or NaOH, respectively. To do this, 20 mg of each 
material was contacted with 20 mL of Cd(II) solution of 
about 100 mg L� 1. Aliquots of 2 mL were taken after 2 h of 
immersion. The remained heavy metal ion was measured by 
absorption spectroscopy and the amount of removed cadmium 
was calculated Eq. 2. 

3.6.2. Effect of contact time 
The effect of contact time of the cadmium with the ferrogel was 
carried out by placing 100 mg of magnetic adsorbent in a flask 
containing 100 mL of Cd(II) solution of about 100 mg L� 1 at 
pH 7. The ferrogels were allowed swelling in the media and 
aliquots were withdrawn at different times during 3 h. 
Experimental data were fitted with pseudo-first-order and 
pseudo-second-order kinetic models to predict the adsorption 
kinetics. The pseudo-first-order equation was represented by: 

1
qt
¼

k1

qet
þ

1
qe

ð3Þ
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where k1 is the pseudo-first-order rate constant (min� 1) of 
adsorption and qe and qt are the amounts of metal ion adsorbed 
at equilibrium and time t (min), respectively. The value of 1/qt 
was calculated from experimental results and plotted against 
1/t (min� 1). 

The linear form of pseudo-second-order equation can be 
written as: 

1
qt
¼

1
k2qe2

þ
1
qe

� �

t ð4Þ

where k2 is the pseudo-second-order rate constant of 
adsorption (g mg� 1 min� 1). 

3.6.3. Effect of initial concentration 
The effect of the initial concentration of cadmium ion on the 
uptake of ferrogel was carried out by placing 30 mg of adsorb-
ent material in a series of flaks containing 30 mL of Cd(II) 
solution with concentrations in the range of 0.5–400 mg L� 1 

at pH 7. The ferrogel was allowed swelling in the solution 
for 30 min at room temperature. The unadsorbed heavy metal 
ion was measured by absorption spectroscopy and the amount 
of adsorbed cadmium was calculated Eq. 2. 

3.7. Regeneration and reuse of ferrogel 

Studies of regeneration and reusability of ferrogels were 
performed using Cd(II) aqueous solutions. 

To do this, 100 mg of ferrogel was contacted with 100 mL 
50 mg L� 1 of heavy metal solution at pH 7 during 30 min. 
Cd-loaded ferrogel was immersed in water for 10 min and 
repeating the procedure four times with refresh aqueous sol-
ution each time to assess the adsorbent purification. Then, 
the material was contacted with the same cadmium solution 
used in the first adsorption contact assay. This procedure of 
adsorption–desorption–adsorption was repeated three times. 
The amount of cadmium ion adsorbed and/or desorbed in 
each procedure described above was monitored by atomic 
absorption spectroscopy. 

4. Results and discussion 

4.1. Characterization of hydro and ferrogels 

The incorporation of crosslinking agent was required to reach 
materials stable enough under the applications conditions. 

To investigate the possibility of structural changes in gelatin 
molecules in hydrogels due to interactions with dextrose 
(crosslinking agent) and to corroborate the presence of mag-
netite nanoparticles, FTIR spectroscopy was performed. 
Figure 2 shows the FTIR spectra of hydrogel and FG. The 
spectroscopic analysis of hydrogel matrix revealed the main 
peaks corresponding to gelatin structure. It clearly dis-
tinguished the amide I band, between 1,500 and 1,700 cm� 1 

corresponding to the amide I and amide II. These bands 
correspond to common protein structure associated with 
stretching vibrations of C=O bond, coupling bending of 
N–H bond and stretching of C–N [23,24]. The presence of 
dextrose could not be corroborated because of its typical bands 
that were not distinguished. It is probable that they overlapped 

with the corresponding to gelatin functional groups. However, 
the efficient dextrose role as crosslinker may be corroborated 
by the stability (swelling) assays as well as mechanical proper-
ties later presented. In fact, it is known that interactions 
through aldehyde groups from dextrose and amine groups of 
gelatin would take place allowing the crosslinking [25]. 

The spectra of FG1 and FG2 displayed changes in the 
region of amide I and amide II bands. This could be probably 
due to the interaction of magnetic nanoparticles with gelatin 
hydrogel matrix. A shift on the wavelength values of amide I 
and amide II groups from gelatin was observed in another 
work after incorporation of magnetic particles into biopoly-
meric matrix [26]. In this study, the authors attributed these 
changes to the electrostatic interaction between amide bond 
and the magnetic particles. This may be considered as evi-
dence of structural changes in gelatin hydrogel, indicative of 
order of the triple-helix state [24]. Moreover, the interaction 
of iron oxide with O–H groups from gelatin was also evident, 
since hydroxyl group bonding extends and the broadness of 
the 3,600–3,200 cm� 1 region band decreases (Figure 2). 

