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A B S T R A C T

The need for alternative petroleum-based polymers sheds light on developing new biomaterials, even though
their synthesis frequently has an enormous environmental impact. Hence, a new synthetic approach to prepare
simple soybean oil (SO) derived materials is here proposed to decrease the polymerization impact. Fresh and
expired SO are used as starting materials, and a solid gummy material is obtained using BF3 as catalyst in just 1 h
with microwave irradiation. A combined approach of 1H NMR, GC–MS, and ATR-FTIR analyses enabled an
understanding of the principal role of the fatty acids’ unsaturation on the cross-linking reaction. The material
was characterized through SEM, DSC, nanotomography and XRD analyses, revealing a compact morphology with
some cavities. The material was, then, applied as adsorbent for some wastewater pollutants. Adsorption effi-
ciencies of the bio-based material for different organic solvents or dye water solution were analysed, obtaining
good efficiencies. Moreover, the material can be recycled after pollutant adsorption and used several times.
Finally, it can be chemically degraded and is biocompatible, expanding the application of this bio-based material
also to other fields.

1. Introduction

The environmental pollution due to solid waste has been rapidly
growing with the extensive use of petroleum-based plastics. Hence, the
depletion of fossil sources and the problematic degradation of
petroleum-based plastic have pushed researchers and industry to fully
investigate natural biopolymers derived from microorganisms, plants,
trees or bio-based polymer synthesized from biomass waste or biological
sources i.e. vegetable oils, sugars, fats, resins, proteins, amino acids [1].
In this framework, “green polymers” can be classified as “bio-
replacement” or as “bioadvantaged” polymers [2]. Bioadvantaged
polymers are formed by new monomers different from petroleum
derived ones and can be synthesized through modifications of natural
sources. This synthetic strategy yields new molecules with unexplored

properties that can represent a valid alternative to petrochemical
polymers.

For example, vegetable oils are powerful starting materials thanks to
the presence of unsaturated fatty acids in triglycerides structures. Un-
saturated fatty acids possess at least one carbon–carbon double bond
that can be used to synthesize materials with little chemical modifica-
tion [3]. Usually, the oleic and linolenic acid chains are situated on the
C2 carbon of the glycerol, which renders them less sterically accessible,
preventing their natural polymerization. For this reason, chemical
modifications such as double bond isomerization, epoxidation [4] and
subsequent ring opening reaction for condensation have been success-
fully performed [5].

The cationic polymerization of vegetable oils using BF3•Et2O was
extensively studied by Lu and Larock, however thermosets polymers
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obtained under their conditions did not find any application. Instead,
they copolymerized vegetable oils with petroleum derivatives such as
styrene, divinylbenzene and other analogues for several applications
[3,5,6]. In general, thermosets polymers derived from vegetable oils
showed poor material performances [7], for this reason acrylation [8],
transesterification [9] and co-polymerization [10] strategies have been
adopted to improve oil-derived thermoset polymers properties. All these
modifications can be also easily performed on epoxidized vegetable oils
instead of natural oils [11]. For example, some soybean-oil-based epoxy
acrylate resins, developed via a ring-opening reaction of epoxidized
soybean oil (ESO) showed good volatility and mechanical strength
allowing their application in UV-curable coatings [12]. Following this
strategy, also new ESO-based copolymers and doped polymers were
prepared for potential biomedical applications, thanks to their nontoxic
and biocompatible nature [13,14]. Furthermore, a combination of
multiple bio-based starting materials has been recently used to synthe-
size new biopolymers with superior thermal, mechanical properties and
degradability [15,16].

Nevertheless, the direct conversion of pure natural vegetable oils in
valuable materials and their possible applications have been poorly
investigated. However, the direct conversion of vegetable oils could
drastically decrease the environmental impact of the synthetic pathway.
For this reason, a new synthetic approach is here developed to obtain a
soybean oil gummy solid (SOGS). The overall impact of the process is
decreased with microwave assisted synthesis and minimizing the
amount of catalyst (Scheme 1). In addition, being awarded that the
higher porosity, surface area, and processing efficiency of bio-based
materials make easier the removal of several pollutants [17,18], the
soybean oil (SO) derived material has been used as adsorbent for pre-
liminary analysis in environmental remediation, seldom investigated to
this aim [19].

The chemical composition and physical-chemical structure of the
material have been analysed through 1H NMR, GC–MS, XRD and ATR-
FTIR approaches. Material properties such as swelling ability, chemi-
cal degradation, thermal stability and morphology were investigated as
well. In particular, the last two properties were analysed through dif-
ferential scanning calorimetry (DSC), scanning electron microscopy
(SEM) and nanotomography techniques. SOGS adsorption ability in
wastewater solutions polluted by organic dyes and halogenated solvents

such as chloroform has been analysed as well, alongside the recycling
ability of the material after pollutant desorption. Finally, the biocom-
patibility of the material has been also investigated through in vitro
cytotoxicity and cell viability assays on normal human epithelial cell
cultures.

2. Materials and methods

Soybean oil, olive oil, linoleic acid technical, 58–74 % (GC), oleic
acid technical, 90 % (GC), Boron trifluoride diethyl etherate, rhodamine
B (RhB), sodium hydroxide, potassium hydroxide, sodium bicarbonate,
chloroform, methanol and all solvents were purchased from commercial
source and used without any further purifications. Expired soybean oil
was purchased from a local market and stored 6 years above the expiring
date at room temperature.

Cell culture: Retinal Pigment Epithelial cells (RPE-1), h-TERT
immortalized, were cultured in Dulbecco’s modified Eagle’s medium
(DMEM; Corning) supplemented with 10 % bovine foetal serum and 1 %
L-Glutamine. Cells were grown at 37 ◦C in a humidified atmosphere with
5 % CO2.

1H NMRwere recorded on a Bruker instrument operating at 400MHz
and using residual peaks solvents as references.

A lyophilizer Scanvac Cool Safe operating at − 90 ◦C was used to
eliminate residual solvent traces on samples.

