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Abstract

After the consolidation of the Brazilian biodiesel industry, issues related to the final destination of the glycerin, the 
by-product from the biodiesel industrial process, drawing the attention of several researchers. There are several uses 
to this byproduct. Among them, the obtaining of polymers, such as polyurethane (PU), are very encouraged since the 
glycerin ca be used, as well as the castor oil, in the replacement of petrochemical polyols. The aim of this work was to 
propose a new route for the obtainment of a petroleum sorbent based on polyurethane resin from glycerin and castor 
oil, through the emulsion technique. In addition, maghemite (γ-Fe2O3) was mixed to the polymer matrix, producing 
a magnetic composite, able to make easier the oil cleanup process. The products synthesized were characterized by 
Fourier transform infrared spectroscopy, X-ray diffraction, simultaneous Thermogravimetry (TGA) and Differential 
scanning calorimetry (DSC), Optical microscopy, Scanning electron microscopy (SEM). In addition, magnetic force and 
oil removal capability tests were also performed. The magnetic material was used to remove oil from water, exhibited 
a good oil removal capability. In a typical test, 1g of the composite containing 5wt% of maghemite was able to remove 
10g of oil from water.

Keywords: green polyurethanes, glycerin, castor oil, maghemite, magnetic composites.

1. Introduction

The biodiesel consists of an alkylester of fatty acids, 
obtained by the transesterification of vegetable oils or 
animal fats, using a small chain alcohol, such as methanol 
or ethanol. Aiming the replacement of part of the fossil fuels 
employed as an energy source, the production of Brazilian 
biodiesel as alternative fuel has been increased during the last 
years[1]. The Brazilian law nº 11.097 / 2005 determined the 
increasingly addition of biodiesel to diesel. From the initial 
amount of 2%, nowadays 7% of biodiesel is added to the 
diesel[2]. So, the growing using of the biodiesel is responsible 
for the surplus production of glycerol (each 100 kg of the 
biodiesel can generate 10 kg of glycerol). Therefore, as 
long as the usage of biodiesel as alternative fuel has been 
encouraged by Brazilian Government, innovative uses for 
the glycerin source must be pursued[3].

In this context, the glycerin can be employed for the 
production of resins, such as polyurethanes. The polyurethanes 
(PU) are one of the most important polymeric materials, 
showing different characteristics and applications[4-6]. 
Among the variety of applications, PUs can be employed 
as oil spill cleanup agents from aqueous systems[7-9], which 
is a major concern since petroleum use always involves a 

considerable risk of oil spillage[10,11] that could occur during 
its transportation and storage[12]. Thus, in a previous work 
from our research group, magnetic foams were prepared 
with the insertion of maghemite nanoparticles into a polymer 
matrix, aiming to make the removal of the polymer material 
containing petroleum from the water surface easier[9]. These 
foams were prepared from renewable feedstock, as castor 
oil and glycerin (byproduct from the biodiesel industry). 
However, this material was obtained by a bulk polymerization 
process, in which there are relevant operational issues. 
Among them, the use of higher temperatures and the need 
of additional steps, such as the milling of the obtained 
polymer, make the final process less competitive from the 
industrial point of view.

Therefore, the main goal of this work was the preparation of 
a magnetic oil sorbent, by emulsion polymerization. Presented 
material is a polyurethane resin obtained from renewable 
feedstock in the presence of maghemite nanoparticles[13]. 
Emulsion technique allows to perform the reaction in lower 
temperatures and reduced viscosity of the reaction medium 
in comparison to the bulk technique used previously[9]. 
In addition, the composite is obtained as very small particles 
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 at the end of polymerization. The material was used in oil 
spill cleanup tests and results shown that each gram of PU 
is able to remove around ten grams of oil. This result is 
very encouraging since each gram of the previous material, 
milled after the by bulk polymerization, was able to remove 
four grams of the petroleum from the water.

2. Experimental Part

2.1 Materials

Glycerin and sodium lauryl ether sulfate (C12H25NaO4S) 
were purchased from Vetec (Rio de Janeiro, Brazil). 
Dodecylbenzenesulfonic acid (DBSA) was purchased from 
Solquim LTDA (Brazil). Castor oil was kindly donated by 
Petrobras, with density in the range of 0.954-0.965 (@ 25 °C). 
Toluene diisocyanate (TDI, C9H6O2N2) was purchased from 
Bayer (Rio de Janeiro, Brazil). These reagents were used 
as received, without further purification.

