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ABSTRACT: Inverse vulcanization has emerged as a reaction to
achieve hybrid inorganic−organic polymeric materials, which
allows us to use the high amount of sulfur produced during
refining crude oil as a raw material. In this study, a gamut of
copolymers has been formulated using a quantitative atom
economy, that is, elemental sulfur and castor oil (CO), as can be
seen from the appearance of gels to crystalline copolymers. The
physical and chemical characterization has been carried out using
techniques such as Fourier transform infrared spectroscopy, NMR,
differential scanning calorimetry, and thermogravimetric analysis.
Furthermore, two types of copolymers have been selected to test
their capabilities in different applications. Copolymers with S ratios
higher than 30% have been tested for water remediation, with high
removal rates for metals such as lead and cadmium. Although copolymers with a percentage of up to 10% sulfur have been tested as
bio-based lubricants, showing improvements in terms of viscosities compared to the initial vegetable oil.
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1. INTRODUCTION

In recent years, the need to establish sustainable processes has
made the valorization of industrial byproducts a clear objective.
In this context, an earth-abundant element that has been
mined for thousands of years is elemental sulfur.1 Sulfur is the
10th most abundant element on earth, and it is valuable for the
scientific community as a chemical reagent with essential uses
in industries, agriculture, or material science.2,3 Until the 20th
century, the most common source of sulfur was the soil
surrounding volcanoes, but nowadays, starting with the
development of the oil refining industry, the production of
elemental sulfur (S8) is achieved by removing the H2S gas from
crude oil. Around 50 million tons of sulfur are yearly obtained
as a byproduct from the refining gas and petroleum industry.4

Although there are different applications for the obtained
sulfur, there is still a net excess of sulfur that offers little
economic use.5 Finding a large-scale use for this residual sulfur
is nowadays a challenge for the environmentally friendly
management and refining gas and petroleum industry.6

Recently, a polymeric reaction was developed by Pyun et
al.,7 called inverse vulcanization, which allows obtaining
polymeric materials by the ring-opening polymerization
(ROP) of elemental sulfur with other compounds bearing
double bonds to form a class of hybrid inorganic−organic
polymers (Figure 1). This process involves the melting of

elemental sulfur at a temperature higher than 159 °C, during
which the S8 ring opens and polymerization can occur with
other unsaturated cross-linkers. Polymers formed by inverse
vulcanization have been found to have interesting optical,
electrochemical, and self-healing properties.8

Most polymers are petroleum-based, and due to their high
environmental impact, the synthesis of polymers from
renewable sources is highly demanded by society and
industies.9 Carbon−carbon double bonds present in the
triglycerides of vegetable oils are versatile cross-linkers for
the inverse vulcanization process.10 Unsaturated oils from
olive, rapeseed, sunflower, and linseed plants are enticing
options as cross-linkers. In general, vegetable oils are
composed of some fatty acids that, depending on the plant
source, have different numbers of double bonds.10 Castor oil
(CO) is an exciting option as raw material for inverse
vulcanization as its toxicity does not allow it to be used for
human consumption.11

Received: February 2, 2022
Accepted: April 19, 2022
Published: May 3, 2022

Articlepubs.acs.org/acsapm

© 2022 The Authors. Published by
American Chemical Society

3667
https://doi.org/10.1021/acsapm.2c00209

ACS Appl. Polym. Mater. 2022, 4, 3667−3675

D
ow

nl
oa

de
d 

vi
a 

B
IB

L
IO

T
E

C
A

 U
N

IV
 D

E
 H

U
E

L
V

A
 o

n 
O

ct
ob

er
 1

7,
 2

02
2 

at
 0

6:
37

:4
9 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Juan+Cubero-Cardoso"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Antonio+A.+Cuadri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fernando+G.+Fermoso"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jose+Enrique+Marti%CC%81n-Alfonso"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Juan+Urbano"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Juan+Urbano"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsapm.2c00209&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c00209?ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c00209?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c00209?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c00209?fig=abs1&ref=pdf
https://pubs.acs.org/toc/aapmcd/4/5?ref=pdf
https://pubs.acs.org/toc/aapmcd/4/5?ref=pdf
https://pubs.acs.org/toc/aapmcd/4/5?ref=pdf
https://pubs.acs.org/toc/aapmcd/4/5?ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsapm.2c00209?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/acsapm?ref=pdf
https://pubs.acs.org/acsapm?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/


