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Abstract: Vegetable oils are bio−based and sustainable starting materials that can be used to develop
chemicals for industrial processes. In this study, the functionalization of three vegetable oils (grape,
hemp, and linseed) with maleic anhydride was carried out either by conventional heating or mi-
crowave activation to obtain products that, after further reactions, can enhance the water dispersion
of oils for industrial applications. To identify the most abundant derivatives formed, trans-3-octene,
methyl oleate, and ethyl linoleate were reacted as reference systems. A detailed NMR study, sup-
ported by computational evidence, allowed for the identification of the species formed in the reaction
of trans-3-octene with maleic anhydride. The signals in the 1H NMR spectra of the alkenyl succinic
anhydride (ASA) moieties bound to the organic chains were clearly identified. The reactions achieved
by conventional heating were carried out for 5 h at 200 ◦C, resulting in similar or lower amounts of
ASA units/g of oil with respect to the reactions performed by microwave activation, which, however,
induced a higher viscosity of the samples.

Keywords: vegetable oil; maleic anhydride; Alder reaction; ene reaction; 2D COSY, HSQC, HMBC
and 1D CSSF-TOCSY NMR experiments

1. Introduction

Increasing ecological concerns have highlighted the importance of switching to re-
newable resources in terms of materials and energy. Vegetable oils, mainly consisting of
glycerol esterified with three fatty acids (with saturated and unsaturated C14–C22 carbon
atoms), are suitable bio−based and sustainable starting materials for chemical industrial
processes because of their availability, biodegradability, inherent safety, sustainability, and
affordability [1,2].

Particular attention must be applied to oils containing higher amounts of unsaturated
fatty acids [3], i.e., oleic, linoleic, and linolenic chains, which can undergo a wide variety
of chemical conversions through the introduction of functional groups such as hydroxyl,
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epoxide [4–8], or succinic anhydride [9–14] moieties. The preparation of flexible epoxy
resins has been reported by the reaction of epoxidized linseed oil crosslinked with a mixture
of cyclic anhydrides and maleinized oils [15–18].

Numerous oils can be considered as sources for other chemicals without interfering
with the food sector, especially those which are not edible, or those that, because of their
poor organoleptic properties, do not have a vast market despite being available in large
quantities. Some examples are those obtained as residues in the production of other goods,
such as castor [9,12], tung, linseed [11,15], grapeseed [19], and hemp [20,21] oils, even
though the latter two can be of interest for their pharmaceutical properties.

After modifications, the activated oils have been used for a wide variety of applica-
tions [13,14], such as plasticizers [22,23] or stabilizers for food packaging [11], hydrophobic
sizing of paper [24–26], epoxy resin-setting agents [15–18], lubricants, coatings [5], or
coupling agents [27].

Furthermore, the functionalization of vegetable oils allows for the aqueous dispersion
of non-water-soluble materials to be achieved for different industrial applications, avoiding
the need for additional surfactants to stabilize the dispersion, which may interfere with the
industrial process [28].

In this context, the reaction of vegetable oils with maleic anhydride (MA) represents an
intriguing topic, especially since new, single-step, solvent-free, or catalyzed synthetic routes,
not involving benzene, have been developed [29,30] for the synthesis of MA. A unique
class of environmentally friendly macromonomers can be formed by the combination of
the rich and versatile chemistry of MA and the biodegradable and renewable nature of
vegetable oils, forming derivatives bearing the alkenyl succinic anhydride moiety (ASA)
bound to the oil chain [31].

It has been recognized that unsaturated fatty acids react with MA upon conventional
heating (usually at 200–220 ◦C for 3–4 h), but both UV [32] and microwave-assisted [33]
processes have been investigated. Alternatively, catalytic processes in the presence of Lewis
acids have been described [34]. During the reaction, a viscosity increase has been observed,
which could be a problem in the industrial scale-up of the process.

The aim of this paper is to compare the products obtained by the reaction of MA with
grapeseed (GO), hemp (HO), and linseed (LO) oils carried out with conventional heating
or microwave activation to improve the addition of the ASA moiety as much as possible
while controlling the polymerization processes in view of the subsequent reaction with
NH2- or OH-functionalized compounds to prepare new chemically activated materials for
industrial applications.

The products were studied through a series of detailed multinuclear and multidimen-
sional nuclear magnetic resonance experiments performed also on methyl oleate, ethyl
linoleate, and trans-3-octene as reference compounds. The results were also supported by
computational NMR evidence.

2. Results and Discussion
2.1. Characterization of the Starting Materials

The purity of the reference reactants, trans-3-octene, methyl oleate, and ethyl linoleate
was checked by NMR (Figures S1–S3) and determined to be >98%, 85%, and 93%, respec-
tively. In the case of methyl oleate, the lower purity is due to the presence of linoleate as
demonstrated by the specific signal of bis-allylic protons.

The composition in terms of the saturated and unsaturated fatty acids of the grapeseed,
hemp, and linseed oils was determined by NMR, as shown in the supplementary material
(Figures S4–S7, Tables S2 and S3).

2.2. The Reaction of Maleic Anhydride with Unsaturated Fatty Acids

The reaction of MA with unsaturated fatty acid moieties in vegetable oils has been
reported to proceed through different mechanisms, yielding different products, as summa-
rized in Scheme 1 in the case of the oleic moiety:
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(i) The “ene-Alder” reaction which involves the attack of MA (acting as a highly reactive
enophile, its double bond being an electron-deficient alkene) on the carbons bearing
the double bond (the “ene” moiety) [35,36] thus shifting the double bond on the
vicinal carbon and forming a new σ-bond between the two molecules through the
general concerted mechanism reported in Scheme 2 [31];
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Scheme 2. Mechanism of the “ene-Alder” reaction.

Two possible isomeric structures can be formed: the first bearing the double bond in
the C10–C11 position and the alkenyl succinic anhydride (ASA) moiety on C9, the second
with the double bond in the C8–C9 position and the ASA moiety on C10. The reaction has
been reported to require relatively high temperatures (200–230 ◦C), involving the transfer
of the allylic hydrogen (in C8 or C11) to the enophyle (Scheme 1, ene reaction route), thus
forming the species A and B, respectively.

(ii) A free radical mechanism that involves the attack of MA on the allylic carbons and
the maintenance of the double bond in the same C9-C10 position, which can be
hydrogenated as well, and bearing the ASA moiety on C8 or C11 [37] (Scheme 1, route
allylic reaction), giving rise to the species C and D, respectively.

In Scheme 3 additional processes were considered in the case of the linoleic moiety:

(iii) The isomerization of the double bonds to the conjugated systems (Scheme 3, route
isomerization) and the subsequent Diels-Alder reaction with the formation of cyclo-
hexene adducts, again in the possible positions C10–C11 or C11–C12, forming the
species L and M, respectively [38,39];

(iv) The attack of MA on C11 [33,40], giving rise to the species I;
(v) The formation of ASA inter- or intra-molecular bridges, yielding oligomeric or poly-

meric species containing the n moieties [41].
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It has been reported that the ene-reaction is more favorable with respect to the other
possible mechanisms, yielding complex product mixtures in any case, including partially
or totally hydrogenated species [33].

Recently [42], in agreement with previous observations [43], it was demonstrated
that a thermal polymerization of methyl linoleate alone can also occur under anaerobic
conditions, probably through a radical mechanism, without the formation of cyclohexene
adducts, thus improving the number of species which can be formed during the thermal
reactions in the presence [44] or in the absence of MA.

In a recent study, the reactions between soybean or linseed oil with MA were optimized
in terms of temperature and time taken to achieve highly functionalized maleated oils in
view of a scale-up reaction. It was reported that the reaction carried out in a sealed reactor
(without catalyst or solvent, at 200–230 ◦C for 4 h, under nitrogen, with MA content varying
from 1.7 to 4.5 eq per triglyceride) produced dark viscous liquids, while the reactions
carried out in an open reactor (at 200 ◦C for 4 h) produced less viscous and lighter colored
final products, even if the MA was almost completely consumed in both cases. Similar
results have been achieved on a pilot plant scale. The difference in behavior between
sealed and open reactors was explained by a higher oligomerization amount related to the
build-up of ethyne in the sealed reactor [40].