2.2 Preparation of the emulsion

Before the polymerization, the emulsion was prepared 
following the methodology described in the literature[14]. 
In a typical procedure, a solution containing 0.5 g of DBSA 
into 1 liter of distilled water was previously prepared, and 
employed as continuous phase. Castor oil, glycerin and sodium 
lauryl ether sulfate (SLES) were dispersed in the aqueous 
solution, by using a homogenizer Polytron (PT 3100 D), 
at 10,000 rpm for 10 minutes, using different amounts of 
monomers, surfactants and catalyst, which are described 
in the section 2.4.

2.3 Synthesis of maghemite

As described in previous works[9,15-25], our group is 
interested in the maghemite synthesis and we used similar 
approaches to obtain this nano material. Specifically in 
the present work, aqueous solutions of hydrochloric acid 
(2 M), ferric chloride (2 M), and sodium sulfite (1 M) were 
prepared. Into a beaker, under continuous agitation, 30 mL 
of the ferric chloride solution and 30 mL of deionized water 
were added. Soon afterwards, 20 mL of the sodium sulfite 
solution was added to the beaker, still under continuous 
agitation. The reaction product was precipitated by slowly 
adding 51 mL of concentrated ammonium hydroxide into 
the beaker under continuous agitation. The medium was 
poured after 30 min. The obtained nanoparticles were 
washed several times using distilled water and finally dried 
to constant weight at 60 °C in an oven. After that, sample 
was heating at 250 °C for 1 h.

2.4 Synthesis of polymer and composite

Soon afterwards the emulsion preparation, the 
polymerization took place at 70 °C using TDI (0.309 mol), 
glycerin (0.204 mol), castor oil (0.002 mol) and surfactant 
(0.0069 mol). Synthesis was carried out under continuous 
and stirring by a mechanical stirrer Fisatom (model 713D), 
at 800 rpm; and heated by a magnetic stirrer with heating from 
IKA (model C-MAG HS7) with a thermocouple attached. 
During stirring, TDI was added into the reaction medium. 
The product was precipitated in an excess of ethanol, and 

filtered. The composite was prepared following the same 
steps, except for the inclusion of 5wt% of maghemite, which 
was performed by the dispersion of the filler in the medium 
containing the emulsion also under mechanical stirring.

2.5 Characterization

Polymer, maghemite and composite were analyzed 
in a Fourier transform infrared with the attenuation 
reflectance accessory (FTIR-ATR), from Nicolet model 
iN10. The used range was from 4000 to 600 cm-1, with 
20 scans accumulated in a resolution of 4 cm-1. Maghemite 
and composite were characterized by X-ray diffraction 
(XRD), on a Rigaku‑ULTIMA IV X-ray diffractometer, in 
the angular range 2θ from 2° to 80°, using CuKα radiation 
(k= 1.5418 Å, 30 kV and 15mA). Optical microscopy 
was performed in a Bel Photonics microscope, aiming the 
calculation of the particles diameter. Magnetic force test 
of maghemite/composite was performed following the 
procedure established in our laboratory[22]. Simultaneous 
TGA-DSC analysis were performed using a PerkinElmer 
STA-6000 in the temperature range between 28-670 °C in 
20mL/min flow of nitrogen and heating rate of 10 °C/min. 
The Scanning Electron Microscopy was performed using 
a JEOL JSM-5610 LV with acceleration voltage of 15 kV. 
The cure degree was performed using a sample, previously 
weighed, inside a Soxhlet extractor in a filter paper package. 
The used solvent during the extraction process was an 
equivolumetric mixture of toluene, heptane and cyclohexane 
at 250 °C. Then, the samples were dried and weighed again 
to determine the weight lost and, consequently, the cure 
degree. For the oil removal test, in 300 mL beaker, 2 g of 
petroleum were spilt on a 150 mL saline water solution 
(55000 ppm, containing NaCl and CaCl2, in a 10:1 rate). 
Then, a known amount of the magnetic resin was poured 
into the oily system. After 5 minutes, the oil and composite 
were magnetically removed, and the mass of the oil residue 
could be determined by gravimetry[26].

3. Results and Discussion

Figure 1 shows the samples FTIR spectra of the resin, 
maghemite and composite filled with 5wt% of maghemite. 
The FTIR spectrum of the resin is presented in the Figure 1a. 
Among its characteristic bands it is possible to see a wide 
one related to O-H stretching of the hydroxyl group, which 
takes place around 3300 cm-1. The profile of this band is 
associated with the hydrogen bond that these compounds 
are able to form. The intense characteristic peak observed at 
2272 cm-1 is related to the stretching of the bands N=C=O 
from isocyanate groups. The characteristic band located 
around 1650 cm-1 is C=O axial deformation from carbonyl 
group. While the vibration of C-N band takes place at 
1540 cm-1. The presence of the remaining cyanate group 
indicates reactive sites which can allow further modifications 
in the resin surface. In the FTIR spectrum of the maghemite, 
presented in the Figure 1b, the main characteristic bands 
appears around (i) 3450cm-1, associated with the Fe-OH and 
O-H conjugated bands, and at (ii) 634 and 584 cm-1, related 
to stretching of the band Fe-O, from the phases ε-Fe2O3 e 
α-Fe2O3, respectively[27].
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In turn, the spectra of the composite did not present 
any significant difference (Figure 1c), when compared to 
the matrix, which can indicate the absence of significant 
chemical interactions between the matrix and the filler, due 
to the small amount of the latter.