Furthermore, a characteristic absorption peak of iron oxide 
(Fe–O) was observed near 600 cm� 1 in both ferrogel spectra. 

Figure 2. FTIR spectra of (a) HG (dark line) and HGD15 (grey line), and (b) FG1 
(dark line) and FG2 (grey line). Note: HGD, gelatin–dextrose hydrogel; FTIR, 
Fourier transforms infrared.   
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This confirmed that magnetite nanoparticles were successfully 
incorporated into gelatin hydrogel matrix. 

4.2. XRD data 

The crystallographic characterization of hydrogel matrix 
and ferrogels was analyzed by XRD measurements (see 
Supplementary Material). The diffractogram of hydrogel 
showed a broad peak at about 2θ ∼ 20° and a small peak at 2θ ∼  
8, which may be ascribed to crystalline structure of gelatin 
[27]. 

The presence of spinel phase of Fe3O4 clearly alters the pat-
tern of raw polymer. The peaks associated with the crystalline 
planes of magnetite are evidenced at 30°, 35°, 43°, and 57° of 
2θ values in both ferrogels corresponding to the scattering of 
lattices (2,2,0), (3,1,1), (4,0,0), and (5,1,1) of magnetite, 
respectively [22]. The iron oxide peaks in FG2 diffractogram 
appear narrower than the similar peaks in FG1 diffractogram. 
Besides, the intensity of these peaks has more pronounced 
in FG2 than FG1. This discrepancy may be ascribed to 
differences in the procedure of Magnetic nanoparticles 
(MNPs) crystallization when they were directly co-precipitated 
in the polymeric matrix. Another factor able to generate these 
differences is the magnetic core size. The direct co- 
precipitation may induce higher aggregation with clusters 
around 300 nm composed of small particles. This was 
confirmed by scanning microscopy images. These data reveal 
that direct co-precipitation methodology may induce higher 
aggregation than the procedure involving pre-formed MNPs. 

4.3. SEM microscopy 

The morphology of dried gelatin crosslinked hydro and 
ferrogels was analyzed by SEM, and the obtained images are 
depicted in Figure 3. This technique was used to visualize 
differences in the gelatin hydrogel network structure with 
the crosslinking agent and before and after the magnetite 
loading. The samples analyzed were dried at room 
temperature, which leads to a contracted porous material. 

The SEM images of raw gelatin hydrogel (Figures 3a and 3b) 
displayed a highly macroporous sponge-like structure with an 
average mesh size about 2 µm. Different surfaces are observed 
in crosslinked gelatin hydrogels, as suggest in Figures 3c and 
3d. More smoothly, surfaces were found when gelatin hydrogel 
was synthesized in the presence of dextrose. The incorporation 
of the crosslinking agent reduced the porosity of the surface. 
The less presence of porous is independent of the dextrose 
nominal concentration. 

Regarding ferrogels morphology, the images display a 
smooth surface with clusters of very small particles, lower than 
approx. 300 nm in size (Figures 3e and 3f). Comparing the 
ferrogel surface with hydrogel, it is observed that the former 
exhibits smaller pore size or even a less porous morphology, 
and therefore a denser hydrogel network. For FG1, it was 
observed that zones with high aggregation of MNPs appear 
as clusters. Meanwhile, FG2 displayed homogenously 
dispersed particles forming smaller clusters than in FG1. 
These results are in accordance with the methodology of 
incorporation the magnetic nanoparticles. 

4.4. Thermal properties 

Thermal properties of hydrogels with different dextrose con-
tent and ferrogels were measured by DSC. Figure 4a shows 
the first heating scan of neat gelatin hydrogel HG, hydrogel 
crosslinked HGD15, and the ferrogels (FG1 and FG2). The 
thermal parameters were analyzed. DSC curves for HG show 
two thermal transitions: The first one is the corresponding 
to the glass transition temperature ∼69.3°C where the polysac-
charide chains starting to move and slide independently of the 
other chains, thus rendering them more flexible and deform-
able. The second at 102°C is associated with the melting partial 
triple-helix structure of gelatin [28]. The HGD15 matrix 
showed only one thermal transition corresponding to Tg 
temperature. This fact could be attributed to the presence of 
dextrose that acted as plasticizer agent. Besides, Tg value for 
HGD15 was 10°C lower than the obtained for neat gelatin. 
This behavior could be associated with the formation of 
amorphous gelatin structure. Several authors reported similar 
values of Tg for amorphous gelatin [28–30]. For all hydrogel 
matrices, Tg values were reduced and more pronounced for 
the hydrogel with the higher dextrose concentration. 