2.3. Reactions of Maleic Anhydride with Trans-3-Octene

The reaction with MA by the microwave irradiation of trans-3-octene was considered
as a model to identify the most abundant products.

The compounds that could be formed through “ene” and “allylic” mechanisms from
the reaction of trans-3-octene and MA are shown in Scheme 4. Four derivatives were
expected, each of them in four stero-isomeric forms, but the only derivatives detected were
compound A and its diastereomer at C-4, A’, and one stereoisomer each for compounds
B and C, while compound D was not detected. The accurate chemical shift values of
each compound were obtained using CSSF-TOCSY, as demonstrated in Figure 1, and their
assignments are reported in Table 1.
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Figure 1. CSSF-TOCSY 1H NMR spectra of the reaction mixture of trans-3-octene/MA 1/1.

To support the assignment of the NMR resonances and the identification of the prod-
ucts obtained by the reaction, we also ran a set of DFT calculations for the carbon and
proton chemical shifts of the molecules in Scheme 4. For each compound (A, B, C, and
D) we built two diastereoisomers, one having the same chirality for the chain and the
ASA carbons, and one having the opposite chirality. For all eight molecules, we ran the
computational protocol described in the Section 3. Finally, we correlated the calculated vs.
experimental values, and from the linear fitting, we obtained the correlation coefficient R2

and the Corrected Mean Absolute Error, CMAE, defined as CMAE = Σn|δscaled − δexp|/n,
where δscaled = (δcalcd − b)/a. The CMAE measures the distance between the experimental
value and the value predicted by the linear fitting, a and b being the slope and the inter-
cept. This was performed for each calc./expt. data set pair: 8 calculated dat−asets with
4 experimental datasets for a total of 32 correlations.
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Table 1. Chemical shifts (multiplicity) of trans-3-octene’s products according to the labeling of
Scheme 4. d = doublet, t = triplet, m = multiplet, s = septet, dd = doublet of doublets, qd = quartet of
doublets, dt = doublet of triplets, qt = quintet.

Species A A’ B C

δ

[ppm] δ 1H δ 13C δ 1H δ 13C δ 1H δ 13C δ 1H δ 13C

1 1.67 (dd) 18.1 1.66 (dd) 13.4 0.90 (t) 11.9 0.90 (t) 11.9

2 5.60 (dd) 130.9 5.61 (dd) 130.9 1.61
1.56 (m) 25.2 1.97 (qd) 34.7

3 5.10 (dd) 127.1 5.15 (dd) 128.4 2.22 (s) 47.1 5.59 (dt) 136.6

4 2.32 (s) 45.0 2.62 (s) 42.7 5.07 (dd) 127.3 5.12 (dd) 126.6

5 1.58
1.48 (m) 25.1 1.38 (m) 25.40 5.59 (dd) 136.7 2.54 (s) 44.6

6 1.29 (m) 22.4 1.29 (m) 22.4 1.99 (m) 34.7 1.42
1.50 (m) 25.4

7 1.20 (m) 22.4 1.21 (m) 22.4 1.36 (m) 22.5 1.35 (m) 32.1

8 0.88 (t) 13.9 0.88 (t) 13.9 0.87 (t) 13.9 0.85 (t) 13.8

a 3.17 (m) 45.2 3.16 (m) 45.1 3.19 (m) 45.1 3.18 (qt) 45.11

b, b’ 2.71
3.03 (dd) 32.7 2.74

2.90 (dd) 30.2 2.71
3.03 (dd) 32.7 2.75

2.90 (dd) 30.3

In Figure S8, we report the R2 values of the 13C chemical shifts. It appeared that the
computational protocol was not able to clearly distinguish between the various compounds:
all correlations were similar, probably because the 13C experimental data of each molecule
were too close to each other with respect to the predictive power of the DFT methods.

In contrast, the comparison of calculated and experimental proton resonances was
more insightful. In Figure 2, we show the correlation coefficients R2 for each correlation:
the first two sets of experimental values, assigned to the pairs of diastereoisomers A and
A’, show a very high correlation with the calculated values from the two diastereoisomers
of A. Specifically, both the correlation of the calculated values for the (S,S) isomer with
the experimental values labeled A in Table 1—and of the calculated values for the (S,R)
isomer with the experimental set A’—have R2 > 0.99. More importantly, the other two
sets of experimental data, B and C, are clearly in disagreement, with R2 < 0.95. However,
the level of confidence of these computational protocols does not allow us to state with
confidence that the experimental set A and A’ corresponds to (S,S) and (S,R), respectively,
since the correlation of (S,S) with A’ and (S,R) with A is also high. Similarly, the CMAE
values agree with the above conclusions.

On the other hand, the calculations also support the proposal that molecule D is not
present in the solution: none of the correlations of the calculated values for D with the four
sets of experimental data is close to 0.99 and none of the CMAE values is below 0.15 ppm.

Less clear-cut results were obtained for molecules B and C since for both molecules,
one diastereoisomer has a high correlation and a low CMAE value with the experimental
datasets for both B and C. Therefore, we cannot distinguish between B and C based on
the results of the calculations, so we must rely on the experimental evidence of the double
bond position. Overall, the DFT results support the proposed assignment of the four
experimental data sets as reported in Table 1.
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2.4. Reaction of Maleic Anhydride with Methyl Oleate or Ethyl Linoleate

The reactions of MA with methyl oleate and ethyl linoleate in an equimolar ratio were
investigated next. The reaction progress was assessed by collecting samples at different
times (typically every hour for the conventionally heated samples and every 15 min for
microwave-assisted processes), and FTIR spectra were recorded to evaluate the extent of the
maleinization reaction. Maleic anhydride is characterized by a sharp, strong absorption at
697 cm−1, which decreases during the reactions, while the signals at 1783 and 1857 cm−1 are
partially covered by the strong absorptions of the ester moieties in the oil. The conversion
of MA to ASA can be easily detected through the appearance of a sharp signal at 917 cm−1

and a shoulder that becomes a well-defined peak at 1862 cm−1 as the reaction proceeds [45].
The product of methyl oleate with MA contains the moiety shown in Figure 3, and the

NMR spectrum (Figure 4) showed the following characteristic peaks (δ 1H ppm, δ 13C ppm):
a (2.0, 32.9), b (5.61, 136.87), c (5.13, 126.66), d (2.65, 45.65), e (1.40, 33.03), f (3.16, 42.76),
g (2.77–2.90, 30.34).
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Figure 4. 1H NMR spectrum of the reaction product of methyl oleate with MA (under MW activation).
The protons of the alkenyl succinic anhydride group are labeled according to Figure 3.

In the product of ethyl linoleate with MA, the three principal compounds found are
shown with three different symbols in Figure 5.

The first is compound A of Scheme 3 (δ 1H ppm, δ 13C ppm): 8 (2.02, 32.63), 9 (5.53,
133.25), 10 (5.31, 125.68), 11 (2.20,), 12 (2.78, 42.7), a (3.25, 44.5), b (2.86–2.91, 33.12), 13 (5.21,
125.97), 14 (5.64, 136.78), 15 (2.02, 32.63), 16–17 (1.30, -), 18 (0.90, 14.1).

The compounds with conjugated double bonds (compounds E and F of Scheme 3)
have the same pattern of chemical shifts in the 1H-NMR spectrum. The resonances of
compound E (δ 1H ppm, δ 13C ppm) are reported here: 8 (2.51, -), 9 (2.78, 42.70), a (3.22,
43.70), b (2.76–2.92, 30.12), 10 (5.35, 128.20), 11 (6.43, 130.59), 12 (5.92, 127.65), 13 (5.46,
133.70), 14 (2.07, 27.30).