2.1. Synthetic procedures

2.1.1. Synthesis of (SOGS)
100 μL of BF3•Et2O were added to 2 g of SO in a sealed tube. The

reaction mixture was stirred at room temperature for 3 h and afterwards
at 110 ◦C for 12 h. A brown solid was obtained, and it was washed first
with hexane (3 × 15 mL), then with a NaHCO3 saturated water solution
(3 × 15 mL) and finally with ultra-pure water until neutral pH was
reached. 1.6 g of a light brown gummy solid was obtained after
lyophilization.

2.1.2. Synthesis of (SOGS) under MW
For microwave synthesis a Start Sinth oven equipped with a sealed

tube has been used.

Scheme 1. Schematic representation of cross-linking reaction of SO in different reaction conditions (A: under microwave irradiation for 1 h, B: normal heat for 12 h,
C: normal heat for 3 h). a) Representative Soybean Oil (SO) structure and picture, b) representative Soybean Oil Gummy Solid (SOGS) structure and picture, showing
possible intermolecular adducts after triglycerides cross-linking reaction, c) representative Soybean Oil Viscous Liquid (SOVL) structure and picture, showing possible
intramolecular and intermolecular adducts after triglycerides partial cross-linking reaction. Polymer structures are depicted as visual aid.
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100 μL of BF3•Et2O were added to 2 g of SO in a MW tube with a
stirring bar and weflon button. The reaction mixture was stirred at
110 ◦C for 1 h with a maximum power of 300 W, to reach this temper-
ature a ramp from room temperature to 110 ◦C for 10 min was set with a
maximum power of 300 W. A brown solid was obtained, it was washed
first with hexane (3 × 15 mL), then with a NaHCO3 saturated water
solution (3 × 15 mL) and finally with ultra-pure water until neutral pH
was reached. 1.6 g of a light brown gummy solid was obtained after
lyophilization.

2.1.3. Synthesis of (SOVL)
100 μL of BF3•Et2O were added to 2 g of SO in a sealed tube. The

reaction mixture was stirred at room temperature for 3 h and afterwards
at 110 ◦C for 3 h. A viscous liquid was obtained, and it was solubilized in
hexane to wash in separation funnel with a NaHCO3 saturated water
solution (3 × 15 mL) and finally with ultra-pure water until neutral pH
was reached. Organic phase was anhydrified with Na2SO4 and then
solvent was removed with rotavapor under reduced pressure. A light
orange viscous oil was obtained.

2.1.4. Synthesis of (OOVL)
100 μL of BF3•Et2O were added to 2 g of OO in a sealed tube. The

reaction mixture was stirred at room temperature for 3 h and afterwards
at 110 ◦C for 3 h. A viscous liquid was obtained, and it was solubilized in
hexane to wash in separation funnel with a NaHCO3 saturated water
solution (3 × 15 mL) and finally with ultra-pure water until neutral pH
was reached. Organic phase was anhydrified with Na2SO4 and then
solvent was removed with rotavapor under reduced pressure. A light
brown viscous oil was obtained.

2.1.5. Synthesis of methyl esters of fatty acids and materials for GC–MS
analysis

100 mg of oils or solid were weighed in a pyrex tube and 2 mL of 1 %
of methanolic solution of NaOH were subsequently added. The reaction
mixture was stirred for 15 min at 55 ◦C. Then, 4 mL of methanolic so-
lution of HCl (4 %) was added to the reaction mixture and it was stirred
for further 15 min at 55 ◦C.

After cooling of the solution, methyl esters extraction was carried out
adding 2 mL of water and 4 mL of hexane, the organic layer was sepa-
rated from water phase and further 2 extractions were performed with
hexane. 1 mL of organic phase was analysed with GC–MS with triple
quadrupole GC/MS Agilent 7010. Measurements were performed using
a ramp temperature of 2 ◦C/min from 40 ◦C to 250 ◦C, temperature kept
for 15 min. Then a ramp temperature of 10 ◦C/min was used to reach
270 ◦C, temperature kept for 20 min.

The GC–MS mass spectrum data were analysed using MassHunter
Qualitative Analysis B.06.00, and the database of the National Institute
Standard and Technology (NIST) was used to identify the corresponding
fatty acids.

2.2. ATR-FTIR spectroscopy

ATR-FTIR spectroscopy was performed as described elsewhere [20].
Briefly, an FTIR Bruker Vertex 70v Advanced Research (Bruker, Bill-
erica, MA, USA) equipped with a platinum ATR and a diamond crystal (η
= 2.4) was used to collect spectra in the 3800–600 cm− 1 range, with a
later resolution of 2 cm− 1 and 180 scans per sample. A baseline
correction of scattering was made in all ATR-FTIR spectra, which were
analysed using the OPUS 7.5® and OriginPro software.

2.3. XRD analysis

XRD pattern of SOGS was acquired with a Bruker ecoD8 ADVANCE
(Bruker, Billerica, MA, USA) instrument working in the θ-2θ geometry
equipped with a Cobalt tube (λ = 1.79 Å) and a LynexEye detector (1D
mode) [20]. The pattern was collected in the 2θ range of 5–55◦ (setup

conditions: 40 kV tube voltage, 25 mA current, 0.02◦/s) and analysed
using Match! 3 and OriginPro software. The degree of crystallinity for
the SOGS was also calculated by using the Match! 3 software.

2.4. Nanotomography and SEM imaging

Nanotomography and SEM imaging were performed on the SOGS.
For nanotomography, a Microtac Micro-CT Skyscan 1272 (Bruker, Bill-
erica, MA, USA) was used with a voxel size of 500 nm and an X-ray
voltage of 40 kV.

SEM imaging and single-point elemental analysis were performed by
depositing a small piece of SOGS onto the aluminum stab via carbon tape
and using a Desktop SEM Phenom PRO X (ThermoFisher Scientific,
Milan, IT) equipped with an EDX detector at an accelerating voltage of
15 kV.

2.5. DSC analysis

Differential scanning calorimetry (DSC) measurements were carried
out with a TA Instruments mod. 2920 Differential Scanning Calorimeter
(TA Instrument Inc., New Castle, DE, USA) equipped with a TA In-
struments Refrigerated Cooling System. Samples (~4 mg) were weighed
in aluminum TA Tzero Hermetic Pans, which were subsequently sealed
with aluminum lids. The analysis was performed with heating and
cooling rates of 10 ◦C/min under a N2 atmosphere of 50 mL min− 1.
Three heating and cooling ramps were carried out in a temperature
range between 0 ◦C and 300 ◦C.