The properties of the polymers produced by the inverse
vulcanization process are controlled by selecting the polymer-
ization reaction conditions and using different vegetable oils,
obtaining a wide variety of properties.12,13 These properties
can range from highly cross-linked thermosets to linear
thermoplastics.14 For example, sulfur copolymers obtained by
inverse vulcanization of elemental sulfur and vegetable oils
such as sunflower, olive, and linseed have been applied in the
development of lithium−sulfur battery cathodes proved a
remarkable preliminary specific capacity as a battery.15 In
another study, soybean oil was chosen to react with elemental
sulfur to obtain a solid fertilizer for plants as a sulfur
source.16−18 Even canola oil and recycled cooking oils have
been used to produce a sulfur-based polymer that exhibited a
significant effect as an adsorbent for mercury contamina-
tion.8,19,20 Indeed, due to the high soft−soft Lewis acid
interaction, the sulfur content of these polymers causes an
affinity for heavy metals.10,21 The European Directive
Commission Decision 05/360/EC22 has given exceptional
attention to the protection against pollution caused by
lubricants and hydraulic fluids based on mineral oils. Hybrid
inorganic−organic polymers produced from inverse vulcan-
ization and based on vegetable oils as bio-based lubricating
fluids might replace such lubricants and hydraulic fluids based
on mineral oils. However, there are no significant numbers of
studies about producing such hybrid inorganic−organic
polymers as a lubricant or hydraulic fluid.23,24

The aim of this work is to synthesize and characterize a
hybrid inorganic−organic polymer produced by inverse
vulcanization using residual sulfur coming from the refining
petroleum industry and CO as vegetable oil. The produced
polymer will be assessed as adsorbents for heavy metal
remediation and as a lubricant.

2. EXPERIMENTAL SECTION
2.1. Raw Materials. CO was supplied by Guinama (Valencia,

Spain), and elemental sulfur 99% was supplied by the refining
petroleum company CEPSA (Huelva, Spain). Both reagents were
used as received. CO fatty acid composition is shown in Table 1 as
reported by the supplier.

2.2. Preparation of Poly(S/CO) Formulations. Inverse vulcan-
ization of elemental sulfur and CO was carried out following a slight
modification of Chalker’s preparation.10 Elemental sulfur (S8) was
heated and melted under vigorous stirring at 130 °C. At this point,
CO was slowly added continuously up to 170 °C, where ROP was
achieved at the desired w/w ratio (Figure 2). Blends were stirred for
60 min maintaining the temperature to finish the comonomer
conversion. Copolymers appeared from viscous oleogels to solid
brown rubbers. More brittle copolymers are obtained as the S content
increases.

2.3. Adsorption Experiments. Four metals were selected for this
study, that is, cadmium (Cd), lead (Pb), zinc (Zn), and manganese
(Mn). Cadmium(II) [Cd(NO3)2·4H2O], lead(II) [Pb(NO3)2],
zinc(II) [Zn(NO3)2·6H2O], and Mn(II) [Mn(SO4)·H2O] were
chosen as the salts for the corresponding metal source. A solution
for each metal was made at 100 mg salt per liter. Batch adsorption

Figure 1. Inverse vulcanization reaction with CO and images of different copolymers obtained with different ratio (S/CO) w/w %.
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experiments for each metal with 30, 70, 80, and 100% S/CO
copolymers were performed thrice during two different adsorption
times, 1 and 24 h. 20 mL of the aqueous solution was added together
with 1 g of the S/CO copolymer into a 50 mL vial equipped with a
magnetic stirring bar and stirred for 1 or 24 h of adsorption time.
2.4. Structural Analysis of Sulfur Copolymers. Fourier

transforms infrared (FTIR) spectra were registered in the absorbance
mode within a wavenumber range of 400−4000 cm−1 at 4 cm−1

resolutions using an FT/IR-4200 apparatus (Jasco Analytical
Instrument, Japan). In the transmission mode, were performed a
total of 46 scans for each sample. In addition, an attenuated total
single reflection accessory fitted with a diamond crystal has been used
for surface FTIR analyses of the films.
Thermal characterization of S/CO copolymers was performed