The use of lower nominal amounts of dextrose did not pro-
duce the expected reduction in Tg values, being similar to 
those corresponding to neat gelatin. On the other hand, for 
FG1 and FG2, the glass transition temperatures values were 
similar to those obtained for HGD15 matrix. These results 
suggest that the incorporation of magnetite nanoparticles did 
not affect Tg value. 

4.5. Thermal degradation 

Thermogravimetric measurements were used to evaluate 
degradation processes of the obtained materials as a function 
of temperature and to obtain the final mineral content on 
synthetized ferrogel. TGA and first derivative curves of hydro-
gels matrices and ferromagnetic hydrogels are shown in 
Figure 4b. Thermograms of gelatin hydrogel matrix HG and 
crosslinked hydrogel matrix HGD15 are in accordance with 
those reported by several authors [31,32]. For HG and 
HGD15 matrices, two weight loss steps were observed. Both 
matrices presented an initial weight loss, corresponding to 
samples dehydration, up to 155°C. According to Jurikova 
et al. [33], the high water content is the result of the water 
molecules diffusion within the matrix through hydrogen 
bonds with hydroxyl groups of glucosyl units, resulting a 
weight loss around 8%. The second degradation step in the 
temperature range of 250–350°C with mass loss of 80% corre-
sponds to the organic breakdown of polysaccharide chains and 
finally about 10% of the initial mass remained as a residue 
(Figure 4a). In Figure 4 also, two ferrogels (FG1 and FG2) 
are included. Similarly, in FG1 and FG2 thermograms, events 
related to water evaporation were detected [34]. Particularly, 
the most significant decomposition stage occurs at ∼325°C 
and this degradation could be associated with the decompo-
sition of polysaccharide chains and it can be appreciated from 
the first derivatives curves (Figure 4c), (mass loss ∼75%). Simi-
lar results were reported by several authors [32–35]. Finally, 
about 25% of the initial mass remained as a mixture of organic 
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residue and magnetic nanoparticles incorporated to the hydro-
gel matrix. As it can be observed, magnetite incorporation did 
not produce significant changes in the thermal stability of the 
hydrogel matrices. 

4.6. Ferrogels composition 

The composition of ferrogel, in terms of magnetite content, 
may be further estimated by atomic absorption spectroscopy 

(AA) expressed as Fe concentration. The recovered data indi-
cated that FG1 exhibits 10% w/w of magnetite, whereas FG2 
7% w/w. Therefore, by combining these information with 
the corresponding to thermogravimetric measurements, it is 
possible to infer that from the 25% of mass lost, around 10% 
corresponds to magnetite in the ferrogels. Hence, roughly 
15% could be attributed to organic moieties residue. Consider-
ing the initial amount of magnetic nanoparticles used for FG2 
synthesis, almost 15% of the total mass was successfully 

Figure 3. SEM images of (a) HG at 2,500�, (b) HG at 25,000�, (c) HGD15 at 25,000�, (d) HGD50 at 8,000�, (e) FG1 at 20,000�, and (f) FG2 at 25,000�. Note: HGD, 
gelatin–dextrose hydrogel; SEM, scanning electron microscope.   
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incorporated and remain linked in the ferrogel matrix. More-
over, from this analysis, it emerges that in situ co-precipitation 
method ensures higher levels of MNPs incorporation. 

4.7. Tensile properties of films 

The tensile modulus vs break strain was plotted from films of 
hydrogel matrices (HG and HGD15) as well as synthesized 
FG1and FG2. The obtained curves are included in Supplemen-
tary Material and the mechanical properties are summarized in 
Table 1. Regarding to the hydrogel matrices, maximum tensile 
stress of HG was 30% higher than the dextrose crosslinked 
matrix (HGD15). Although it is known that crosslinking reac-
tion occurs between –CHO of dextrose dialdehydes and –NH2 
of the gelatin matrix, the pH ∼7 used during the synthesis of 
HGD15 could be lead to a decrease in active sites of crosslink-
ing reaction, producing a decline in their mechanical behavior 
[36]. However, the maximum tensile strain was not affected. 
Respect to FG1, the maximum tensile stress was shifted to 
lower values (5%) regarding to HGD15 matrix. These results 
evidenced that different functions of the MNPs, regarding to 
the FGs mechanical properties, are found depending on the 
methodology followed to MNPs incorporation. 

When the in situ co-precipitation of magnetite was 
performed, substantial enhancement of the mechanical 
properties was not reached. However, FG2 showed an increase 
in 18% in the maximum elastic modulus compared with 
HGD15. This reveals a reinforcement action of the magnetic 
particles in the hydrogel matrix when the synthesis is mediated 
by pre-formed MNPs. 