2.6. Swelling tests

20 mg of SOGS were weighed in a screw-capped vial and 1.5 mL of
the desired solvents were added and left in contact for 24 h. After that
time, solvent was removed, and the wet solid was weighed to calculate
the % of swelling (Q) as in the Eq. 1:

Q = m(wet) − m(dry)

m(dry)
(1)

where m(wet) is wet SOGS mass, m(dry) is dry SOGS mass that is the initial
mass.

2.7. Dye adsorption tests

In a screw-capped vial, 20 mg of SOGS were suspended in 1.5 mL of
different dye solution in water (1.8 10− 5 M). After 24 h of contact, the
water solution was withdrawn for UV analysis, performed using quartz
cuvette with optical wavelength of 1 cm with UV Analytik Jena Specord
S600, interfaced with Winaspect software.

Concentrations of water dye solutions after contact with the material
were calculated using a calibration curve. For RhB, a calibration curve in
the range 1.6 × 10− 6 - 1.8 × 10− 5 M was determined following the
maximum absorption band at 554 nm. Adsorption efficiency was
calculated according to Eq. 2, where C0 is the initial RhB concentration
and Ct is the final concentration after adsorption:

E (%) = C0–Ct x100
C0

(2)

For material adsorption kinetic, different times of contact between
SOGS and dye solutions were set. Different amounts of SOGS were put in
contact with the same volume and concentration of RhB solutions (1.5
mL and 1.8 10− 5 M) to test the maximum capacity of adsorption of the
material.

2.8. Dye desorption from SOGS and recycling tests

Desorption tests were performed on SOGS loaded (20 mg) with RhB
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adsorbed on it after 24 h, using EtOH or 2-Me-THF and sonication for 10
min (3 × 1.5 mL). After desorption, SOGS was dried in the oven at 60 ◦C
and then used again with fresh RhB for 24 h (1.5 mL 1.8 × 10− 5 M).
Efficiency was calculated as described above.

2.9. Chloroform adsorption tests

In a screw-capped vial, 40 mg of SOGS were suspended in 1.5 mL of a
water solution of CHCl3 (8 mg/mL). After different times of contact, 1
mL of water solutions was withdrawn and put in vials for solid-phase
microextraction (SPME) for SPME-GC–MS analysis.

Residual CHCl3 concentrations were determined through a calibra-
tion curve in the range 0.1–8 mg/mL, using Eq. 2.

GC/MS analysis was performed by adapting previously reported
methods [21]. CHCl3 was extracted from water solution in the sealed
vial headspace and concentrated using SPME before desorption in the
GC injection port. Headspace extraction was performed with a 2.5 mL
Syringe-HS (0.64–57-R-H, PTFE, GERSTEL) conditioned and held at
40 ◦C from sample collection to injection.

In the SPME, one Fiber Assembly was evaluated and used: 50/30 μm
divinylbenzene (DVB)/carbowax (CAR)/polydimethylsiloxane (PDMS)
(Supelco, Bellefonte, PA, USA). The fiber was exposed to chloroform
solution in a 20 mL SPME vial (75.5× 22.5 mm) for 10 min at 40 ◦C after
10 min of equilibration time. The desorption time was 5 min. Before use,
the fiber was conditioned and cleaned at 270 ◦C for 30 min, following
the instructions from Supelco®. Split of 20 mLmin− 1 injection was used.

Gas chromatographic analysis was performed using an Agilent
7000C GC (Agilent Technologies, Inc., Santa Clara, CA, USA) system
equipped with a split/splitless injector, fitted with an Agilent HP5-MS UI
capillary column (30 m× 250 μm; 0.25 μmfilm thickness) coupled to an
Agilent triple quadrupole Mass Selective Detector MSD 5973 (Agilent
Technologies, Inc., Santa Clara, CA, USA), with ionization voltage of 70
eV; electron multiplier energy of 2000 V; and transfer line temperature
of 270 ◦C. The solvent Delay was 0 min. Helium was used as the carrier

gas (1 mL min− 1). The oven program was as follows: the temperature
was initially kept at 40 ◦C for 5 min and then gradually increased to
200 ◦C at a rate of 15 ◦C/min, which was held for 5 min. Samples were
injected at 200 ◦C automatically. The interval scan was 35–450 m/z and
the scan speed were 10,000 amu⋅s− 1 (25 Hz).

2.10. Chemical degradation

To 100 mg of SOGS were added 2 mL of methanolic or water solution
of NaOH (1 wt%) in a pyrex tube. The mixture was stirred for 16 h at
60 ◦C.

Alternatively, to 50 mg of SOGS were added 12.5 mL of water so-
lution of NaOH (2 M) or KOH (2 M) or HCl (2 M) in a pyrex tube. The
mixture was stirred for 16 h at 60 ◦C.

Then the mixture was filtered, and the solid residue was weighted to
calculate the chemical degradation % (D), following Eq. 3:

D (%) =
mi–mf x100

mf
(3)

where mi is the initial mass (mg) of SOGS before the degradation
treatment, mf is the final mass (mg) of SOGS after the degradation
treatment.

2.11. Cell proliferation analysis

Cells were seeded in a 12 multiwell at low density without (control)
or with (treatment) SOGS in different amounts (0.8 mg, 1.6 mg, 2.4 mg
or 5 mg in 1 mL culture media). For the conditioned media treatment, 5
mg SOGS were incubated in 1 mL culture media for 3 days and then the
filtered media was used to treat the cells. Palmitic acid (1 mg in 1 mL
culture media) was used to compare the toxicity of SOGS (5 mg in 1 mL).