The compounds obtained by double bond isomerization and then by the Diels-Alder
reaction are the compounds L and M of Scheme 3. These two isomers have the same
values of chemical shift in the 1H-NMR spectrum. These are the resonances of compound L
(δ 1H ppm, δ 13C ppm): 8 (2.34, 33.3), 9 (2.84, 37.3), 10 (6.14, 133.7), 11 (5.84, 129.8), 12 (2.99,
35.8), 13 (1.60, 35.9), a (3.38, 44.6), b (3.84, 43.4) [46].



Molecules 2022, 27, 8142 9 of 19
Molecules 2022, 27, x FOR PEER REVIEW 9 of 19 
 

 

 
Figure 5. 1H NMR spectrum of the reaction product of ethyl linoleate with MA; the signals are 
highlighted by different symbols: ۵ compound A; * compound E (or F); ο compound L (or M) of 
Scheme 3. 

If present, the double bond close to the ASA groups both in methyl oleate and in 
ethyl linoleate derivatives is in the trans configuration, in agreement with the data from 
the literature [33,47]. 

2.5. Reactions of Maleic Anhydride with Grapeseed, Hemp, and Linseed Oils 
The reactions of MA with the vegetable oils produced complex mixtures of products, 

the appearance of which depended on the oil:MA ratio, the time of reaction, and the 
heating mode. 

In the case of grapeseed oil, the reaction carried out by microwave activation for 30 
min incorporated practically the same amount of MA as the reaction performed with 
conventional heating for 5 h, confirming also for this reaction a large reduction in time, 
even if it resulted in higher viscosity [33,48–50]. 

In Figure 6, the 1H NMR spectrum of the product from the reaction GO/MA, sample 
GO2 MW, is reported. The relevant region of the 1H NMR spectra of the three maleates 
GO, HO, and LO oils is shown in Figure 7. The signals of the ASA groups identified in the 
oleate and linoleate products were found in all cases. In hemp oil and linseed oil, the 
linolenic acid chain is also present; given the presence of three double bonds that could 
react with maleic anhydride, many more isomeric products are possible. 

Figure 5. 1H NMR spectrum of the reaction product of ethyl linoleate with MA; the signals are highlighted
by different symbols: 5compound A; * compound E (or F); o compound L (or M) of Scheme 3.

If present, the double bond close to the ASA groups both in methyl oleate and in ethyl
linoleate derivatives is in the trans configuration, in agreement with the data from the
literature [33,47].

2.5. Reactions of Maleic Anhydride with Grapeseed, Hemp, and Linseed Oils

The reactions of MA with the vegetable oils produced complex mixtures of products, the
appearance of which depended on the oil:MA ratio, the time of reaction, and the heating mode.

In the case of grapeseed oil, the reaction carried out by microwave activation for
30 min incorporated practically the same amount of MA as the reaction performed with
conventional heating for 5 h, confirming also for this reaction a large reduction in time,
even if it resulted in higher viscosity [33,48–50].

In Figure 6, the 1H NMR spectrum of the product from the reaction GO/MA, sample
GO2 MW, is reported. The relevant region of the 1H NMR spectra of the three maleates
GO, HO, and LO oils is shown in Figure 7. The signals of the ASA groups identified in
the oleate and linoleate products were found in all cases. In hemp oil and linseed oil, the
linolenic acid chain is also present; given the presence of three double bonds that could
react with maleic anhydride, many more isomeric products are possible.

The mixtures obtained in the reactions of GO, HO, and LO with MA depended on the
amount of MA, the reaction time, and the use of either thermal or microwave activation:
specifically, a slightly higher degree of ASA substitution was achieved in all cases with
microwave activation even though, in the latter case, the viscosity was higher. This result
could be related to the occurrence of more efficient oligomerization processes in the sealed
microwave reactor [40].
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The viscosity of the samples measured through a CSR test was independent of the
shear rate applied. All of the samples showed the typical trend of a Newtonian liquid in
which the viscosity remains constant as the shear rate increases.

Compared to the viscosity of the starting oils measured at a shear rate of 0.1 s−1

(0.045 Pa·s for GO, 0.040 Pa·s for HO and LO), the functionalized oils showed an increase
in viscosity depending on different factors: (i) Oil/MA ratio: comparing the GO2 MW and
GO5 MW samples, the viscosity increased from 2.2713 Pa·s to values higher than 500 Pa·s.;
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(ii) reaction time: comparing GO2 MW and GO4 MW, the viscosity slightly increased from
2.2713 to 2.6555 Pa·s, and (iii) the activation method: for GO and HO, where small differences
in the ASA mmol/g of oil were detected, the viscosity of the final mixtures obtained under
conventional heating (for GO1 0.197 Pa·s and for HO1 1.448 Pa·s) was lower than that of
GO 2MW (2.271 Pa·s) and HO1 MW (5.638 Pa·s). A similar trend was observed also for LO
(0.233 Pa·s for LO1 and 23.427 Pa·s for LO MW) even though in LO1, the ASA content was
significantly lower. These observations agree with the literature [41] where the increase
in the viscosity is related to the increase in ASA content because of the disorder and the
decreased alignment of chains and consequently a higher resistance of the fluids to flow.

A preliminary investigation of the viscoelastic properties was carried out on the
starting oil GO and on the functionalized mixtures GO2 MW and GO4 MW (Figure 8). The
FS analyses, performed while maintaining the oscillation amplitude inside the LVER and
decreasing the frequency, showed that the functionalized mixtures had higher values of
G* modulus than the starting oil GO (Figure 8a), indicating an increase in the viscoelastic
properties after functionalization. Between the samples GO2 MW and GO4 MW, no
quantitative difference could be detected in the values of G*. For the samples under
examination, the viscous modulus G” was always greater than the elastic modulus G’ in the
whole range of deformation investigated, as shown by the tanδ values (Figure 8b). Tanδ is a
rheological parameter calculated from the ratio between the G” and G’ modulus; values of
tanδ > 1 correspond to liquid-like behavior in which the viscous component G” dominates
over the elastic one G’ since the bonds between the individual molecules are weaker. GO2
MW showed the lowest values of tanδ, indicating a higher elastic G’ modulus than in GO4
MW and a greater degree of internal structuring.
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The differences observed in the mixtures deriving from the reactions carried out on the
oils between conventional heating and microwave activation could be ascribed to various
effects specific to microwaves. (i) The first is the decreasing of the dielectric constant
of the reaction mixture with time (a parameter that indicates the ability of a material to
store electromagnetic energy by polarization) due to the consumption of MA, which has
a high dielectric constant (52.57), in the oils with very low dielectric constants (≤ 3) [50].
(ii) The second is the higher or lower activation of reactions occurring through polar or
nonpolar transition states. In the cases of isopolar transition state reactions such as Diels-
Alder cycloaddition or ene reactions, no specific microwave effect would be expected even
though it was observed in many cases [51], suggesting that polar transient species are
involved in these processes. In the presence of a polar solvent or a polar reagent, such
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as MA, a strong coupling with the radiation can occur in the reaction mixture. This is
particularly important in heterogeneous systems where microscopic hot spots or selective
heating can be generated, thus explaining the higher yields in the somewhat lower times
with respect to conventional heating. In any case, the activation energy reported for
the reaction of fatty acid esters with an MA of about 77 kJ/mol [52] indicates that these
processes (having activation energy higher than 20–30 kJ/mol, [50]) can be successfully
performed under microwave irradiation. (iii) In the case of radical processes carried out by
microwave activation, a “solvent cage-effect” (in our case an “oil cage-effect”) has also been
proposed and studied, which occurs on the radical species formed during the reaction, thus
limiting the collisions and their recombination [53].

All of these effects can act in a different manner on the different oils depending on the
amount of linoleic and linolenic species, which can undergo Diels-Alder reactions, thus
inducing a selectivity between the different mechanisms involved in the processes.