On the other hand, the maximum tensile strain was 
significantly affected, producing a reduction of 50% and 48% 
compared to HGD15. This effect could be associated with 
the possible aggregation of magnetic particles and the increase 
size of the filling, leading to a reduction of this mechanical 
property. Similar results were found in a study of the 
mechanical properties of hydrogels [28] and gelatin 
composites reinforced with mineral clays [32]. 

4.8. Magnetic measurements 

The magnetization behavior (per mass unit of ferrogel) as a 
function of the applied magnetic field in FG1 and FG2 was 
examined at different temperatures. The obtained magnetiza-
tion curves are shown in Figure 5. FG1 (Figure 5a) presents 
superparamagnetic behavior until ∼100 K M(T) and M(H) 
curves were reversible) where the larger particles begin to 
block showing irreversibility in both M(T) and hysteresis 
loops. The saturation magnetization is low, roughly 20 emu/ g, 
compared with bulk magnetite (roughly 80 emu/ g). This could 
be attributed to the smaller size of the particles and the pres-
ence of the gelatin matrix which wrapped around the magnetic 
nanoparticles. This behavior was observed in other systems. 
For example, Jia et al. [37] prepared chitosan magnetic nano-
particles and observed 11.15 emu/ g of saturation magnetiza-
tion. Furthermore, Chen et al. [26] synthesized magnetic 
gelatin spheres crosslinked with glutaraldehyde and they 
observed superparamagnetism behavior and Ms of 32.7 emu/ g 
and displayed 90–100 nm size value measured by TEM. 

For FG1 M(T) curves and making the derivative respect to 
temperature: f Tð Þ ¼ T�dðMzfc Tð Þ � Mfc Tð ÞÞ=dT, this func-
tion is proportional to the temperature blocking distribution 
or barrier energy or volume of nanoparticles (taking into 
account a magnetic anisotropy constant of 5 � 10 5 erg/ cm3). 
Assuming spherical size of particles, the volume distribution 
can be estimated as size distribution. This assumption results 
in 4.5 nm for particle size (Figure 5b). It is important to high-
light that the value estimated from this analysis correspond to 
magnetic core instead the value given by SEM analysis which 
correspond to magnetite core and the enclosing composed of 
gel matrix. 

On the other hand, different behavior displayed FG2 respect 
to magnetization measured. The magnetic particles of this ferro-
gel seems to be much larger and represent irreversibility at 
room temperature in both M(T) and the hysteresis loops 
(Figure 5c). In this case, the particles sizes, of about 35 nm 
approximately, seem to be much larger than in FG1. Taking 
into account that the size is determined from estimation, these 
sizes are consistent with those determined by TEM in previous 
works [39]. The Ms was 30 emu/ g, approximately. In spite of 
their larger sizes, these MNPs still remain low Ms values, and 
this fact may be ascribed to the low crystallinity. 

Figure 4. (a) DSC curves of neat gelatin, hydrogel gelatin matrix HGD15, and 
ferromagnetic hydrogels (FG1 and FG2). (b) TGA curves of HG, HGD15, FG1, 
and FG2. (c) First derivative TGA curves. Note: HGD, gelatin–dextrose hydrogel.   

Table 1. Mechanical properties of the hydrogel matrixes and ferrogels. 
Sample σ (MPa) E (MPa) ε (%)  

HG10  109.4 � 7.8  2467.4 � 211.5  14.6 � 1.7 
HGD15  72.6 � 10.0  2647.8 � 336.2  16.4 � 2.2 
FG1  69.2 � 8.7  2590.1 � 91.1  8.1 � 0.6 
FG2  60.4 � 12.0  3133.1 � 707.5  8.4 � 0.2   
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4.9. Swelling studies 

Swelling behavior of hydro and ferrogels is an important 
parameter regarding their application as adsorbent of 
pollutants in aqueous media or in biomedical field such as tissue 
engineering. Swelling increases the pore size and thus facilitates 
migration of different moieties inside the matrix. Figure 6a 
depicts the swelling profile of gelatin hydrogel crosslinked with 
different concentrations of dextrose at different storage time 
in distilled water. The swelling percentage of non-crosslinked 
gelatin hydrogel is about 450% after 6 h. The maximum water 
content was reached at 24 h of storage in water. 