using a differential scanning calorimeter to provide information about
the homogeneity of the polymers by detecting any thermal events.
Differential scanning calorimetry (DSC) measurements were
performed with a TA Q-100 (TA Instruments, USA). At least two
replicates of 4−6 mg samples sealed in hermetic aluminum pans were
purged with nitrogen at a 50 mL/min flow rate. Calibration of
temperatures and enthalpy was performed with standard indium,
using thermal software version 4.0. Heat flow curves were obtained by
applying a temperature program of 0 to 180 °C/180 °C to 0 °C/0 to
180 °C, at 10 °C/min. The significant events were determined from
the second scan to cancel the effect of aging on the morphology of the
samples [glass transition (Tg), cold crystallization (Tcc), melting
temperatures (Tm), cold crystallization (ΔHcc), and melting
enthalpies (ΔHm)].
The thermal resistance of S/CO copolymers was studied using

thermogravimetric analysis (TGA), which provides information on
the thermal decomposition of these systems. TGA was carried out
under a N2 purge using TA Q-50 (TA Instruments, USA).
Approximately 8−10 mg of each sample was placed on a Pt pan
under N2 gas flow at 100 mL/min and heated from 30 to 500 °C at 10
°C/min.
The prepared poly(S/CO) copolymers were also characterized by

solution NMR. 1H NMR spectroscopy was used to determine the
chemical structures of the poly(S/CO) copolymers. Nuclear magnetic
resonance spectroscopy (1H NMR) of CO and 10, 30, and 80% of
(S−CO) copolymer samples was recorded at 500 MHz using a Varian
Mercury 500 spectrometer. Deuterated pyridine-d5 was used as a
solvent. 1H NMR shifts are reported relative to tetramethylsilane.
The concentration of all metals was measured using an atomic

absorption spectrometer SpectrAA 50B (Varian). Calibration stand-
ard solutions were run prior to each analysis. Spectrograms of both
standard and sample solutions of Cd, Pb, Zn, and Mn have been
recorded by measuring the absorbance at 222.6, 228.8, 283.3, and
403.1 nm, respectively.
Dynamic viscosities were measured for two replicates in a

rotational controlled strain rheometer, model ARES (Rheometric
Scientific, UK), in a temperature range between 25 and 120 °C.

Table 1. Fatty Acid Nature and Concentration for CO

fatty acids (%) castor oil

myristic C14:0 trace
palmitoleic C16:0 1.70
palmitoleic C16:1 trace
stearic C18:0 1.96
oleic C18:1 5.34
ricinoleic C18:1:OH 82.48
linoleic C18:2 7.01
linolenic C18:3 1.51
arachidic C20:0 trace
lignoceric C24:0 trace
saturated 3.66
monounsaturated 87.82
polyunsaturated 8.52

Figure 2. (a) FTIR spectra, (b) DSC heat flow curves, and (c) TGA
thermograms of CO, elemental sulfur, and (S/CO) copolymers as a
function of the ratio of S/CO.
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Viscous flow test was carried out in a shear rate range of 5−5000 s−1,
using a Couette geometry (inner radius: 16 mm, outer radius: 17 mm,
and cylinder length: 33.5 mm).

3. RESULTS AND DISCUSSION

3.1. FTIR Measurements from CO and Copolymers.
FTIR spectra of elemental sulfur, CO, and selected S/CO
copolymers are shown in Figure 2a. The hydroxyl group of CO
appears in the peaks at 3380 cm−1 and 3010 cm−1, confirming
the presence of CC from ricinoleic acid. Other intense peaks
appeared at 2926 and 2852 cm−1, which arose from C−H
asymmetric stretch vibration in CH3 and CH2. The peak at
1745 cm−1 was ascribed to a carbonyl group (CO).25 FTIR
spectra of S/CO copolymers are very close to those of CO.
The signals at 3010 and 1745 cm−1 represented vinylic C−H
bonds and CC double bonds, respectively. As can be
observed in Figure 2a, these peaks disappeared for S/CO
copolymers, indicating that the addition of sulfur to the double
bonds is quantitative, which revealed the participation of sulfur
in the copolymer formation. After the reaction, the character-
istic peaks at 803 and 967 cm−1 appeared for S/CO polymers.
These are attributed to C−H rocking vibrations in the vicinity
of a C−S bond. In addition, around 700 cm−1, a peak with
reduced intensity could be attributed to the C−H out-of-plane
deformation vibration of a double bond and is another
indicator of the favorable C−S chemical reaction. Similar
results were found by Hoefling et al.15 for linseed oil−sulfur-
based materials.
3.2. DSC Properties from CO and Copolymers.