After the treatments, cells were harvested by trypsinization, recov-
ered in a tube and resuspended with Trypan Blue in a 1:1 ratio. Cell
counting was performedmanually using a Burker Chamber as previously
done [22]. To evaluate the number of cell population doublings the
following formula (4) was used:

Number of cell doublings = lnfoldincreaseincellnumber/ln2 (4)

2.12. MTT assay

Cell viability was assessed by using 3-(4,5-dimethylthiazole-2-yl)-
2,5-diphenyltetrazoliumbromide (MTT). MTT reagent was prepared by
dissolving MTT (Vybrant MTT Cell Proliferation Assay kit V-13154; Life
technologies) in 1 mL PBS (MTT stock solution 5 mg/ml). Cells were
seeded in a 96-well plate at a density of 2500 cells/well in 200 μL of
culture medium. Additionally, one well was left empty to evaluate the
cell-free background. The cells were then treated with 800 μg, 1600 μg,
2400 μg SOGS for 24 h. The day of the analysis, the media was changed
with a 110 μL PBS + MTT solution (100 μl PBS + 10 μL MTT stock so-
lution). After 4 h of incubation in the dark at 37 ◦C, MTT solution was
removed, and the cells were washed with PBS. Finally, the DMSO was
added to each well and the absorbance was measured using a microplate
reader Biotek synergy HT at 540 nm after 10 min of incubation. All the
treatment conditions were performed in triplicate. The percentage of
viable cells was measured as follows, according to Eq. (5):

3. Results and discussion

3.1. Material synthesis

A small amount of Lewis acid (5 wt%) was added to a fresh or expired
SO as described in Materials and Methods. The expired SO was a com-
mercial SO expired 6 years ago and it showed comparable GC profile as
fresh SO. The reaction mixture was stirred at room temperature for 3 h
and then heated at 110 ◦C overnight; a light brown gummy solid was
obtained (Scheme 1). The same material was obtained in just 1 h when
the reaction mixture was directly irradiated in a microwave reactor at
the same temperature using a maximum power of 300 W and a quartz
vessel. Bio-based material was obtained with both procedures with the
same reaction yields, in addition its characterization confirmed the
identical chemical composition and the same physical properties (see
NMR spectra in Supplementary material).

The reaction was also carried out using olive oil (OO) or pure un-
saturated fatty acids (linoleic and oleic acids, constituents of SO tri-
glyceride) as starting materials and with SO in absence of the catalyst as
well. Although the solid gummy material was not formed in any of these
cases, these reactions allow the understanding of SO reactivity, favoring
the reaction. In addition, SO reaction was also performed only for 3 h at

%Viability =
Optical density of cells treated with SOGS − optical density of background

Optical density of cells non treated with SOGS − optical density of background
(5)
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110 ◦C with conventional heating, in these conditions a more viscous
and brown oil (soybean oil viscous liquid, SOVL) was obtained instead of
the solid gummy material (Scheme 1c).

The cationic polymerization of vegetable oils using BF3•Et2O was
extensively used for copolymerization of vegetable oils with other pe-
troleum sources. The reaction mechanism usually proceeds through the
protonation of vinyl moieties in the triglycerides and subsequent poly-
merization as described for alkene reactions [6]. However, in some cases
an intermediate formation of a Diels Alder adduct has been reported
[23]. To shed light on the driving forces of the reaction, a combined
approach of 1H NMR (Fig. 1 and Supplementary Materials) and GC–MS
analysis of starting materials and different product reactions was
applied.

1H NMR spectrum of SO revealed the average presence of 5 unsa-
turations in the triglyceride structures at 5.3–5.4 ppm (spectrum in the
middle of Fig. 1b, NMR spectra in Supplementary Material). These sig-
nals can be ascribed to the general presence of 2 units of linoleic and 1 of
oleic acid in SO triglyceride as shown in Fig. 1a [24]. The multiplet at
5.2 ppm diagnostic of CH glycerol unit, the peaks in the range 4.2–4.4
ppm diagnostic of CH2 glycerol unit, and the triplet at 2.3 ppm diag-
nostic of CH2 fatty acid directly linked to the carboxylic group confirm
the ester functionality.

SOVL and SOGS spectra show a decrease of integrals for vinylic
protons, corresponding to 2.5 and 1.5 unsaturations respectively. A
decrease of bis-allylic protons can be observed also for SOVL, while a
complete loss of this signal is observed for SOGS (upper spectrum of
Fig. 1b, NMR spectra in Supplementary Material). This analysis
confirmed that the reaction occurs through the vinylic reactivity with
the Lewis acid. Moreover, the absence of signals related to CH-O protons
in the 3–4 ppm region, exclude the radical polymerization with oxygen
that produces the classical oil drying process [25].

GC–MS analysis performed on methyl-esters derived from SO and
obtained materials (Fig. 2, Table 1) provides others insight on the
reaction.

Fig. 2 shows the chromatograms and structures of SO methyl esters
and of derived materials. All chromatograms show the peaks of satu-
rated fatty acids, palmitic and stearic, at the retention times of 19.5 and

Fig. 1. a) Representative SO triglyceride structure; b) from up to the bottom,
1H NMR spectra in CDCl3 with peak assignment of SOGS soluble residue (upper
blue), SO (middle in green), SOVL (bottom red).

Fig. 2. GC chromatograms of SO and SO-derived methyl-esters.

Table 1
Retention times, fatty acids as components of methyl esters and relative per-
centages of SO and SO derived materials.

Retention time
(min)

Fatty acids in methyl esters MeSO MeSOVL MeSOGS

19.5 Palmitic acid (16:0) 8.8 % 17.4 % 28.3 %
27.0 Linoleic acid (18:2) cis, cis-

Δ9,12
54.6
%

24 % –

27.4 Oleic acid (18:1) cis-Δ9 32.5
%

27.7 % 12.8 %

27.8 6-Octadecenoic acid (18:1)
cis-Δ6

– 26.0 % 49.2 %

28.8 Stearic acid (18:0) 4.1 % 4.9 % 7.7 %
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28.8 min, respectively. SO chromatogram, at the bottom of Fig. 2,
revealed also the presence of linoleic and oleic acid at retention times of
27.0 and 27.4 min in 55 % and 33 %, respectively (Table 1), confirming
the unsaturated fatty acids composition observed by 1H NMR analysis.
Chromatograms peaks assignment was further assured comparing GC
profiles of methyl esters obtained from commercial fatty acids, linoleic
and oleic (MeLA, MeOA), used as standards (Fig. S1, Table S1a).