To characterize the final mixtures, some thermogravimetric determinations were also
carried out under nitrogen. The data are collected in Table 2. Figure 9 shows the TG and
DTG curves of the oils and of the maleated derivatives. The degradation temperatures for
pristine GO and HO are similar and higher compared to LO, considering both the onset
temperature and the temperature at 5 wt% loss (Table 2). This is consistent with the highest
content of linolenic acid in LO and with the general correlation between the number of
double bonds and the reduced thermal stability.

Table 2. TGA under N2 and DTG data for GO, HO, LO, and related maleinization products.

Sample TGA TGA Residual Mass @650 ◦C DTG (1) DTG (2) DTG (1) DTG (2)

T ◦C Onset T ◦C @5%wt Loss % T ◦C T ◦C MDR (mg/min−1) MDR (mg/min−1)

GO 390.4 378.3 0.4 412.7 420.9 −4.4 −3.8

GO 1 373.7 316.4 1.8 - 421.5 − −3.6

GO 2
MW 375.2 336.2 2.93 - 420.7 − −3.3

HO 389.9 378.4 0.55 411.2 421.4 −4.1 −3.9

HO 1 375.7 339.5 3.18 - 420.4 − −2.9

HO
MW 375.4 334 3.09 - 421.6 − −3.2

LO 386.7 370.9 0.93 407.7 423.3 −4.1 −4.2

LO 1 379.9 341 2.18 - 420.9 − −3.8

LO
MW 369.7 328.1 4.28 - 419.13 − −3.2

All of the TGA profiles show similar trends (Figure S9), and both the onset temperature
and the temperature at 5% weight loss of the maleated derivatives were lower with respect
to the values of the starting oils, with negligible differences between the samples prepared
by conventional heating or microwave activation. The DTG curves indicated two main
overlapping steps for the oils because of the complex sequence of degradation processes
involving the carbon–carbon cleavage with the formation of many species through radical
mechanisms including olefins and polymers [54–56], probably occurring at the same time
during thermal decomposition. For this reason, the identification of a single chemical
species through the attribution of each decomposition step in the DTG profile is not trivial.
However, for the maleate derivatives, an additional shoulder can be observed at lower
temperatures as shown in Figure 9, which can be attributed to the degradation of the
incorporated ASA moieties in the oil structure, while the main DTG peak could be due to
the decomposition of the modified chains. On these bases, it is reasonable to deconvolute
the DTG into three main components (Figure S10): two main steps at higher temperatures
accounting for the thermal degradation of lipid and the derived polymers and one at lower
temperatures for ASA moieties. The deconvolution of the DTG (Table S4) indicates the
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amounts of ASA moieties in the maleate derivatives which are in agreement with the
titration data reported in Table 3.
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Table 3. Experimental details and some properties of the reaction products between the vegetable
oils and maleic anhydride.

Vegetable Oil Sample Labeling Experimental Details Aspect ASA mmol/g of Oil Viscosity, η (Pa•s)

Grapeseed oil,
GO

GO - uncolored - 0.045

GO 1 Oil/MA = 50 g/9.3 g; 200 ◦C; 5 h pale yellow 0.85 ± 0.03 0.197 a

7.574 b

GO 2 Oil/MA = 50 g/20 g; 200 ◦C; 5 h brown - >500 a

GO 3 Oil/MA = 50 g/30 g; 200 ◦C; 12 h brown 1.99 ± 0.06 167.79 b

GO 4 Oil/MA = 50 g/0 g; 200 ◦C; 5 h dark brown - 30.802 b

GO 1 MW Oil/MA = 50 g/9.3 g; 1 × 15 min pale yellow - -

GO 2 MW Oil/MA = 50 g/9.3 g; 2 × 15 min yellow 0.92 ± 0.03 2.271 a

15.403 b

GO 3 MW Oil/MA = 50 g/9.3 g; 3 × 15 min yellow - -

GO 4 MW Oil/MA = 50 g/9.3 g; 4 × 15 min yellow 0.91 ± 0.03 2.656 a

GO 5 MW Oil/MA = 50 g/30 g; 2 × 15 min brown - >500 a

GO 6 MW Oil/MA = 50 g/20 g; 2 × 15 min light brown 1.88 ± 0.05 >500 a
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Table 3. Cont.

Vegetable Oil Sample Labeling Experimental Details Aspect ASA mmol/g of Oil Viscosity, η (Pa•s)

Hemp oil, HO

HO - pale yellow - 0.04

HO 1 Oil/MA = 50 g/9.3 g; 200 ◦C; 5 h yellow 0.79 ± 0.03 1.448 a

HO MW Oil/MA = 50 g/9.3 g; 2 × 15 min yellow 1.01 ± 003 5.638 a

Linseed oil, LO

LO - yellow - 0.040

LO 1 Oil/MA = 50 g/9.3 g; 200 ◦C; 5 h yellow 0.43 ± 0.02 0.233 a

LO MW Oil/MA = 50 g/9.3 g; 2 × 15 min orange 1.23 ± 0.04 23.427 a

a The viscosity measurements were carried out within a week after preparation. b The viscosity measurements
were carried out after 6 months after preparation.

The main decomposition rate of the modified oils is lower than their precursors, as
reported in Table 2. This is consistent with the behavior reported by Gaglieri et al. [41]. The
insertion of the anhydride moieties leads to the formation of complex reaction mixtures, as
evidenced by the 1H and 13C NMR spectra where the substituted chains are more impeded
and cannot properly align to a more ordered system, with a consequent increase in disorder
leading to greater viscosity, as shown in this study. This is particularly true for LO and
its derivatives where an MDR increase of 24% is observed for LOMW with respect to the
pristine LO, which is to be expected considering the great increase in the measured viscosity
and the ASA content reported here.

3. Experimental Section
3.1. Materials and Methods

Maleic anhydride, methyl oleate, ethyl linoleate, and trans-3-octene were purchased
from Merck and used as received. Grapeseed, hemp, and linseed oils were purchased in a
local supermarket (all of the oils were of the Despar® Vital brand, made in Italy).

3.1.1. Reactions of Vegetable Oils and Maleic Anhydride Using Conventional Heating

The reactions carried out with conventional heating were performed under a nitro-
gen atmosphere in a three-neck round flask with a capacity of 250 mL, equipped with a
heating mantle (LabHEAT KM-RX1001 with KM-G2-250 mL, SAF Wärmetechnik GmbH,
Mörlenbach, Germany) and a magnetic stirrer. A condenser heated at 60 ◦C was connected
to the central neck to control the MA sublimation; the nitrogen inlet was connected in the
second neck, and the third neck was used to add MA and for sample collection during
the reactions. The reaction mixtures were heated to 200 ◦C (heating rate 5 ◦C/min). Over
time, the reaction mixtures became progressively brown, and viscosity increased. The
reactions were followed by FTIR collecting samples every hour and stopped after 5 h. The
reaction mixtures were cooled and subjected to centrifugation at 10,000 rpm for 10 min to
separate the unreacted MA, if present. The experimental details are summarized in Table 3.
Experiments were performed in triplicate and the data were averaged.

3.1.2. Reaction of Methyl Oleate with Maleic Anhydride Using Conventional Heating

A total of 50.01 g (0.17 mol) of Methyl oleate (MO) was allowed to react with an
equimolar amount of MA (16.50 g) in a three-necked round flask with a capacity of 250 mL
and heated at 200 ◦C (heating rate 5 ◦C/min) as described above. The reaction was stopped
after 5 h, collecting samples every half hour to record FTIR spectra. Only after 3 h at
200 ◦C did the FTIR spectrum clearly indicate ASA formation (absorptions at 918 and
1861 cm−1, with a significant decrease in the absorption at 696 cm−1 of free MA). The
reaction mixtures were cooled and subjected to centrifugation at 10,000 rpm for 10 min to
separate the unreacted MA. The yield was 28% as determined by 1H NMR integration and
26% by titration. A brown viscous liquid had formed. ESI (MO = C19H36O2, MW 296.49;
MA = C4H2O3, MW 98.06): m/z 417 [MO + MA + Na]+ (100%).
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3.1.3. Reactions of Vegetable Oils and Maleic Anhydride by Microwave Irradiation

The reactions carried out by microwave irradiation were performed in an Anton
Paar Monowave 200 Microwave reactor (with a nominal power of 850 W, Anton Paar
GmbH, Graz, Germany) using a glass reactor (10 mL), which was connected to temperature
and pressure controllers. The system was heated at a rate of 10 ◦C/min until the final
temperature of 230 ◦C; then it was held for steps of 15 min to collect samples and record
the FTIR spectra. The experimental details are summarized in Table 3. Experiments were
performed in triplicate and the data were averaged.