Pure resin presents only a broad hump around 23°, which 
is related to the amorphous nature of this macromolecular 
material. The X-ray diffratogram of pure maghemite presents 
peaks at 30.29°, 35.39°, 42.91°, 52.97°, 57.36º and 62.86°, 
corresponding to (220), (311), (440), (400), (511) and (440) 
crystalline plane from an orthorhombic crystal system. 
Crystallite size was calculated in accordance with Scherer’s 
Equation 1, using the sharpest peak placed at 2θ equal to 
35.61°, related to the (331) plane of the maghemite (Figure 2).

( )/   Cs K cos= λ β θ 	 (1)

In Equation 1, Cs is the crystallite size, λ the wavelength, 
the full width at half maximum and θ is the Bragg angle (2θ/2).

From this calculation, the crystallite size obtained for 
pure maghemite was equal to 6.5 ± 0.5 nm, while in the 
composite, its value was equal to 7.0 ± 0.6, which guarantees 
the nanometric size of maghemite particles inside the 
composite without the formation of agglomerated material.

Figure  3 shows the optical micrography and the 
probability density function of resin and composite particles. 
Obtained results, with 95% of confidence, allow inferring 
that the diameters of the polymer particles ranges between 
5.20 and 21.02 µm. In addition, the most probable observed 
value is equal to 14.06 µm. In turn, the diameters of the 
composite particles ranges between 3.84 and 23.31µm and 
the most probable observed value is equal to 13.70 µm.

The size of the samples, in both cases, was equal to 
43 counts. Obtained results allow us to infer that the size 
of the particles remains statistically the same after the 
preparation of the composite material.

The results from the magnetic force test under the influence 
of different magnetic fields are shown in the Figure 4.

There is an increase in the magnetic force when the 
magnetic field is increased, proving the presence of magnetic 
properties. In addition, magnetic force at maximum magnetic 
field (equal to 780 Gauss) of the pure maghemite and composite 
was equal to 824.8 ± 0.02 mN/g and 735.9 ± 0.001 mN/g, 
respectively. The value for the composite is slightly lower 
than the one for the pure maghemite, due to the small amount 
of the filler in the polymer matrix (equal to 5wt%).

Figure 5 shows the simultaneous TGA-DSC analysis 
of the tested materials. Composite presents a small weight 
loss before 100 °C, which is related to the residual water. 
The magnetic composite remains thermally stable before 
227 °C, while the petroleum and the resin impregnated of 
petroleum are stable before 133 °C and 224 °C, respectively. 
From 135 °C to 515 °C, petroleum lost 95% of its weight, thus 
this petroleum is mainly compounded by heavy fractions[28]. 
In the 280-380 °C range petroleum presented the smallest 
weight loss, equal to 25.6wt% while composite impregnated 
of petroleum and composite presented 39.5wt% and 55.3wt%, 
respectively. In spite of presented weight loss, petroleum did 
not present an increase of the weight loss rate in this range 
while composite and composite impregnated of petroleum 
did. Something similar took place in DSC results. Thus, the 
observed enthalpic phenomenon is mainly related to the 
decomposition of composite and the associated enthalpy 
allow us to infer that along decomposition, the studied 
composite absorbed 346J/g while composite impregnated 
of petroleum only 168J/g. This difference is due to the crude 
oil presence, which did not absorb heat in this temperature 
range. On the other hand, the second weight loss event, from 
410 to 530 °C, is mainly related to the considerable presence 
of lubricating (C26-C38 and 4-10 rings per molecule[29]) and 
vacuum gas oil (mainly composed by high paraffins[30]) 
inside tested petroleum. TGA results between 410 and 530 °C 
allowed inferring that composite, composite impregnated 
of petroleum and petroleum presented weight loss equal to 
6.8wt%, 22.9wt% and 41.8wt%, respectively. In turn, DSC 
results showed that petroleum and composite impregnated 
of petroleum presented considerable endothermic events.