Thermal characterization of S/CO copolymers was performed
using differential scanning calorimeter to provide information
about the homogeneity of the polymers by detecting any
thermal events. Figure 2b shows the DSC thermograms of CO
and sulfur used as raw materials to prepare S/CO copolymer
formulations. It can be seen that the CO heat flux curve shows
an endothermic peak, which is related to the crystallization
event that occurs at low temperatures. Depending on the
diversity in the composition of the fatty acids, the
crystallization of the oil will occur in a wide range of
temperatures.26 The elemental sulfur used shows two melting
peaks (at 98 and 115 °C) attributed to the fusion of the
monoclinic and the orthorhombic sulfur, respectively. On the
other hand, Figure 2b displays the heat flow curves for S/CO
copolymers. As can be seen, all samples present one thermal
event at low temperatures, more apparent when CO content
increases, corresponding to the glass transition temperatures
(Tg) of the copolymers, ranging from −40 to −2 °C depending
on the S/CO ratio (Table 2). The glass transition temperature
increases with increasing sulfur content, suggesting a decrease
in flexibility of samples due to a highly cross-linked network.
Interestingly, on increasing sulfur content above 20 wt %, there
was an endothermic event between 95 and 135 °C. This
transition was attributed to the melting range of unreacted
sulfur. By integrating areas of each of these endothermic peaks,
an estimate of unreacted sulfur was made (Table 2). For
instance, the S/CO: 50/50 sample was estimated to contain
about 9 wt % free sulfur. These results have shown the idea
that sulfur reacted with CO to form a cross-linked polymer up
to a composition of about 20% sulfur. In a copolymer above
this percentage, the excess sulfur remains dispersed in the
polymer matrix in the form of granules or microparticles,
modifying the microstructure.

3.3. TGA Properties from CO and Copolymers. The
thermal resistance of (S/CO) copolymers has been studied
employing TGA, which offers information on the thermal
decomposition of the copolymers. Figure 2c shows the
variation of the experimental mass loss (TG) and mass loss
rate (DTG) with temperature for elemental sulfur, CO, and
(S/CO) copolymers as a function of the ratio of S/CO. As
may be observed, thermal decomposition of the elemental
sulfur and CO takes place in one single degradation stage,
attributable to the loss of sulfur and volatile sulfides in the first
case and the second being mainly related to the decomposition
and/or volatilization of fatty acids, the most concentrated one,
that is, the ricinoleic fatty acid, and subsequent degradation
compounds. By contrast, thermal decomposition of (S/CO)
copolymers occurs in just two stages, identical for all the
samples studied. The first stage, happening in the temperature
range 205−358 °C, is attributable to the departure of the
decomposition of polysulfide domains from the sample. The
second stage, occurring between 298 and 502 °C, corresponds
to the thermal decomposition of the CO domain of the
polymer. The magnitude of these degradation stages is
dependent on the composition of (S/CO) copolymers. Thus,
the first decomposition gradually increases as sulfur content
increases. Table 3 shows characteristic parameters of these
curves, that is, the temperature for the onset of thermal
decomposition (Tonset), the temperature at which the
decomposition rate is maximum (Tmax), and the percentage
of non-degraded residue for elemental sulfur, CO, and (S/CO)
copolymers. Based on these data, the Tonset and the Tmax (only
P2) took place at lower values when the CO content of the (S/
CO) copolymer was increased. Interestingly, it is worth noting
that the residue of the polymers with the lowest amount of
sulfur (10 and 20%) shows higher values than other polymers.
This behavior can be explained considering that sulfur and CO
reacted up to a composition of 20% sulfur, which was also
corroborated by DSC results.