Linoleic acid content decreases in MeSOVL from 55 to 24 % and it is
absent in MeSOGS, indicating that linoleic acid reacted overall to obtain
the solid. Oleic acid content decreases as well in both MeSOVL and
MeSOGS, participating as well in cross-linking reaction. Besides, an
isomer of oleic acid, namely 6-Octadecenoic acid (18:1) cis-Δ6, was also
recognized in both polymer forms.

The presence of this isomer with the instauration in position 6
instead of 9 could indicate that an isomerization reaction can occur
during the polymer formation. Indeed, the isomerization reaction can
favour the formation of Diels-Alder intermediates resulting from the
cycloaddition reaction among unsaturated carbons of linoleic and oleic
units occurring both inter- and intramolecularly (Scheme 2) [23]. The
latter reaction is the origin of the solid material formation.

This isomer of oleic acid, 6-Octadecenoic acid (18:1) cis-Δ6, is also
observed when reaction on olive oil (OO) was performed (Table S1b).
However, in that case, only a viscous liquid is obtained without the solid
formation. Considering that only 6 % of linoleic acid is present in OO, a
large amount of linoleic acid seems crucial to yield the solid.

Thus, the formation of solid material seems mainly governed by the
reactivity of linoleic and oleic acid components of SO. This suggestion
was proven by reacting both pure acids. In both cases, no solid material
formation occurred; hence, triglyceride structures and the nature of
unsaturated fatty acids are essential to achieve a solid material forma-
tion through cycloaddition and crosslinking (Scheme 1).

3.2. Material characterization

3.2.1. ATR-FTIR and X-ray diffraction analysis
More insights regarding the microscopic structure of the SOVL and

SOGS materials are obtained through Fourier transform infrared spec-
troscopy in attenuated total reflectance (ATR-FTIR) mode and X-ray
diffraction analysis (Fig. 3). The full-band assignment of IR absorbance
contributions is reported in Table S2.

Overall, ATR-FTIR spectra of SO, SOVL, and SOGS reveal vibrational
modes of -CHx, -O-C=O, -CO, -C=C, and -HC=CH- functional groups
(Fig. 3a; Table S2) typically found in vegetable oils and previous reports
on other SO derived polymers [24,26]. Yet, the reaction of SO induces
significant modifications in IR absorbance of these moieties.

SOVL and SOGS spectra show -OH stretching contributions
(3630–3430 cm− 1), absent in the SO spectrum, likely deriving from the
washing treatment and the subsequent adsorption of water molecules (i.
e. air moisture) within both materials. Specifically, the -OH band at
3480 cm− 1 observed in SOVL relates to intramolecular hydrogen
bonding of water to carbonyl groups, which shift towards 3430 cm− 1 in
the SOGS due to the increased triglyceride local concentration [27]. This
ATR-FTIR spectrum also displays a second -OH stretching contribution
at 3630 cm− 1 attributable to less hydrogen-bound water molecules
generally observed in heated swollen lipids [28].

The SO reaction substantially changes vibrations of CH fromHC––CH
bonds at 3009 cm− 1. The latter decreases in intensity, shifts, and splits in
two contributions at 3004 and a shoulder at 3009 cm− 1 in SOVL and
disappears in SOGS, confirming the diminished unsaturated fatty acid
content observed through GC–MS analysis. The position of this peak
links to the unsaturation degree of fatty acids, with 3009 cm− 1 attrib-
utable to linoleic acid and 3004 cm− 1 to oleic acid or 6-Octadecenoic
acid [29]. Similarly, the -C=C stretching vibration of cis-olefins detec-
ted at 1651 cm− 1 in the SO spectrum is absent in those of both de-
rivatives. Nevertheless, a peak at 1640 cm− 1 arises in SOGS, which
derives from -OH bending contributions of adsorbed water molecules
and -C=C stretching vibrations of carboxyl-sided olefins generally
observed for fatty acid thermal mediated-phase transitions [30].

Although all samples display IR contributions related to -CHx
stretching modes (2960–2850 cm− 1), the shifting towards shorter
wavenumbers observed in the SOGS material for the asymmetric (2920
cm− 1) and symmetric (2851 cm− 1) -CH2 vibrations indicate that the

Scheme 2. Schematic representation of possible Diels-Alder intermediate resulting from the cycloaddition reaction among unsaturated carbons of linoleic and oleic
units. It is shown only the intramolecular attack for clarity [23].
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reaction led to ordered and more saturated, hence more rigid, acyl
chains [31,32]. This outcome is further corroborated by spectral
deconvolutions in the 3000–2800 cm− 1 region (Fig. S2; Table S3), which
also highlights an increased -CH2-to-total lipid integrals, typical of
saturated lipids, and peak area ratio of the asymmetric -CH2-to-asym-
metric -CH3 contributions (Fig. 3b) [31,32]. Modifications occurring
within the acyl chains of triglycerides due to SO reaction are also visible
by the variations of the -CH2 wagging vibrational modes. In this regard,
peaks at 1319, 1059, and 847 cm− 1 of the SO spectrum disappear, shift,
or are reduced in the derivatives, being more evident for the SOGS than
SOVL and a new shoulder simultaneously appears at ca. 1340 cm− 1,
which is typical of the same vibrational mode but for end gauche con-
formers [33].

The SO reaction also causes the disappearance of the -CH bending
(1398 cm− 1) and the out-of-plane -HC=CH- bending (914 cm− 1) vi-
brations related to cis-olefinic groups and cis-double bonds in SOVL and
SOGS [29,34]. This evidence, alongside the increased absorption of -CH
bending of double bonds in trans configuration at 967 cm− 1 detected for
both materials [29,34], may suggest a rearrangement of cis in trans
double bonds within SO [35] induced by Lewis Acids, which can favour
the cross-linking reaction through a Diels-Alder adduct.

On the other hand, all samples feature IR absorbance related to -O-
C=O stretching (ca. 1740 cm− 1) vibration diagnostic for the ester bond,
indicating the maintenance of this moiety even after the reaction. Yet,
both derivatives display a secondary broad -O-C=O stretching

contribution at lower wavenumbers attributed to free fatty acids. The
two -O-C=O contributions at ca 1740 and 1710 cm− 1 refer to the hy-
drophobic carbonyl of the sn-1 acyl chain or the carbonyl group of the
sn-2 acyl chain close to the polar head region, respectively [27]. The low
wavenumber-vibrational mode arises in both synthesized materials due
to the formation of intramolecular hydrogen bonds [27], as indicated by
the broadness of this band and the detection of -OH stretching contri-
butions. Besides, the small shift and decreased intensity observed in
SOGS than SOVL can link to the heating procedure and the variation
from liquid to solid state of the material itself. Indeed, high temperatures
disrupt hydrogen bonds [27].