3.1.4. Reaction of Trans-3-Octene with Maleic Anhydride by Microwave Irradiation

A volume of 3 mL of trans-3-octene (2.15 g, 19.14 mmol) was allowed to react with
an equimolar amount of MA (1.88 g) in the Anton Paar Monowave 200 at 230 ◦C for steps
of 15 min. After 15 min, the FTIR spectra showed the absorption at 1861 cm−1 of the ASA
moiety, which had become more intense after 1 h when the reaction was stopped. A viscous
yellow liquid had formed. The yield was 82% by 1H NMR integration and 80% by titration.
ESI (T3O = C8H16, MW 112.21; MA = C4H2O3, MW 98.06): m/z 477 [2T3O + 3MA-CO2 +
3H]+ (40%); m/z 605 [3T3O + 3MA-CO2 + 3H + CH3]+ (100%).

3.1.5. Reaction of Methyl Oleate with Maleic Anhydride by Microwave Irradiation

A volume of 3 mL of methyl oleate (2.62 g, 8.84 mmol) was allowed to react with an
equimolar amount of MA (0.87 g) in the Anton Paar Monowave 200 at 230 ◦C for steps of
15 min and stopped after 1 h. The reaction mixture was cooled and subjected to centrifugation
at 10,000 rpm for 10 min to separate the unreacted MA. After 30 min at 230 ◦C, the FTIR
spectrum clearly indicated ASA formation. The yield was 60 % by 1H NMR integration and
57% by titration. A light brown viscous liquid formed. ESI (MO = C19H36O2, MW 296.49;
MA = C4H2O3, MW 98.06): m/z 417 [MO + MA + Na]+ (100%).

3.1.6. Reaction of Ethyl Linoleate with Maleic Anhydride by Microwave Irradiation

A volume of 3 mL of ethyl linoleate (2.63 g, 8.52 mmol) was allowed to react with an
equimolar amount of MA (0.83 g) in the Anton Paar Monowave 200 at 230 ◦C for steps of
15 min. The reaction was stopped after 1 h. The reaction mixture was cooled and subjected
to centrifugation at 10,000 rpm for 10 min to separate the unreacted MA. After 30 min at
230 ◦C, the FTIR spectrum clearly indicated ASA formation. An orange viscous liquid formed.
Yield 33% (by 1H NMR integration; 32% by titration). ESI (EL = C20H36O2, MW 308.50;
MA = C4H2O3, MW 98.06): m/z 429 [EL + MA + Na]+ (58%); m/z 445 [EL + MA + K]+ (100%).

3.2. Characterization Techniques

The starting materials (trans-3-octene, ethyl linoleate, methyl oleate, grapeseed oil,
hemp oil, and linseed oil), used as received, were characterized by multinuclear NMR
experiments using a 600 MHz Bruker Avance spectrometer equipped with a Prodigy
cryoprobe. Furthermore, 1H and 13C assignments of each product were determined by 1D
conventional and CSSF-TOCSY [48] experiments with the support of 2D COSY, HSQC, and
HMBC experiments.

Fourier Infrared Spectroscopy (FTIR) analyses were recorded with a Perkin-Elmer Spec-
trum 100 using NaCl plates as support for all of the samples in the range of 4000–400 cm−1.

The amount of succinic anhydride formed during the reactions was determined by
titration with NaOH and phenolphthalein: about 1 g of adduct was put into a flask, 20 mL
of acetone was added, the solution was stirred until the solubilization of the adduct; then
0.4 mL of distilled water was added, and the mixture was kept for 15 min at 60 ◦C to
hydrolyze the succinic anhydride. The acid formed was titrated with a NaOH solution
(0.2 mol/L) in water. To determine the average number of ASA units incorporated per
triglyceride, we considered that each anhydride unit consumes 2 equivalents of base, and
the base amounts due to the determination of the soap numbers of the starting oils were
subtracted [33,40].



Molecules 2022, 27, 8142 16 of 19

The ESI MS analyses were performed using a Finningan LCQ-Duo ion-trap instrument
(Thermo Fischer Scientific, Milan, Italy), operating in positive ion mode (sheath gas flow
N2 30 a.u., source voltage 4.0 kV, capillary voltage 21 V, capillary temperature 200 ◦C). The
He pressure inside the trap was kept constant. The pressure, directly read by an ion gauge
(in the absence of the N2 stream), was 1.33 × 10−5 Torr. Sample solutions were prepared by
dissolving the compounds (3 mg) in CH3CN (5 mL) and diluting 1 mL of the solution in
CH3CN (5 mL) immediately before analysis.

Thermogravimetric analysis of the final products was carried out on 19–20 mg of
samples placed on Al2O3 crucibles under a N2 atmosphere (60 mL/min), heating from
RT to 650 ◦C at 10 ◦C/min using a Netzsch STA 449 C analyzer. Data were processed
and analyzed by Netzsch Proteus software, and the deconvolution of the DTG curves was
calculated by the Microcal Origin Pro fitting routine.

Rheological determinations were performed with an Anton-Paar rheometer Physica
MCR e302 equipped with a con-plate CP50-P1 geometry with a fixed gap of 0.098 mm.
The analyses were conducted both in continuous and oscillatory flow conditions, setting
the temperature at 23 ◦C ± 0.05 ◦C. A Controlled Shear Rate (CSR) test was conducted to
determine the viscosity values (η) and the flow behavior of the samples at an increasing
shear rate, ranging from 0.001 to 1000 s−1. The samples’ viscoelastic properties, i.e., the
trend of storage elastic (G’) and loss viscous (G”) moduli, were evaluated through tests in
an oscillatory regime conducted at small deformations where the upper plate oscillated,
and the lower plate remained stationary. Amplitude sweep (AS) tests were performed
fixing the frequency at 1 Hz while increasing the strain values (γ) from 0.01% to 1000%
to identify the samples’ linear viscoelastic region (LVER). In this region, both the elastic
and the viscous moduli remained constant until critical strain (γ G’ = G”), indicating the
strain range in which the measurements can be carried out without irreversibly altering
the structure of the product. Selecting a percentage γ value inside the LVER and keeping it
fixed, frequency sweep (FS) tests were performed varying the oscillation frequency from
10 Hz to 0.01 Hz to analyze the samples’ inner structure and the type of intermolecular
interactions that characterize the materials expressed by the complex modulus (G*) and the
damping factor (tanδ) [57,58]. G* is defined as the ratio between the shear stress and the
shear strain under oscillatory conditions. Tanδ is calculated from the ratio between the G”
and G’ moduli.

3.3. DFT-NMR Calculations

A conformational search for each compound investigated by Density Functional
Theory (see Section 2) was run with SPARTAN02 using the MMFF94 Force Field [59].
The conformers were then submitted for energy minimization at the B3LYP/6-31 + G(d)
level. The lowest energy conformers with energy within 2 kcal/mol (accounting for
more than 96% of the population at 298 K) from the most stable one, were selected for
the GIAO-B3LYP/pcS-2 [60] calculation of the isotropic shielding constant, σ, following
established protocols [61]. The shielding constant of TMS at the same level of theory was
used to calculate the chemical shift as δ = σref − σ. Chemical shifts were then averaged
based on the Boltzmann population of each conformer. DFT calculations were run using
the software package Gaussian 16 [62].