3.4. Structural Analysis via Solution NMR Spectros-
copy. The prepared (S/CO) copolymers were also monitored
by solution NMR. 1H NMR spectroscopy was used to
determine the chemical structures of the four series of (S/
CO) copolymers. The representative 1H NMR spectra of
copolymers with 10, 30, 50, and 80% sulfur content are
displayed in Figure 3. Due to the low solubility of the
synthesized copolymers in most common organic solvents,
except in pyridine in which the copolymers were broken down
and dissolved entirely,10,27 the reaction monitoring was carried
out in deuterated pyridine to obtain good-quality solution

Table 2. Characteristic Parameters Obtained from DSC
Measurements of the (S/CO) Copolymers

samples Tg (°C) (ΔHm) (J/g) free S8 (wt %)

sulfur (S) 31.9
S/CO: 10/90 −43.2
S/CO: 20/80 −21.9
S/CO: 30/70 −16.8 2.0 3
S/CO: 40/60 −11.2 3.1 4
S/CO: 50/50 −4.4 14.2 9
S/CO: 60/40 −0.75 22.8 21
S/CO: 70/30 −24.5 28.7 23
S/CO: 80/20 −2.30 34.2 29
S/CO: 90/10 55.3 56
castor oil (CO) −51.6
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NMR data, as has been seen in similar studies.10,27 As can be
observed in Figure 3b, the alkene CH2 proton peaks at δ =
5.1 and δ = 5.4 ppm are completely absent for samples with a
S/CO ratio comprising above 30% sulfur. This indicates that
for these samples, the vegetable oil has reacted completely with
sulfur. Conversely, for copolymers with sulfur content below
30%, there are still signals attributed to unreacted alkene
groups in the final product. It is reasonable that these
copolymers with a low amount of sulfur lead to an incomplete
cross-linking reaction. To verify this assumption, an NMR
diffusion experiment was developed to characterize the lightest
fraction of the (S/CO) copolymer with a phase-edited DOSY.
In Figure 3c, a DOSY spectrum of the (S/CO: 10/90) mass
percentage copolymer is presented. In the case of a mixture of
several compounds, either the starting material or different
copolymers, different groups of signals should be seen;
however, in this case, only a single group of signals is
observed, thus indicating that a single type of copolymer has
been formed. Regarding the new C−S bonds that should
appear in the 1H spectra, previous studies showed that these
copolymers based on sulfur should present signals due to the
thiol group between 1 and 3.5 ppm.28 They are attributed to
the high activity of sulfide radicals toward hydrogen abstraction
during the inverse vulcanization process. However, these
signals are not observed in Figure 3b because they probably
overlap with those of CO comonomers. To support this
assumption, FTIR spectroscopy can be used; in Figure 2a, the
FTIR spectra of different copolymers show a weak signal at
2400 cm−1 that increases in intensity when the amount of
sulfur in the copolymer increases. This new signal is not
displayed in the spectra for the raw CO, and therefore it can be
attributed to the new −SH− groups. In the same way, when
−SH groups are formed, hydrogen sulfide (H2S) should be
released. To verify this assumption, all the gases formed were
bubbled through a solution of 1 M of silver nitrate (AgNO3)
during the inverse vulcanization reaction. Immediately, the
clear solution turned dark brown, and a black solid (Ag2S) was
settled.
3.5. Metal Adsorption Capacity of the (S/CO)

Copolymer. The poly(S/CO) has been used to comply
with the European directive22 on water policies. Some metals
are classified as priority pollutants, that is, Hg, Cd, Pb, Zn, Ni,
Cu, Cr, As, and Se. For this reason, the environmental
remediation-mediated heavy metal adsorption would be a
greener utilization strategy. The influence of the (S/CO)
copolymer ratio and contact time on metal adsorption has
been shown in Figure 4a. At 1 h contact time, only 25 and 50%

of the four metals have been removed under the study,
showing no significant difference in the removal of these metals
between the polymers and elemental sulfur. Furthermore,
based on Pearson theory, the interactions between soft acid
and soft base have been observed, leading to a percentage
around 50%, affirming the affinity of heavy metals, such as lead
and cadmium, toward sulfur.29 However, in the case of harder
elements such as manganese and zinc, this interaction is not as
satisfactory and remains almost constant in all the attempts.
Different studies have shown Lewis−Lewis soft interaction
with metals cations, that is, mercury adsorption is effective with
sulfur and vegetable oil copolymers because it is a soft
metal.8,10,30 To avoid this behavior, the synthesis of next
generation of the hybrid copolymer to improve this affinity to
hard metals is currently under investigation in our laboratory.
To improve the removal capacity, the contact time for each