A decrease in the swelling% was observed as a function of 
the dextrose concentration, after crosslinking. The maximum 
swelling percentage registered was 700% for HGD5. Although 
HGD15 displayed less swelling%, 670%, this material was 
further selected as hydrogel matrix for the synthesis of ferro-
gels. This selection was done taking into account that this 
hydrogel exhibited maximum water uptake during the first 
2 h reaching SD% of 500 (Figure 6b). Crosslinked hydrogels 
exhibit reduced chain mobility due to the intramolecular inter-
actions; and thus it could influence the water sorption and 
swelling performance. As dextrose content increased, more 
intermolecular associations in gelatin hydrogel between 
functional groups of gelatin and dextrose could be achieved. 
This behavior may be justified assuming that an increment 
of dextrose mass leads a decrease in the swelling%. 

It is important to highlight that the stability of HGD in 
water was maintained for almost 24 h, exceeding this time 
hydrogels undergo mass loss and consequently disintegration. 
Hence, this behavior reveals that gelatin crosslinked with dex-
trose resulted in hydrogel with weak linkages, as it was 
observed in tensile assays. Therefore, neat hydrogel would 
not be a suitable material to water remediation. 

Different response was observed when swelling behavior of 
ferrogels was analyzed (Figure 6c). FG1 was stored in water for 
7 days without loss of stability. In fact, a partial dissolution was 
observed near 10 days of incubation in water. The maximum 
swelling% was 500%. 

In the case of FG2, it exhibited poor stability in water, 
reaching only 4 h without mass loss, exceeding this time gel 
dissolution was observed. 

It is evident that swelling degree decreases with the pres-
ence of magnetic nanoparticles, comparing with the hydrogel 
matrix. This behavior may be justified by changes in the 

Figure 5. (a) FG1 and (c) FG2 M vs H cycles obtained from dehydrated ferrogels 
samples at several temperatures, (b) size distribution.  

Figure 6. Swelling assays as a function of time in an aqueous solution (a and b) HG and HG matrixes (c) HGD15, FG1, and FG2. Note: HGD, gelatin–dextrose hydrogel.  
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internal structure of preformed hydrogel by means of in situ 
formed MNPs (FG1) [37,38]. 

The presence of iron oxides particles inside the hydrogel 
could contribute to the reinforcement of its internal structure 
probably acting as point of crosslinking (Figures 3e and 3f). 
This enables an increase in the stability in water and was prob-
ably due to interactions between the gelatin amine groups of 
hydrogel which can act as iron binding. Similar behavior 
was previously observed by Helminger et al. [18] in gelatin 
magnetic hydrogel where the presence of magnetic nanoparti-
cles onto the polymeric matrix influences and limits the swell-
ing behavior of ferrogel [18]. 

4.10. Performance of hydro and ferrogels as 
adsorbents of heavy metals in water 

The performance of FGs as adsorbents was evaluated in batch 
using a Cd(II) aqueous solution. Some factors influencing the 
adsorption process were tested based on previous own works 
[39]. Assays were also conducting using the HGD15 as 
reference. In all the cases, the ratio ferrogel/Cd(II) was fixed 
in 1:1 meaning e.g., 100 mL of heavy metal ion solution per 
100 mg of ferrogel. Although the adsorbent dose probably 
affects the adsorption process, this parameter was not 
evaluated at this stage of this research. 

4.10.1. Effect of pH 
Selected pHs were 3 and 7 based on the values commonly 
found in real water samples; in these conditions, cadmium 
remains available as ion. The formation of insoluble hydroxide 
occurs at pHs higher than 8 [39]. 

The recovered data, expressed as mg of heavy metal ion 
adsorbed/g of adsorbent material, are included in Figure 7a. 
From the figure, it is observed that at pH ¼ 3 the three mate-
rials exhibit almost similar adsorption capability. The values, 
expressed as % of removed Cd with respect to the total 
available, were 40% for HGD15 and 41% for FG1 and FG2. 
Meanwhile, at pH ¼ 7%, 91%, 83%, and 86% were registered 
using FG1, FG2, and HGD15, respectively. 

Gelatin structure is composed of several amino acids [40]. 
So, COO– and NH2– functional groups are the responsible 
for cadmium adsorption. It is possible that at higher pH the 
carboxylate groups of gelatin could act as linkage points for 

Cd ions. In accordance with the adsorption performance of 
materials in the two different pH analyzed, pH ¼ 7 was chosen 
as the optimum value for the following assays. It is important 
to highlight that at this pH, FG2 experimented loss of mass 
due to the disaggregation of polymeric moieties from ferrogel 
structure. The methodology of magnetic nanoparticles 
incorporation directly influenced on the adsorption capacity 
of both ferrogels (FG1 and FG2). As it is shown in Figure 7, 
FG1 displayed maximum Cd adsorption at this pH value. 