4. Conclusions

The reactions of grapeseed, hempseed, and linseed oils with maleic anhydride were
studied with the objective of attaining the functionalization of the hydrophobic oils with
a polar reactive alkenyl succinic anhydride group to promote further reactions for the
achievement of water dispersions for industrial applications. The reactions occur through
different mechanisms yielding complex mixtures of unsaturated and saturated products
depending on the presence of one or more double bonds in the starting materials. To
clearly identify the most relevant products formed, trans-3-octene, methyl oleate, and
ethyl linoleate were also reacted. The reactions were carried out either by conventional
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heating or by microwave activation. Through a detailed NMR investigation, the products
formed in the reaction of trans-3-octene were identified, and the results were supported
by a computational study. The signals of the alkenyl succinic anhydride (ASA) moiety
bound to the methyl oleate and ethyl linoleate chains were identified, thus allowing us to
recognize them in the quite complex spectra of the oil derivatives. The reactions carried
out under conventional heating yielded a similar or lower amount of ASA groups bound
to the organic chains with respect to the reactions carried out under microwave activation,
which required very short times. However, in the latter case, the viscosity of the reaction
mixtures was higher. In all cases, an increase in viscosity with time after the reactions was
observed; this effect appeared particularly evident in the case of microwave reactions. This
aspect deserves further investigation to better understand the specific effect of microwave
activation, at least in this type of reaction.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27238142/s1, Table S1: 1H and 13C assignments of
trans-3-octene (98% purity); Figure S1: Structure and 1H NMR spectrum of trans-3-octene; Figure S2:
1H NMR spectrum of methyl-oleate; Figure S3: 1H NMR spectrum of ethyl-linoleate; Table S2: NMR
data and assignments for oleic acid, linoleic acid, and linolenic acid; Table S3: Composition of
grapeseed oil, hemp oil, and linseed oil; Figure S4: HMBC spectrum of the final reaction mixture
of trans-3-octene and maleic anhydride; Figure S5: HSQC spectrum of the final reaction mixture of
trans-3-octene and maleic anhydride; Figure S6: HSQC of the final reaction mixture of grapeseed oil
and maleic anhydride; Figure S7: HMBC of the final reaction mixture of grapeseed oil and maleic
anhydride; Figure S8: Correlation coefficients, R2, obtained from the linear fitting of calculated
vs. experimental 13C chemical shifts, and Corrected Mean Absolute Errors (CMAE) for the same
correlations; Figure S9: TGA profiles for the GO, HO, and LO and the corresponding maleate
derivatives; Figure S10: Deconvolution of the derivatives of mass loss with respect to temperature for
maleinization derivatives; Table S4: Area % calculation for GO1, GO2MW, HO1, HOMW, LO1, and
LOMW from the deconvolution of the DTG curves into three components.

Author Contributions: Conceptualization: M.N., P.S. and R.B.; methodology: B.M.B. and F.L.;
nuclear magnetic resonance determinations: A.S. (Anna Scettri), E.S. and S.M.; thermogravimetric
determinations: A.F.; viscosity determinations: A.S. (Alessandra Semenzato) and G.T.; computational
NMR studies: G.S.; funding acquisition: M.N. and R.B.; writing-review and editing: F.L., P.S., S.M.
and R.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors acknowledge research support from POR FESR Veneto 2014–2020
(SAFE: Smart creAtivity for saFety and rEstart; WP4: 1.1.4 Sostegno alle attività collaborative di R&S
per lo sviluppo di nuove tecnologie sostenibili di nuovi prodotti e servizi). Calculations were run on
the C3P computational facilities of the Department of Chemical Sciences of the University of Padova.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Not applicable.

References
1. Biermann, U.; Bornscheuer, U.; Meier, M.A.R.; Metzger, J.O.; Schafer, H.J. Oils and Fats as Renewable Raw Materials in Chemistry.

Angew. Chem. Int. Ed. 2011, 50, 3854–3871. [CrossRef] [PubMed]
2. Guner, F.S.; Yagci, Y.; Erciyes, A.T. Polymers from triglyceride oils. Prog. Polym. Sci. 2006, 31, 633–670. [CrossRef]
3. Mosiewicki, M.A.; Aranguren, M.I. A short review on novel biocomposites based on plant oil precursors. Eur. Polym. J. 2013, 49, 1243–1256.

[CrossRef]
4. Wang, R.; Schuman, T.P. Vegetable oil-derived epoxy monomers and polymer blends: A comparative study with review. eXPRESS

Polym. Lett. 2013, 7, 272–292. [CrossRef]

https://www.mdpi.com/article/10.3390/molecules27238142/s1
https://www.mdpi.com/article/10.3390/molecules27238142/s1
http://doi.org/10.1002/anie.201002767
http://www.ncbi.nlm.nih.gov/pubmed/21472903
http://doi.org/10.1016/j.progpolymsci.2006.07.001
http://doi.org/10.1016/j.eurpolymj.2013.02.034
http://doi.org/10.3144/expresspolymlett.2013.25


Molecules 2022, 27, 8142 18 of 19

5. Rosu, L.; Varganici, C.D.; Mustata, F.; Rosu, D.; Rosca, I.; Rusu, T. Epoxy coatings based on modified vegetable oils for wood
surface protection against fungal degradation. ACS Appl. Mater. Interfaces 2020, 12, 14443–14458. [CrossRef] [PubMed]

6. Narute, P.; Rao, G.R.; Misra, S.; Palanisamy, A. Modification of cottonseed oil for amine cured epoxy resin: Studies on thermo-
mechanical, physico-chemical, morphological and antimicrobial properties. Prog. Org. Coat. 2015, 88, 316–324. [CrossRef]

7. Lu, J.; Khot, S.; Wool, R.P. New sheet molding compound resins from soybean oil. I. Synthesis and characterization. Polymer
2005, 46, 71–80. [CrossRef]

8. Silverajah, V.S.G.; Ibrahim, N.A.; Yunus, W.M.Z.W.; Hassan, H.A.; Woei, C.B. A comparative study on the mechanical, thermal
and morphological characterization of poly(lactic acid)/epoxidized palm oil blend. Int. J. Mol. Sci. 2012, 13, 5878–5898. [CrossRef]

9. Mistri, E.; Routh, S.; Ray, D.; Sahoo, S.; Misra, M. Green composites from maleated castor oil and jute fibres. Ind. Crops Prod.
2011, 34, 900–906. [CrossRef]

10. Carbonell-Verdu, A.; Garcia-Garcia, D.; Dominici, F.; Torre, L.; Sanchez-Nacher, L.; Balart, R. PLA films with improved flexibility
properties by using maleinized cottonseed oil. Eur. Polym. J. 2017, 91, 248–259. [CrossRef]

11. Ferri, J.M.; Garcia-Garcia, D.; Sanchez-Nacher, L.; Fenollar, O.; Balart, R. The effect of maleinized linseed oil (MLO) on mechanical
performance of poly(lactic acid)-thermoplastic starch (PLA-TPS) blends. Carbohydr. Polym. 2016, 147, 60–68. [CrossRef]

12. Rosu, D.; Mustafa, F.; Tudorachi, N.; Musteata, V.E.; Rosu, L.; Varganici, C.D. Novel bio-based flexible epoxy resin from diglycidyl
ether of bisphenol A cured with castor oil maleate. RSC Adv. 2015, 5, 45679–45687. [CrossRef]

13. Di Biase, S.A.; Rizvi, S.Q.A.; Hategan, G. Maleinated Derivatives. U.S. Patent US10294210B2, 21 May 2019.
14. Brekan, J.; Di Biase, S.A.; Wang, Z.; Dalby, A.; Bertin, P. Maleinized Ester Derivatives. U.S. Patent US9481850B2, 1 November 2016.
15. Samper, M.D.; Ferri, J.M.; Carbonell-Verdu, A.; Balart, R.; Fenollar, O. Properties of biobased epoxy resins from epoxidized linseed

oil (ELO) crosslinked with a mixture of cyclic anhydride and maleinized linseed oil. eXPRESS Polym. Lett. 2019, 13, 407–418.
[CrossRef]