experiment was increased until 24 h. The removal percentage
of lead and cadmium increases when the S/CO ratio increases,
reaching the highest retention capacity for lead and cadmium
at 80% S. It is worth noticing that zinc retention capacity at 1
and 24 h was similar. Therefore, the retention capacity of zinc
was only influenced by the S content of the copolymer. This
study confirmed the efficient adsorption of different metals
when sulfur/refined oil ratios and time increase. Under the
conditions of assays, the percentage of removal of all metals
has increased concerning others studies,29,30 that is, less than
20% removal and focusing on mercury (Table 4).
Based on the polymer material with the best adsorbent

capacity (poly S/CO: 80/20), a series of experiments were
carried out to obtain the best dosage ratio. It has been
proposed to study the adsorbent dosages, modifying the
volume of the solution of the metals (500, 100, 40, 20, and 10
mL) and maintaining the concentration of each metal and
weight of the adsorbent material [100 mg L−1 and 1 g of (S/
CO: 80/20) copolymer]. For cadmium, a linear trend can be
observed that goes from 15 to 100% removal (Figure 4b). For
lead and zinc, the same trend for Cd has been observed,
reaching removal from 19 to 88% for Pb and 62% for Zn. The
capacity to remove manganese reached less than 20%, showing
that this copolymer is not selective for Mn, as shown in the
assay at different contact times.

3.6. Lubricant Behavior of the (S/CO) Copolymer. Due
to the versatility of the S/CO copolymers in terms of their
physical behavior, the lightest fraction has appeared as oleogel,
that is, 10% of sulfur content, and it could be considered a
viable bio-lubricant. The DOSY spectra confirmed the (S/CO:
10/90) copolymer to be a simple reticulated copolymer, not a

Table 3. Characteristic Parameters Obtained from TGA Measurements of the Poly(S/CO) Copolymers

Tmax (°C)

samples Tonset (°C) decomposition temperature range (°C) P1 P2 residue600 (%)

sulfur (S) 204.5 204.5−307.6 285.8 0 0.43
S/CO: 10/90 218.1 218.1−358.3/358.3−493.6 275.4 399.9 14.8
S/CO: 20/80 218.2 218.2−307.7/307.7−500.1 273.1 385.1 14.2
S/CO: 30/70 205.8 205.8−300.7/300.7−502.4 258.5 389.9 6.35
S/CO: 40/60 215.1 215.1−300.8/300.8−501.7 260.6 392.3 7.60
S/CO: 50/50 210.3 210.3−300.4/300.4−502.7 261.6 392.2 8.55
S/CO: 60/40 217.5 217.5−300.5/300.5−498.1 253.7 400.1 4.19
S/CO: 70/30 227.1 227.1−304.1/304.1−493.5 252.4 405.5 2.67
S/CO: 80/20 256.6 256.6−304.1/304.1−487.3 255.1 406.8 2.41
S/CO: 90/10 312.8 312.8−297.1/297.5−492.1 266.3 411.7 0.72
castor oil (CO) 355.3 355.3−489.1 0 400.7 0.17
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mixture (Figure 3c). Figure 5a shows the viscosity at 23 °C of
CO and (S/CO: 10/90) copolymers with increasing shear
stress, and it was observed that the model copolymer behaves
like a Newtonian fluid and shows that it has almost ten times
more viscosity compared to the CO.
The small-amplitude oscillatory shear results are presented

in Figure 5b. It was observed that in both cases, the viscous or
loss modulus (G″) predominates over the elastic or storage
modulus (G′), that is, G″ > G′. As can be seen in Figure 5b,
the 10% S/CO copolymer exhibits significantly higher G′ and
G″ values than the original CO. Furthermore, for the two
compounds, G″ increased more than a decade compared to G′
in the frequency range studied. This denotes the predominant

character of the CO and (S/CO: 10/90) copolymer as a liquid
than as a viscoelastic fluid. In a general manner, this trend is
reversed on increasing frequency, and when G′ is greater than
G″, the material will behave as a solid, not a liquid.26,32

Regarding viscous flow characterization, in Table 5, dynamic
viscosities for the original CO and the (S/CO: 10/90)
copolymer within a temperature range of 25 up to 100 °C are
presented. In the case of the (S/CO: 10/90) copolymer, it
shows much higher viscosities than CO, probably attributed to
the interaction forces among CO−sulfur oleogel. Unfortu-
nately, this kind of interaction forces is more dependent on
temperature, and the final valor decreases at 100 °C in both
cases. In order to obtain thermodynamics data, the Arrhenius-