During the first 60 min, the swelling degree of FG1 was 
markedly higher (over 20–50%) than FG2 (Figure 6). This fact 
facilitated metal diffusion inside the ferrogel. As the ferrogel 
absorbs water, it could absorb metal ions, too. Similar results 
found by Paulino et al. [41] in hydrogel based on chitosan, 
gum Arabic, and maltodextrin. The authors attributed the 
significant cadmium ion removal from the solution to the 
phenomenon of partition. 

4.10.2. Kinetics of adsorption 
Figure 7b displays the cadmium ion adsorption capacity as 
function of contact time using FG1 and FG2. An initial rapid 
adsorption is observed during the first 10 min, reaching the 
maximum adsorption capacity at 30 min of contact time as 
it can be observed from swelling assays, during this time, 
ferrogel reached the maximum water content. As it can be seen 
a higher Cd removal was achieved using FG1, where the 
maximum was about 35 mg g� 1 of ferrogel (corresponding 
to ∼90% of available metal ion). As a difference, FG2 adsorbed 
a maximum of about 25 mg g� 1 (∼80% of Cd ion available). It 
is worth noting that both FGs reached the maximum adsorp-
tion levels at 30 min of contact time. Longer adsorption times 
induced the gradual desorption and re-adsorption of the heavy 
metal, until a time of about 60 min where the adsorption value 
remained constant at 28 and 20 mg g� 1 for FG1 and FG2, 
respectively. A maximum Cd adsorption of 50 mg g� 1 was 
reported by Paulino et al. [41] using chitosan and gum Arabic 
magnetic hydrogel, and 22 mg g� 1 using maltodextrin mag-
netic hydrogel. Other authors found a maximum of cadmium 
adsorption of about ∼90%, performing the assay between 30 
and 60 min and using poly(acrylonitrile-co-acrylic acid) mag-
netic hydrogel. The adsorption level remained constant until 
204 min. These authors established that at long adsorption 
times the surface sites were saturated. In such conditions, 

Figure 7. (a) Effect of pH on Cd adsorption on HGD15 and ferrogels (adsorbent dose: 20 mg, 20 mg L� 1, time: 2 h), (b) Effect of contact time (adsorbent dose: 
100 mg, 100 mL, 100 mg L� 1, pH 7, time: 3 h), and (c) pseudo-second-order kinetic for Cd adsorption on FG1 and FG2. Note: HGD, gelatin–dextrose hydrogel.   
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the rate of uptake was controlled by the rate at which the 
adsorbate was transported from the solution to the interior 
sites of the adsorbent [42]. As well as Hua et al. [43] obtained 
a maximum 17.7 mg Cd/g, using Fe3O4-poly(L-cysteine/2- 
hydroxyethyl acrylate) hydrogel. In that case, the equilibrium 
time was reached at 24 h. The mechanism of adsorption was 
ascribed to a combination –NH2 (of cysteine) and ion- 
exchange promoted by –SH functional groups. 

In this work, the fast initial adsorption of cadmium ions 
could be attributed to many available surface sites of the ferro-
gel such as amine and carboxyl, according to the data provided 
in Section 2a [38]. As it can be seen from Figure 7a, similar 
adsorption behavior was observed when comparing the 
adsorption assays at pH 7 for HG and FG1. Therefore, the 
extra advantage related to the use of ferrogel instead hydrogel 
is associated with the ability to easily remove the adsorbent by 
an external magnetic field. 

In the case of FG2, a partial loss of stability was further 
observed at the end of the assay. In fact, the adsorbent could 
not be recuperated from the adsorption media in adequate 
conditions to be reutilized. This behavior is in accordance with 
swelling data discussed in previous section. For this reason, 
FG1 was selected to perform the following adsorption 
experiences. 

The dependence of the adsorption as a function of the time 
was evaluated by pseudo-first-order and pseudo-second-order 
kinetic models; and the obtained plots are displayed in 
Figure 7c. The values of k1, k2, and correlation coefficients 
R2 from Figure 7c are presented in Table 2. The correlation 
coefficient for pseudo-first-order is lower than the corre-
sponding to pseudo-second-order model, which suggest that 
the kinetic behavior of ferrogels followed pseudo-second-order 
kinetic model. Hence, chemisorption was believed to be the 
rate limiting step. The kinetic behavior here observed was 
reported by other authors using similar adsorbent materials 

[26]. Moreover, in own previous published research, we 
found the same trend for Cd adsorption on chitosan magnetic 
nanocomposites [39]. 