16. Chen, Y.; Xi, Z.; Zhao, L. New bio-based polymeric thermosets synthesized by ring-opening polymerization of epoxidized
soybean oil with a green curing agent. Eur. Polym. J. 2016, 84, 435–447. [CrossRef]

17. Espana, J.M.; Sanchez-Nacher, L.; Boronat, T.; Fombuena, V.; Balart, R. Properties of biobased epoxy resins from epoxidized
soybean oil (ESBO) cured with maleic anhydride (MA). J. Am. Oil Chem. Soc. 2012, 89, 2067–2075. [CrossRef]

18. Ding, C.; Matharu, A.S. Recent developments on biobased curing agents: A review of their preparation and use. ACS Sustain.
Chem. Eng. 2014, 2, 2217–2236. [CrossRef]

19. Garavaglia, J.; Markoski, M.M.; Oliveira, A.; Marcadenti, A. Grape seed oil compounds: Biological and chemical actions for
health. Nutr. Metab. Insights 2016, 9, 59–64. [CrossRef] [PubMed]

20. Kostic, M.D.; Jokovic, N.M.; Stamenkovic, O.S.; Rajkovic, K.M.; Milic, P.S.; Veljkovic, V.B. Optimization of hempseed oil extraction
by n-hexane. Ind. Crops Prod. 2013, 48, 133–143. [CrossRef]

21. Liang, J.; Aachary, A.A.; Thiyam-Hollander, U. Hempseed oil: Minor components and oil quality. Lipid Technol. 2015, 27, 231–233.
[CrossRef]

22. Perez-Nakai, A.; Lerma-Canto, A.; Domingez-candela, I.; Garcia-Garcia, D.; Ferri, J.M.; Fombuena, V. Comparative study of the
properties of plasticized polylactic acid with maleinized hemp seed oil and a novel maleinized brazil nut seed oil. Polymers
2021, 13, 2376. [CrossRef]

23. Lerma-Canto, A.; Gomez-Caturla, J.; Herrero-Herrero, M.; Garcia-Garcia, D.; Fombuena, V. Development of polylactic acid
thermoplastic starch formulations using maleinized hemp oil as biobased plasticizer. Polymers 2021, 13, 1392. [CrossRef] [PubMed]

24. Samyn, P.; Vandamme, D.; Adriaensens, P.; Carleer, R. Surface chemistry of oil-filled organic nanoparticle coated papers analyzed
using micro-raman mapping. Appl. Spectrosc. 2019, 73, 67–77. [CrossRef] [PubMed]

25. Quiles-Carrillo, L.; Montanes, N.; Sammon, C.; Balart, R.; Torres-Giner, S. Compatibilization of highly sustainable polylac-
tide/almond shell flour composites by reactive extrusion with maleinized linseed oil. Ind. Crops Prod. 2018, 111, 878–888.
[CrossRef]

26. Samyn, P.; Vonck, L.; Stanssens, D.; Abbeele, H. Nanoparticle structures with (Un-)hydrogenated castor oil as hydrophobic paper
coating. J. Nanosci. Nanotechnol. 2018, 18, 3639–3653. [CrossRef]

27. Poletto, M. Maleated soybean oil as coupling agent in recycled polypropylene/wood flour composites: Mechanical, thermal, and
morphological properties. J. Thermoplast. Compos. Mater. 2019, 32, 1056–1067. [CrossRef]

28. Samyn, P.; Schoukens, G.; Stanssens, D.; Vonck, L.; Abbeele, H. Incorporating different vegetable oils into an aqueous dispersion
of hybrid organic nanoparticles. J. Nanopart. Res. 2012, 14, 1075–1098. [CrossRef]

29. Centi, G.; Perathoner, S. Catalysis and sustainable (green) chemistry. Catal. Today 2003, 77, 287–297. [CrossRef]
30. Schulz, C.; Roy, S.C.; Wittich, K.; d’Alnoncourt, R.N.; Linke, S.; Strempel, V.E.; Frank, B.; Glaum, R.; Rosowski, F. αII-/V1-xWx)

OPO4 catalysts for the selective oxidation of n-butane to maleic anhydride. Catal. Today 2019, 333, 113–119. [CrossRef]
31. Wu, F.; Musa, O.M. Vegetable oil-maleic anhydride and maleimide derivatives: Syntheses and properties. In Handbook of Maleic

Anhydride Based Materials; Musa, O.M., Ed.; Springer: Berlin/Heidelberg, Germany, 2016; Chapter 3.
32. Zovi, O.; Lecamp, L.; Loutelier-Bourhis, C.; Lange, C.M.; Bunel, C. A solventless synthesis process of new UV-curable materials

based on linseed oil. Green Chem. 2011, 13, 1014–1022. [CrossRef]
33. Alarcon, R.T.; Gaglieri, C.; de Souza, O.A.; Rinaldo, D.; Bannach, G. Microwave-assisted syntheses of vegetable oil-based

monomer: A cleaner, faster, and more energy efficient route. J. Polym. Environ. 2020, 28, 1265–1278. [CrossRef]
34. Snider, B.B. Lewis–Acid Catalyzed Ene Reactions. Acc. Chem. Res. 1980, 13, 426–432. [CrossRef]

http://doi.org/10.1021/acsami.0c00682
http://www.ncbi.nlm.nih.gov/pubmed/32134620
http://doi.org/10.1016/j.porgcoat.2015.07.015
http://doi.org/10.1016/j.polymer.2004.10.060
http://doi.org/10.3390/ijms13055878
http://doi.org/10.1016/j.indcrop.2011.02.008
http://doi.org/10.1016/j.eurpolymj.2017.04.013
http://doi.org/10.1016/j.carbpol.2016.03.082
http://doi.org/10.1039/C5RA05610A
http://doi.org/10.3144/expresspolymlett.2019.34
http://doi.org/10.1016/j.eurpolymj.2016.08.038
http://doi.org/10.1007/s11746-012-2102-2
http://doi.org/10.1021/sc500478f
http://doi.org/10.4137/NMI.S32910
http://www.ncbi.nlm.nih.gov/pubmed/27559299
http://doi.org/10.1016/j.indcrop.2013.04.028
http://doi.org/10.1002/lite.201500050
http://doi.org/10.3390/polym13142376
http://doi.org/10.3390/polym13091392
http://www.ncbi.nlm.nih.gov/pubmed/33922939
http://doi.org/10.1177/0003702818804864
http://www.ncbi.nlm.nih.gov/pubmed/30226076
http://doi.org/10.1016/j.indcrop.2017.10.062
http://doi.org/10.1166/jnn.2018.14671
http://doi.org/10.1177/0892705718785707
http://doi.org/10.1007/s11051-012-1075-2
http://doi.org/10.1016/S0920-5861(02)00374-7
http://doi.org/10.1016/j.cattod.2018.05.040
http://doi.org/10.1039/c1gc15038c
http://doi.org/10.1007/s10924-020-01680-4
http://doi.org/10.1021/ar50155a007


Molecules 2022, 27, 8142 19 of 19

35. Hoffmann, H.M.R. The Ene-reaction. Angew. Chem. Int. Ed. Engl. 1969, 8, 556–577. [CrossRef]
36. Bettini, H.P.; Agnelli, J.A.M. Grafting of maleic anhydride onto polypropylene by reactive extrusion. J. Appl. Polym. Sci. 2002, 85, 2706–2717.

[CrossRef]
37. Tran, P.; Seybold, K.; Graiver, D.; Narayan, R. Free radical maleation of soybean oil via a single-step process. J. Am. Oil Chem. Soc.