Figure 3. (a) Representative structure of the (S/CO) copolymer, (b) 1H NMR spectra of (S/CO) copolymers as a function of the ratio of S/CO,
and (c) DOSY spectra for the (S/CO: 10/90) copolymer.
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type equation has been implemented (eq 1) to fit the evolution
of viscosity of both compounds with the temperature33

η = A eE RT/a (1)

where η is the dynamic viscosity, A is the pre-exponential
factor, Ea is the activation energy, R is the gas constant (8.314 J
mol−1 K−1), and T is the temperature (K). As can be observed
in Table 5 (S/CO: 10/90), the copolymer presents higher
activation energy than CO, that is, 60.7 kJ/mol. To test if the
measured (S/CO: 10/90) copolymer could be a suitable

Figure 4. (a) Effect of the adsorption time and S/CO ratio on the
metal adsorption over copolymers at 30, 70, and 80% sulfur (S)
during 1 and 24 h. Conditions: adsorption dosage, 50 g L−1;
concentration of each ion: 100 mg L−1; and Ta: 25 °C. (b) Effect of an
adsorbent dosage on Cd, Pb, Zn, and Mn removal with the (S/CO:
80/20) copolymer.

Table 4. Different Studies Based on (S-Vegetable Oil) Copolymers on the Removal of Heavy Metals

oils S8 (%) T °C time (min) dosage (g L−1) ion concentration (mg L−1) time (hour) removal (%) references

canola 50 + NaCl 175 12 50 HgCl2 107 24 92 10
rice bran 50 + NaCl 175 25 50 HgCl2 107 24 82 10
castor 50 + NaCl 175 21 50 HgCl2 107 24 83 10
canola 50 180 20 400 HgCl2 20 24 54 8
cottonseed 50 150 30 3 (pH 6) HgCl2 358.5 10 over 80 31
canola 50 + NaCl 170 25 80 Pb(NO3)2 560 1 2.8 20

Figure 5. (a) Viscosity of CO and (S/CO: 10/90) copolymers and
(b) frequency modulus dependence of the storage, G′, and loss, G″.

Table 5. Dynamic Viscosity and Fit Parameters of the
Arrhenius Equation for the (S/CO) Copolymer S/CO: 10/
90 Compared to Castor Oil Obtained in the Study by
Quinchia et al.41

S/CO: 90/10 castor oil Δμ (S/CO)

T °C μ (Pa s) μ (Pa s) μ (Pa s)

25 51.4 5.5 × 10−1 51.341
40 14.1 2.3 × 10−1 14.071
60 2.99 7.6 × 10−2 2.972
70 1.67 4.9 × 10−2 1.656
80 0.932 3.4 × 10−2 0.921
100 0.338 1.9 × 10−2 0.331
A (Pa s) 60.7 × 10−10 4.5 × 10−8 −3.893 × 10−8

Ea (kJ/mol) 60.7 40.1 20.6
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hydraulic fluid, it would be necessary to measure the kinematic
viscosity. Still, these preliminary experiments only intended to
show that a more viscous fluid than vegetable oil has been
formulated. CO−sulfur oleogel could be an interesting option
for use as cutting fluids because it presents a proven
antioxidant and antimicrobial capacity34−36 and good thermal
stability.37 Possible use of these liquid copolymers could be
their use as cutting fluids38,39 because the presence of sulfur in
their structure could have enhanced properties.23,24,37 In
contrast, the stability of vegetable oils as lubricating agents
under severe operating conditions is low.40

4. CONCLUSIONS

We report the synthesis and characterization of a gamut of
hybrid inorganic−organic copolymers based on vegetable oil
and elemental sulfur through inverse vulcanization. The CO
was used as an effective organic cross-linker inspired by organic
polymerization processes. Ratios from 10 to 90% sulfur gave
rise to a gamut of copolymers with different physical properties
from oleogels to crystalline copolymers. Based on their
physical properties, the higher amount of sulfur fractions was
chosen to remove metals in water the (S/CO: 80/20)
copolymer. Almost quantitatively, the softer metallic elements,
that is, lead and cadmium, were removed, compared with the
harder ones, such as zinc and manganese, which had a low
withdrawal result. In the case of oleogels to 10% sulfur (S/CO:
10/90) copolymers, this copolymer was tested as a precursor
of bio-based lubricants. The copolymer presented almost 10
times more viscosity and higher activation energy, that is, 60.7
kJ/mol, concerning the CO.
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