4.10.3. Adsorption isotherms 
To explain the interaction between the adsorbate and the 
adsorbent material, adsorption isotherms are widely used and 
decisive in the optimum use of the adsorbent in the experi-
mental conditions used [26,44]. For this, Langmuir and Freun-
dlich isotherm models were commonly used to describe the 
equilibrium adsorption of metal ions by different adsorbents. 
For the adsorption isotherms of Cd(II) by FG1, the heavy metal 
ion concentration was varied between 0.5 and 400 mg mL� 1 

and contacted with 50 mg of adsorbent for 30 min at room 
temperature. Figure 8a displayed the Cd adsorption by ferrogel 
as function of heavy metal ion concentration. 

The equation of Langmuir isotherm model, which describes 
the monolayer adsorption used is: 

Ce

qe
¼

Ce

qm

� �

þ
1

qmKL
ð5Þ

where Ce (mg L� 1) is the equilibrium concentration of metal 
ions, qe (mg g� 1) is the amount of heavy metal ions adsorbed 
per gram of ferrogel, qm (mg/g) is the maximum adsorption 
of metal ions, and KL (L mg� 1) is the Langmuir adsorption 
equilibrium constant. 

For the Freundlich adsorption studies, the equation used 
was: 

log qe ¼ log KFþ
1
n

log Ce ð6Þ

where qe (mg g� 1) is the adsorption capacity at equilibrium, Ce 
(mg L� 1) is the equilibrium concentration of cadmium ions 
in solution, and KF and n are the physical constants of the 
Freundlich adsorption isotherm. Both parameters are indica-
tors of the adsorption capacity and adsorption intensity, 
respectively. 

The relative parameters calculated from the two kinetics 
models are listed in Table 3 and the fitted curves with the 
experimental data are shown in Figures 8b and 8c. From the 
correlation coefficients, it can be seen that the Freundlich 
(0.9806) model fits better than Langmuir model which has 

Table 2. Characteristic parameters of applied kinetic models. 

Sample qexp 

Pseudo-first order Pseudo-second order 

k1 (min� 1) R2 k2 g mg� 1 min� 1 R2 
qe thrtl  

(mg g� 1)  
FG1  28.46  0.1313  0.0455  0.0611  0.9992  28.74 
FG2  18.37  0.2798  0.0744  0.0179  0.9876  17.0358   

Figure 8. (a) Effect of initial concentration on the adsorption FG1 for Cd (II) (b) and (c) equilibrium isotherm analyses with the Langmuir and Freundlich models. 
Model parameters are provided in Table 3.  
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the experimental data (0.8884). The n value higher than 1 
supported the assumption that cadmium ion was adsorbed 
onto the ferrogel surface following the Freundlich model. Most 
of the research reported in the literature about adsorption 
capacities of hydro and ferrogel of gelatin followed Langmuir 
adsorption model [44]. This behavior is characteristic of 
monolayer adsorption. In this work, the synthesized ferrogel 
seems to have a heterogeneous surface, so the adsorption data 
were better adjusted by Freundlich model. 

From the adsorption experiences developed above, the 
possible interactions between Cd(II) and the ferrogel could 
be described. The synthesized adsorbent materials are pre-
sented in sheet form where the magnetite nanoparticles are 
distributed in the gel matrix. For this reason, two possible 
mechanism of heavy metal removal could be achieved. First, 
it is known that the amine and carboxyl are the main func-
tional groups present in gelatin molecular structure, so they 
could be responsible for cadmium binding. As it was earlier 
discussed, the adsorption capacity of ferrogel is affected by dif-
ferent pH values, so complex reactions could be achieved 
between cadmium ions and ferrogel surface. Similar behavior 
was previously reported in gelatin/Fe3O4 material synthesized 
by plasma treatment [44]. In this study, the authors postulated 
that in Fe3O4-g-gelatin, the amine and carboxyl groups of gela-
tin are responsible for Pb(II) binding. They attributed to the 
formation of surface complexes of Pb2þ ions with amine 
groups ((–NH2)2Pb2þ) at low pH values and at high pH values. 
In such case, the removal of heavy metal ion by gelatin/Fe3O4 
was mainly dominated by carboxyl groups interacting with 
heavy metal ions (COOPb(OH)). Based on previous studies 
of the authors, where analyzed the mechanism of heavy metal 
adsorption on chitosan/magnetite nanocomposites. These 
nanocomposites have amine and carboxyl groups in their 
structure similar as ferrogels. The amine groups are respon-
sible for the heavy metal adsorption and the main mechanism 
proposed is the formation of covalent bonds between heavy 
metal and the adsorbent [40]. So in this study the authors 
propose the possible mechanism of heavy metal adsorption 
is through covalent bonds between amine groups of gelatin 
and heavy metal and the formation of metal/adsorbent 
complex. Second, due to the porosity of ferrogel, the capacity 
for heavy metal removal could be also attributed to metal ions 
diffusion into gel matrix and consequently could be retained 
into ferrogel structure. The proposal of absorption as other 
mechanism for heavy metal ion removal was proposed using 
magnetic hydrogels [37]. 