2005, 82, 189–194. [CrossRef]
38. Li, R.; Zhang, P.; Liu, T.; Muhunthan, B.; Xin, J.; Zhang, J. Use of hempseed-oil derived polyacid and rosin-derived anhydride acid

as cocuring agents for epoxy materials. ACS Sustain. Chem. Eng. 2018, 6, 4016–4025. [CrossRef]
39. He, J.; Liao, J.; Qu, J. A proposed stereochemical mechanism for the improved preparation of maleic anhydride cycloadduct of

CLA. Comput. Chem. 2021, 9, 144–160. [CrossRef]
40. Amos, R.C.; Kuska, M.; Mesnager, J.; Gauthier, M. Thermally induced maleation of soybean and linseed oils: From benchtop to

pilot plant. Ind. Crops Prod. 2021, 166, 113504. [CrossRef]
41. Gaglieri, C.; Alarcon, R.T.; de Moura, A.; Magri, R.; da Silva-Filho, L.C.; Bannach, G. Green and efficient modification of grape

seed oil to synthesize renewable monomers. J. Braz. Chem. Soc. 2021, 32, 2120–2131. [CrossRef]
42. Arca, M.; Sharma, B.K.; Price, N.P.J.; Perez, J.M.; Doll, K.M. Evidence contrary to the accepted Diels-Alder mechanism in the

thermal modification of vegetable oil. J. Am. Oil Chem. Soc. 2012, 89, 987–994. [CrossRef]
43. Figge, K. Dimeric fatty acid [1-14C] methyl esters. I. Mechanism and products of thermal and oxidative-thermal reactions of

unsaturated fatty-acid esters-literature review. Chem. Phys. Lipids 1971, 6, 159–177. [CrossRef]
44. Ferraz, F.A.; Muniz, A.S.; dos Santos Oliveira, A.R.; Ferreira Cesar-Oliveira, M.A. Bio-based comb like copolymers derived from

alkyl 10-undecenoates and maleic anhydride. J. Polym. Sci. Part A Polym. Chem. 2018, 56, 1039–1045. [CrossRef]
45. Candy, L.; Vaca-Garcia, C.; Borredon, E. Synthesis and characterization of oleic succinic anhydrides: Structure-property relations.

J. Am. Oil Chem. Soc. 2005, 82, 271–277. [CrossRef]
46. Moreno, M.; Gomez, M.V.; Cebrian, C.; Prieto, P.; de la Hoz, A.; Moreno, A. Sustainable and efficient methodology for CLA

synthesis and identification. Green Chem. 2012, 14, 2584–2594. [CrossRef]
47. Mazo, P.; Estenoz, D.; Sponton, M.; Rios, L. Kinetics of the transesterification of castor oil with maleic anhydride using conventional

and microwave heating. J. Am. Oil Chem. Soc. 2012, 89, 1355–1361. [CrossRef]
48. Robinson, P.T.; Pham, T.N.; Uhrin, D. In phase selective excitation of overlapping multiplets by gradient-enhanced chemical shift

selective filters. J. Magn. Reson. 2004, 170, 97–103. [CrossRef]
49. Perreux, L.; Loupy, A. A tentative rationalization of microwave effects in organic synthesis according to the reaction medium, and

mechanistic considerations. Tetrahedron 2001, 57, 9199–9223. [CrossRef]
50. Rodriguez, A.M.; Prieto, P.; de la Hoz, A.; Diaz-Ortiz, A.; Martin, D.R.; Garcia, J.I. Influence of polarity and activation energy in

microwave-assisted organic syntheses (MAOS). Chem. Open 2015, 4, 308–317.
51. Sun, S.; Teng, C.; Xu, J. Microwave thermal effect on Diels-Alder Reaction of Furan and Maleimide. Curr. Microw. Chem. 2020, 7, 67–73.

[CrossRef]
52. Stefanoiu, F.; Candy, L.; Vaca-Garcia, C.; Borredon, E. Kinetics and mechanism of the reaction between malic anhydride and fatty

acid esters and the structure of the products. Eur. J. Lipid Sci. Technol. 2008, 110, 441–447. [CrossRef]
53. Ergan, B.T.; Bayramoglu, M. The effects of microwave power and dielectric properties on the microwave-assisted decomposition

kinetics of AIBN in n-butanol. J. Ind. Eng. Chem. 2013, 19, 299–304. [CrossRef]
54. Volli, V.; Purkait, M.K. Physico-chemical properties and thermal degradation studies of commercial oils in nitrogen atmosphere.

Fuel 2014, 117, 1010–1019. [CrossRef]
55. Higman, E.B.; Schmeltz, I.; Higman, C.H.; Chortyk, O.T. Studies on the thermal degradation of naturally occurring materials. II.

Products from the pyrolysis of triglycerides at 400 ◦C. J. Agric. Food Chem. 1973, 21, 202–204. [CrossRef]
56. Nawar, W.W. Thermal degradation of lipids. A review. J. Agric. Food Chem. 1973, 21, 18–21.
57. Mezger, T.G. Applied Rheology: With Joe Flow on Rheology Road; Anton Paar GmbH: Graz, Austria, 2018.
58. Ramli, H.; Zainal, N.F.A.; Hess, M.; Chan, C.H. Basic principle and good practices of rheology for polymers for teachers and

beginners. Chem. Teach. Int. 2022. [CrossRef]
59. Wavefunction, Inc. Spartan 02. Available online: www.wavefun.com (accessed on 27 October 2022).
60. Jensen, F. Basis set convergence of nuclear magnetic shielding constants calculated by density functional methods. J. Chem. Theory

Comput. 2008, 4, 719–727. [CrossRef]
61. Bagno, A.; Saielli, G. Addressing the stereochemistry of complex organic molecules by density functional theory-NMR. WIREs

Comput. Mol. Sci. 2015, 5, 228–240. [CrossRef]
62. Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.; Petersson, G.A.;

Nakatsuji, H.; et al. Gaussian 16, Revision B.01; Gaussian, Inc.: Wallingford, CT, USA, 2016.

http://doi.org/10.1002/anie.196905561
http://doi.org/10.1002/app.10705
http://doi.org/10.1007/s11746-005-5171-7
http://doi.org/10.1021/acssuschemeng.7b04399
http://doi.org/10.4236/cc.2021.93009
http://doi.org/10.1016/j.indcrop.2021.113504
http://doi.org/10.21577/0103-5053.20210104
http://doi.org/10.1007/s11746-011-2002-x
http://doi.org/10.1016/0009-3084(71)90040-5
http://doi.org/10.1002/pola.28978
http://doi.org/10.1007/s11746-005-1066-5
http://doi.org/10.1039/c2gc35792e
http://doi.org/10.1007/s11746-012-2020-3
http://doi.org/10.1016/j.jmr.2004.06.004
http://doi.org/10.1016/S0040-4020(01)00905-X
http://doi.org/10.2174/2213335607666200101093318
http://doi.org/10.1002/ejlt.200700181
http://doi.org/10.1016/j.jiec.2012.08.015
http://doi.org/10.1016/j.fuel.2013.10.021
http://doi.org/10.1021/jf60186a030
http://doi.org/10.1515/cti-2022-0010
www.wavefun.com
http://doi.org/10.1021/ct800013z
http://doi.org/10.1002/wcms.1214

	Introduction 
	Results and Discussion 
	Characterization of the Starting Materials 
	The Reaction of Maleic Anhydride with Unsaturated Fatty Acids 
	Reactions of Maleic Anhydride with Trans-3-Octene 
	Reaction of Maleic Anhydride with Methyl Oleate or Ethyl Linoleate 
	Reactions of Maleic Anhydride with Grapeseed, Hemp, and Linseed Oils 

	Experimental Section 
	Materials and Methods 
	Reactions of Vegetable Oils and Maleic Anhydride Using Conventional Heating 
	Reaction of Methyl Oleate with Maleic Anhydride Using Conventional Heating 
	Reactions of Vegetable Oils and Maleic Anhydride by Microwave Irradiation 
	Reaction of Trans-3-Octene with Maleic Anhydride by Microwave Irradiation 
	Reaction of Methyl Oleate with Maleic Anhydride by Microwave Irradiation 
	Reaction of Ethyl Linoleate with Maleic Anhydride by Microwave Irradiation 

	Characterization Techniques 
	DFT-NMR Calculations 

	Conclusions 
	References