Variations regarding the -COO portion of SO triglycerides are further
confirmed by the disappearance of the O-C=O bending vibration (687
cm− 1), the appearance of the -CO stretching mode at ca. 1300 cm− 1, and
the shift of -C-O, -C-O-C, and = C-O-C stretching contributions in the
1140–1030 cm− 1 region in both metarials. These modifications are
consistent with the heating procedure [35].

The SOGS is further characterized through XRD analysis (Fig. 3c) to
evaluate its crystalline structure and degree of crystallinity (DC), pa-
rameters that significantly influence materials’ physical-chemical and
technological properties. The XRD pattern shows an amorphous scat-
tering halo typical of a semicrystalline polymer with low crystallinity
[36], as also confirmed by the calculated DC of 32 %. In line with pre-
vious reports on SO-derived polymers [37–39], SOGS also displays a
broad diffraction peak at 19.4◦ and a secondary low-intensity signal at

Fig. 3. (a) ATR-FTIR spectra of SO and the derived polymers, (b) normalized integrals and ratios of relevant and diagnostic IR modes referring to the acyl chains of
fatty acids, and (c) XRD pattern of SOGS.
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27.8◦. These diffraction peaks are similar to those of polyvinyl alcohol
and polyvinyl chloride polymers, inferring the potential formation of
fringed micellar microcrystals [40,41] during the SO reaction. Specif-
ically, the high intensity of the 19.4◦ peak, typical of amorphous poly-
mers [37], likely derives from the thick and heterogeneous network
structure of SOGS, which in turn infers on a high degree of polymer
aggregation [42].

3.2.2. Morphology of bio-based material through SEM and
nanotomography analysis

The SOGS morphology was evaluated through nanotomography and
SEM imaging in different areas of the material (Fig. 4) to verify its ho-
mogeneity. Moreover, elemental analysis was performed (Fig. S3) to
evaluate its composition and the potential presence of residual con-
taminants deriving from the reaction procedure.

Nanotomography sections and SEM images show that SOGS is overall
homogeneous, yet some macroaggregates and cavities are visible on its
surface, which becomes uneven.

This outcome derives from the heating procedure, which favors the
loss of the liquid component and the solid aggregation, whose rate and
extent are not easily controllable, aligning with XRD analysis. The
elemental analysis performed through energy-dispersive X-ray spec-
troscopy (EDX) indicates carbon and oxygen as the main components of
SOGS.

3.2.3. Thermal properties of bio-based material
DSC analysis of SOGS shows a glass transition at 84 ◦C (Fig. 5), while

the material was not degraded until 300 ◦C, thus indicating a possible

Fig. 4. (a-b) Nanotomography and (c-d) SEM imaging of SOGS in different areas.

Fig. 5. DSC trace of SOGS. Heat flow Exothermic peaks point upward.
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use of the material also at high temperatures in line with similar ther-
moset polymers [6].

Considering that SO is liquid and does not show any thermal tran-
sition, the glass transition at 84 ◦C observed for SOGS indicates a good
degree of crosslinking ability of the material in line with the thermal
behaviour of some ESO crosslinked polymers [4,13].

3.2.4. Swelling ability
The presence of several cavities observed by SEM and nano-

tomography analysis, led to test the sweeling ability (Q) of the solid in
several solvents (Fig. S4). Q was calculated as previously reported [43]
and according to Eq. (1).

The swelling ability was negligible in acetonitrile, acetone, methanol
and hexane, indicating the high resistance of the materials to the
adsorption of these solvents and confirming the low porosity observed
by nanotomography analysis. This trend can also be indicative of a good
crosslinking ability, conferred also by a low content of double bonds in
the structure as previously observed for some epoxidized SO copolymer
derivatives [12]. On the other hand, SOGS showed the highest Q in
CHCl3 and THF, with values of 15 and 8, respectively (Fig. 6 and
Table S4). In dependence of the solvent used an increase in swelling
ability was then observed, for this reason the good adsorption ability of
CHCl3 encouraged to test the adsorption ability of this halogenated
solvent from wastewater.

3.3. Bio-based materials as adsorbent for wastewater pollutants

So far, several adsorbents have been used for wastewater remedia-
tion [19,44–47]. The use of bio-based materials as adsorbents for
wastewater pollutants have been encouraged thanks to their higher
porosity, surface area and processing nevertheless thanks to the poten-
tial non-toxicity of the adsorbent. For this reason, pure biopolymer or
most commonly composite materials have been tested for recovery of
oil-spill from saline solutions [48], dyes, heavy metals [49] or other
contaminants [50]. This finding opens a new path for the development
of new, high efficiency, ecologically acceptable, and cheaper dispersant
for wastewater remediation.

3.3.1. Adsorption of halogenated solvents from wastewater
To test the adsorption efficiency of SOGS, a certain amount of ma-

terial was placed in contact with a CHCl3 saturated solution in water (8
mg/mL). The amount of residual CHCl3 in water was determined via
SPME-GC–MS through a calibration curve [51] and the efficiency (E %)
was calculated according to Eq. 2. Results are reported in Fig. 7 and
Table S5.

After 2 h of contact, we immediately observed an efficiency of 62 %,
which increases up to 83 % in 24 h confirming the high swelling ability
of SOGS in CHCl3. So far, only few examples of polymer materials used
for the adsorption of toxic halogenated solvent have been reported, such
as some ZnO polymers sponges [52]. Data of adsorption tests are not
directly comparable with the one obtained using SOGS as an adsorbent,
as the CHCl3 adsorption values of the former have been calculated in
terms of swelling of pure halogenated solvent and not in water solution.