4.11. Desorption studies, regeneration of ferrogel,  
and reuse assays 

The possibility to reuse the adsorbent is a key factor to take 
into account in the design of materials to water treatment 

aiming to improve wastewater process, the economic aspects 
as well as practical implementation of these technologies. 
For the best of our knowledge, most of the literature reports 
the regeneration of magnetic hydrogel using acid solutions 
and/or a chelating agent to remove the heavy metal ion from 
the ferrogel matrix [43,45]. This aspect was evaluated using 
FG1 by performing sequential cycles of adsorption/desorption. 
The collected data are shown in Figure 9 in terms of the 
adsorption capability (expressed as mg Cd/g adsorbent) as a 
function of each cycle and the percentage of Cd removed from 
the solution after each cycle. Four consecutive adsorption– 
desorption–adsorption cycles were performed. 

In the first adsorption assay, the adsorption capacity of FG1 
was about 16 mg g� 1 approximately, retaining about 25% of 
cadmium available. It can be observed a decrease tendency 
on cadmium adsorption expressed as mg of heavy metal ion 
adsorbed per gram of adsorbent in each cycle of adsorption 
respect of the amount of heavy metal ion available in the sol-
ution. However, the final Cd concentration removed after the 
fourth assay was almost 14 mg g� 1, retaining more than 30% 
of heavy metal ion available. So the most promissory of these 
data is that these levels of adsorption were almost constant all 
along the cycles evaluated. It is important to highlight that 
between each cycle of reuse the ferrogel was washed several 
times (from 4 to 6 times) with distilled water. 

The water samples remnant after washing were measured 
by atomic absorption spectroscopy to determine the Cd(II) 
concentration. The presence of Cd was confirmed but its 
quantification was not possible due to the lower concentra-
tions that remained lower than the detection limit of the 
equipment. 

Therefore, it may assume that any reduction on the 
efficiency, in terms of the adsorption capability of the material, 
occurred during the reutilization assays. It is noteworthy that 
any harmful eluents were used to remove heavy metal ions 
during material regeneration process. The washes only 
involved distilled water. Furthermore, and, as it was expected, 
the ferrogel remained stable in all the experiences, as it was 
previously reveled by the swelling assays against the time. 
Although it is true that during regeneration variable volumes 
of diluted cadmium solution may be produced; in this work, 
the assay was conducted to analyze the adsorption efficiency 

Table 3. Langmuir and Freundlich isotherm parameters for Cd(II) adsorption on 
ferrogel. 

Langmuir constants Freundlich constants 

qm (mg g� 1) KL (L mg� 1) R2 KF (mg g� 1) n R2  

53.19  0.0078  0.8884  1.4090  1.7226  0.9806   

Figure 9. Cycles of Cd(II) adsorption on FG (adsorbent dose ¼ 100 mg, initial 
conc. Of Cd(II) ¼ 50 mg L� 1, pH ¼ 7, contact time ¼ 30 min, r.t.).  
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of ferrogel. In separate future works, the way to reduce and/or 
treat the remained residues will be addressed. 

5. Conclusion 

In this contribution, two different routes to obtain magnetic 
gels from gelatin and magnetite are presented. It was 
found that the most efficient synthetic route is the in situ 
co-precipitation of magnetite nanoparticles in the preformed 
hydrogel. In this case, a stable material with improved 
mechanical and swelling properties was obtained. Adsorption 
capability as well as gels stability and mechanical properties 
demonstrated to be highly dependent on the methodology of 
magnetite incorporation. 

The objective of this study was to develop a reinforcement 
hydrogel structure with magnetic properties to be using for 
heavy metal adsorption in polluted water. For this purpose, 
the adsorption capacity of prepared materials was tested 
using one heavy metal as model. More studies are needed to 
evaluate adsorption performance under competitive adsorp-
tion conditions with various metals. Satisfactory adsorption 
performance was observed removing around 30% of heavy 
metal ion available using the adsorbent obtained by 
co-precipitation the iron oxide nanoparticles in situ in the 
polymer matrix. The ferrogel demonstrated to have great 
possibilities of reuse along four repeated adsorption cycles 
and the material regeneration was possible by only washing 
with distilled water, maintaining the adsorption performance. 

The adsorbent materials proposed in this study represent 
an efficient, low cost, and easy handling alternative to the 
traditional tools used in water remediation. Besides, the here 
proposed materials constitute novel ones since the set of raw 
materials, procedures, and application have not been earlier 
reported according to the contributions in open literature. 
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