The enthalpy of composite, composite impregnated of 
petroleum and petroleum, in the same temperature range, 

Figure 1. FTIR spectra of PU resin (a), maghemite (b) and 
composite filled with 5wt% of the maghemite (c).

Figure 2. XRD of PU resin (a), maghemite (b) and composite filled 
with 5wt% of the maghemite (c).
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were equal to 9.3J/g, 21.3J/g and 84.2J/g, respectively. Thus, 
considering that enthalpy of composite and petroleum are equal 
to 0% and 100% of petroleum in the samples, the amount of 
remain heavy fractions on the surface of the composite can 
be estimated by interpolation. Therefore, calculations lead 
to the conclusion that there was at least 16% of petroleum 
absorbed on the surface of the composite. This result is in 
agreement with the SEM one, showed in Figure 6, which 

allowed to see that studied material presented a porous 
surface, able to absorb the petroleum, making easier the oil 
removal from the water. Figure 6 also showed the SEM of 
the pure maghemite. The particles are agglomerated due to 
the drying process, which is indispensable to the obtaining of 
the micrography in low vacuum. In spite this agglomeration, 
particles presented an average diameter, calculated using 
the imageJ® software, equal to (108 ± 17) nm. This is an 

Figure 3. Optical microscopy and probability density function of the diameter of the resin (a & b) and composite (c & d).

Figure 4. Magnetic force test of the pure maghemite (a) and the 
composite containing 5wt% of the maghemite (b).

Figure 5. Simultaneous TGA-DSC analysis of petroleum (a & a’) 
composite impregnated of petroleum (b & b’) and composite (c & c’).
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interesting value, since allows the easy dispersion of these 
small magnetic particles within the emulsion phase.

The insertion of maghemite into the polymer matrix aims 
to make easier the cleanup process, removing both petroleum 
and resin from the aqueous system. The oil removal capability 
tests, showed in Figure 7, were performed according to the 
analytical procedure established in our laboratory[18].

Before oil removal tests, the prepared resin was dispersed 
in water, where it was kept for five minutes. After this time, 
the resin was collected using a nylon sieve. Obtained results 
showed that 1.00 g of the resin absorbs only 0.25 g of water, 
demonstrating the hydrophobic property of the material. 
Oil removal tests using the presented magnetic composite, 
prepared here by emulsion, showed that each gram of the 
composite is able to remove (10.0 ± 0.2)g of petroleum from 
the water. For comparative purpose, in a previous work[9] 
our group produced a magnetic PU based on castor oil, 
toluene diisocyanate and water by a bulk polymerization. 
Each gram of this material was able to remove (4.1 ± 0.1)g 
of petroleum from the water. Other example is the peat, a 
common raw material, which is able to sorb around 3.9g of 
petroleum when exposed to this contaminant for 5 min[31], 
however, without the magnetic removal capability, which 
speeds up the oil spill cleanup process. Thus, the material 
presented here has larger oil removal capability, being 
cheaper (due to the use of glycerin) and easier to prepare 
than the ours previous one. In addition, tested materials 

presented an average cure degree equal to (99.3 ± 0.2)%, 
which means that, after an oil extraction by solvents, the 
sorbers can be reused, as proved by three additional tests, 
which showed that oil removal capability remained the 
same. The advantages of the preparation by emulsion are 
very encouraging, since the material can be easily prepared 
and it is obtained in the granular form, avoiding the milling 
process. Therefore, presented material is promising to the 
cleanup process and environmental recovery.

4. Conclusions

Previous experiments have shown the viability of 
obtaining polyurethane from castor oil and glycerin through 
an emulsion technique. The employment of alternative 
feedstock is a route for the synthesis of green resins. 
The emulsion polymerization was able to produce crude oil 
absorbers, with a high cure degree. This is a technological 
advantage, since it can promote the reusing of the absorber 
material, as well as the crude oil recovery. The addition of 
magnetic nanoparticles into the polymer matrix allowed 
the production of a magnetic composite, which possesses 
a good magnetic force. Obtained magnetic force constitutes 
other technological advantage, since the use of magnetic 
tools make easier the cleanup process. The oil removal 
capability of the material is equal to (10.0 ± 0.2)g of 
petroleum per gram of material. This is an improvement in 

Figure 7. Oil removal from water using a magnetic composite: water with oil spilled (a), oil after the addition of the hybrid material 
(b) and oil and resin removed using a magnet (c).

Figure 6. Scanning electron microscope image of the maghemite (a) and composite (b).
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the oil removal capability of this material, which allows its 
use in oil spill cleanup processes. Therefore, the prepared 
material contributes to the environment encouraging nobler 
uses to some available renewable resources.
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