3.3.2. Adsorption of organic dyes from wastewater
Other organic molecules can be responsible for wastewater, for this

reason adsorption efficiency of SOGS was tested in different dye water
solutions used as model pollutants (Table S6). SOGS showed the best
adsorption efficiency (E, calculated as a percentage value) for the
cationic dye Rhodamine B (RhB), whose adsorption process was further
studied. Selectivity for cationic or anionic dyes has been observed also as
a function of the different functionalization of some chitosan-based
polymers [53].

UV–visible spectra of the RhB solution after being in contact with
SOGS at different times reveal a decreased absorbance with a maximum
at 554 nm at longer contact times with SOGS, corresponding to a less

Fig. 6. Histogram reporting values of swelling ability (Q) of SOGS in a) different solvents and b) picture of SOGS before and after swelling in THF. Q is based on
triplicate runs.

Fig. 7. Efficiency of SOGS adsorption of CHCl3 from aqueous solution (8 mg/
mL) at different contact times at room temperature. E % is based on tripli-
cate runs.
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coloured solution (Fig. 8b-c).
Adsorption kinetic of RhB water solution in presence of SOGS has

been carried out evaluating the % efficiency (E) according to Eq. 2. The
adsorption of RhB gradually increases until reaching a plateau at 24 h
with E of 45 % (Fig. 8d). This value slightly increases up to 57 % in 72 h.
Some acrylated epoxidized soybean oil used as adsorbent for methylene
blue dye, showed a similar removal efficiency as less than 70 % was
reached and they need to add graphene oxide and chitosan to enhance
dye adsorption efficiencies [54].

The use of SOGS can guarantee an easy handling of the adsorbent
from wastewater solution. For this reason, an investigation on the effect
of the amount of SOGS at 24 h of contact with RhB solution was per-
formed (Fig. 9a).

As expected, E % increases as a function of the amount of SOGS, with
the highest value obtained using 100 mg of SOGS (Fig. 9a), even though
the variation is not significant from 10 to 40 mg of material (Table S7).
Hence, 20 mg of SOGS can be used as the average amount needed for
good adsorption of RhB.

Finally, the recycling ability of SOGS was evaluated after the
desorption of RhB from the material (Fig. S5). Desorption process of
dyed-SOGS was performed using bio-based solvents such as 2-MeTHF
and EtOH, that can replace petroleum-based solvents having less envi-
ronmental consequence [55]. Both solvents warranted great desorption
ability, as RhB was totally desorbed after immersing the dyed-SOGS in
the proper solvent for 3 cycles of 15 min and ultrasound irradiation.
Nevertheless, recovered SOGS using 2-MeTHF assures good E % differ-
ently from the one recovered using EtOH that registered a drop in

efficiency already at the first cycle after adsorption of the fresh dye
solution.

E % slightly decreases in the recycled SOGS and it could be effec-
tively employed for nearly 4 cycles, this indicates that the material,
possesses moderate recycling ability as previously observed for other
systems [54] and can be recycled up to 4 cycles with good E% (Fig. 9b,
Table S8).

3.4. Chemical degradation of SOGS

Testing the end-of-life of materials is also a crucial step, in addition
to the selection of valuable bio-source and the use of a greener synthetic
approach to obtain new bio-based materials [56,57]. Indeed, converting
bio-based feedstock in polymers is challenging and beneficial to reduce
environmental pollution, but it should be supported by the degradability
of the bio-based material, as several new biopolymers do not meet this
last criterium contributing to increasing the presence of solid wastes in
the environment.

For this reason, chemical degradability of SOGS has been tested in
several solvents and using different quantities of bases or acids. SOGS
degradation was tested immersing it in bases such as NaOH or KOH in
methanol and in water and in an acidic water solution of HCl. The
percentage of chemical degradation (D) was calculated according to Eq.
3 (Table S9). Fig. 10 shows how SOGS is degraded in basic conditions
rather than in acidic ones (Fig. 10c).

In the water solution of KOH (2 M) the presence of emulsion liquids
with no residual SOGS formed was observed (Fig. 10a), in agreement

Fig. 8. a) UV–vis spectra of RhB water solution at different contact times with SOGS; picture of SOGS in contact with RhB solution at time b) 0 h and c) 24 h; d)
kinetic of efficiency (E) of SOGS adsorption of RhB from aqueous solution (1.8 10− 5 M) at different contact times at room temperature. E % is based on triplicate runs.

Fig. 9. Adsorption efficiency of RhB (1.8 10− 5 M) as function of SOGS at room temperature in 24 h. E % is based on triplicate runs.
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with previously reported literature [10]. These showed that there was
complete degradation under aqueous KOH (chemical degradation = 97
%, Table S9). While the presence of a less strong base, NaOH (2M), gives
a 47 % of chemical degradation and the presence of both liquid emulsion
and some residual SOGS can be observed. On the other hand, the use of
lower quantity of NaOH (1 wt%) in methanolic solution favored the
complete degradation.

These data suggest the hydrolytic cleavage of ester bonds as expected
[10],which was evaluated by performing ATR-FTIR spectroscopy on the
degraded solid (d-SOGS) (Fig. 11, Table S10).

The degradation of d-SOGS was confirmed by its ATR-FTIR spec-
trum, which features less vibrational modes than SOGS. Specifically, IR
contributions related to carbonyl groups, either in sp-1 or sp-2 confor-
mations, disappeared in d-SOGS, aligning with the hypothesis of a hy-
drolytic cleavage of ester bonds. The latter is also corroborated by the
arising of a signal at ca. 1561 cm− 1, which is typical of the asymmetric
-COO− stretching vibration of potassium salts of linoleic and oleic acids
[58,59], and the decreased and shifted -CHx stretching modes
(2960–2850 cm− 1) related to fluid and disordered acyl chains [31,32].
Lastly, the increased intensity of -OH stretching (3340 cm− 1) and
bending (1642 cm− 1) derive from the KOH water solution used for
degrading SOGS.

3.5. Biocompatibility of the bio-based material, the in vitro cytotoxicity
and cell viability assays

The effect of SOGS on the viability of normal cells was tested on the

Fig. 10. Pictures of SOGS before and after degradation treatment in different experimental conditions.

Fig. 11. ATR-FTIR spectra of SOGS and d-SOGS.

Fig. 12. Evaluation of SOGS effect on the proliferation of RPE-1 cells. Graph
showing the number of doublings that the RPE-1 cell population has undergone
since the treatment with the indicated amounts of SOGS and up to 6 days (144
h). Untreated cells are used as control (NT). The final volume of all the samples
suspension is 1 mL. Graph represents the mean ± SEM of at least three inde-
pendent experiments. Un-paired t-test between the NT sample and the different
treatments: * p < 0.05, ** p < 0.01.

Fig. 13. Evaluation of the effects due to SOGS released-components on the
proliferation of RPE-1 cells. Histograms showing the number of doublings that
the RPE-1 cell population has undergone after 72 h since the treatment with
conditioned media recovered from 5 mg SOGS incubation for 3 days (a), or with
1 mg palmitic acid (b). Untreated cells are used as control (NT). The final
volume of all the samples suspension is 1 mL. Graphs summarize the mean ±

SEM of three independent experiments. Un-paired t-test between the NT sample
and the different treatments: * p < 0.05.
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normal, non-tumoral human retinal pigment epithelial cell line RPE-1.
Cell proliferation analysis was performed for 6 days (144 h) of treat-
ment with different amounts of SOGS. Considering that SOGS is insol-
uble in aqueous solutions, we weighted the indicated amount of material
and directly placed it into the culture media. Material-free culture media
was used as a control (NT). Results showed that SOGS did not affect the
proliferation of RPE-1 cells in three of the tested amounts (0.8 mg, 1.6
mg and 2.4 mg in 1 mL culture media) (Fig. 12). Only the highest tested
concentration of SOGS (5 mg in 1 mL) significantly affected cell prolif-
eration, especially in longer treatments (144 h).

We reasoned that the high concentration of SOGS could release
something in the solution that could affect cell proliferation. Hence, we
let the cells grow in a conditioned media derived from culture media left
in the presence of 5 mg SOGS for 3 days which contains all the com-
ponents eventually released by the material. We collected the condi-
tioned media after 3 days of incubation, as at this time 5 mg SOGS
already affected the proliferation of RPE-1 cells (Fig. 12). We grew RPE-
1 cells in the conditioned media for 3 days and observed a similar
reduction in cell proliferation as upon incubation with 5 mg SOGS
(Fig. 12 and 13a), suggesting that this amount of SOGS releases a
component in the culture media that affects cell proliferation. Since
SOGS could release fatty acids, we tested the effect of palmitic acid (1
mg/mL) on the proliferation of RPE-1 cells. The results illustrated in
Fig. 13b showed that palmitic acid induced a slowing-down of RPE-1
cells proliferation comparable to that induced by 5 mg SOGS.

Finally, we tested the metabolic activity of RPE-1 cells, and thus their
cell viability, by MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetra-
zolium bromide) assay, under treatment with different amounts of SOGS
for 24 h. The obtained results showed that none of the tested concen-
trations (0.8 mg, 1.6 mg and 2.4 mg in 200 μL culture media) arrested
the metabolic activity of RPE-1 cells (Fig. 14). In addition, it is possible
to notice that the half-maximal inhibitory concentration IC50 was not
reached even with the highest amount of SOGS tested.

Collectively, these results showed that the cells were able to prolif-
erate and survive till the end of the treatment (6 days), suggesting that
SOGS is not toxic for normal cells (Fig. 12). Similarly, the MTT assay
revealed that five times increased concentrations of SOGS (0.8 mg/200
μL – 2.4 mg/200 μL) only slightly impact cell metabolic activity after 24
h of treatment (Fig. 14). This maximum concentration is comparable to
the one used for adsorption tests (13 mg/mL). Importantly, IC50 was not
reached with these concentrations, excluding a cytotoxic effect of
aSOGS. We only observed a reduction of the cell proliferation, though
without cell death, when using the 5 mg/mL SOGS concentration
(Fig. 12). It is important to mention that, considering the insolubility of
SOGS in aqueous solution, as the culture media is, the solid remains
floating on the culture media in the well with the cultured cells. How-
ever, something released in solution could disturb cell proliferation.
Indeed, when RPE-1 cells were treated for 3 days with a conditioned
media (previously incubated with 5 mg SOGS for 3 days) the impact on
cell proliferation was similar to that obtained in the presence of the
compound at the same timepoint (Fig. 13a). Hypothesizing that fatty
acids released by SOGS could induce this effect, we tested the biocom-
patibility of palmitic acid (1 mg/mL), whose antiproliferative effect
results to be even slightly higher than the SOGS itself (Fig. 13b). Palmitic
acid is the most common circulating saturated fatty acids (approxi-
mately 28 % of normal human plasma lipid content) [60]; however, at
high doses generally induces cellular dysfunctions [61]. This suggests
that SOGS has a less cytotoxic effect compared to this common organic
compound supporting the idea of its safe usage in the environment.

4. Conclusions

A greener synthetic approach to obtain simply SO-derived materials
has been proposed. The use of microwaves and a smaller amount of
catalyst allow to decrease the overall impact of the synthethic pathway.
Fresh or expired SO has been used as starting material without further

chemical modifications.
The synthesis of the material occurs through the reactivity of un-

saturated fatty acid chains forming the SO triglycerides structures, as
confirmed by 1H NMR, GC–MS and ATR-FTIR analysis. The presence of
some isomeric form of oleic acids probably also indicates the formation
of a Diels-Alder adduct favoring the cross-linking reaction as previously
observed.

Bio-based material showed a compact morphology with few cavities
that allow, in the presence of some solvents, a good swelling ability,
while in most of the solvents, the material showed a good resistance.
SOGS revealed a glass transition at 84 ◦C and thermal stability up to
300 ◦C. SOGS can also be chemically degraded in water under basic
conditions, and it is biocompatible, according to biological tests on
normal cells.

A preliminary investigation of SOGS as an adsorbent material for
wastewater treatment was performed by evaluating its adsorption
ability for CHCl3 and dyes, showing good adsorption efficiencies and
recycling ability, opening the use of this material also for the adsorption
of emerging pollutants, as few example are so far reported [19].

Biological tests confirmed that this material is biocompatible. Hence,
it can be used to develop innovative technologies to transform natural
resources into smart multifunctional materials for a wide range of ap-
plications, including adsorbent for environmental remediation, coat-
ings, adhesives, and medical devices.
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