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aracterization of
monoacylglycerols through glycerolysis of ethyl
esters derived from linseed oil by green processes

Cristiane B. Hobuss,a Felipe A. da Silva,b Marco A. Z. dos Santos,a Claudio M. P. de
Pereira,a Gracélie A. S. Schulz *a and Daniela Bianchinia

The synthesis of monoacylglycerol (MAG) through the glycerolysis of ethyl ester mixture (biodiesel) was

investigated in this study from linseed oil, low-cost alternative feedstock, using an alkaline catalyst with

green reagent. The transesterification double step process (TDSP), reaction with ethanol to ethyl esters

yielded 97%. In the glycerolysis reaction, the optimum operating condition was in a temperature of

130 �C with 5% sodium hydroxide (NaOH) in 1 : 5 biodiesel–glycerol and 12 h reaction time, in open

reactor. The reaction conditions showed an interesting conversion and monoacylglycerol yield of 98%

and 76%, respectively. The determination and characterization of reaction products was carried out by

Gas Chromatography (GC) method, Infrared Spectroscopy (IR), Thermogravimetric Analysis (TGA) and

Hydrogen Nuclear Magnetic Resonance Spectroscopy (1H NMR).
1. Introduction

Monoacylglycerols (MAGs) and their derivatives are widely used
as emulsiers in the food industry. They are considered safe
and non-harmful agents at low concentration, giving no adverse
reactions or toxicity to mucous membranes.1 In fact, MAGs can
be found at low concentration in natural products as milk, for
example.2 Besides the food industry, MAGs are applied in
cosmetic products, such as ointments, lotions and deodorants.1

In the plastic industry, MAGs work as antistatic, lubricant and
plastifying agents.3 In the textile industry, MAGs can improve
color fastness and contrast in fabrics.1

MAGs are esters of the glycerol, a trihydric alcohol in which
only one of the hydroxyl groups (OH groups) is esteried with
a long-chain fatty acid.4 MAGs can be prepared by glycerolysis of
triglycerides from fats or vegetable oils,5,6 by the glycerolysis of
alkyl esters,5,7,8 by the esterication of fatty acids with glycerol
and by transesterication of oils with short chain alcohols.9

Industrial glycerolysis process are usually promoted with fats or
oils using homogeneous alkaline catalysts, such as NaOH, KOH
and Ca(OH)2, at elevated temperatures (e.g., 255 �C) giving rise
40–60% of MAGs. However, high temperatures can affect the
physicochemical properties of nal product and its
application.5–7

He et al.,9 reported the synthesis of MAGs with high yield via
one-step enzymatic ethanolysis of commercial edible anchovy
l and Food, Federal University of Pelotas,
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oil. The authors reported that MAGs with high content of n � 3
polyunsaturated fatty acids (n � 3PUFAs) can be obtained by
using Candida antarctica lipase A (CAL-A) enzyme.9 Although
MAGs can be obtained at lower temperatures with enzymatic
catalysts, long reaction times are required to obtain MAGs with
high yield. Besides, enzymes are more expensive than usual
chemical catalysts. Thus, from the industrial point of view the
enzymatic route is not economically viable. Lozano et al.,10

suggested the biocatalytic synthesis of MAGs, out by the direct
esterication of fatty acids (i.e. capric, lauric, myristic, palmitic
and oleic acids, respectively) with glycerol, catalyzed by lipase
Novozym 435 in different ionic liquids (ILs), as an alternative
method to industrial glycerolysis process, a high selectivity of
MAGs was observed with the 1-dodecyl-3-methylimidazolium
tetrauoroborate.10 IL is considered a green solvent and prom-
ising catalyst, presenting high thermal stability with the possi-
bility of recovery and reuse. However, IL presents high cost,
complex preparation and some toxicity. Schulz et al.,8 obtained
72% of MAGs performing a simple and direct glycerolysis from
methyl esters and glycerol. The authors performed the glycer-
olysis with alkaline catalysts, lower reaction times and mild
conditions of temperature (<150 �C). Glycerolysis reactions
performed with alkyl esters occur at temperatures lower than
that performed with triacylglycerols (TAG). Besides, alkyl ester
glycerolysis is usually faster than that performed with TAGs.8

Biodiesel which is recognized as “green fuel”, is alternative
fuel,11 consists of fatty acid methyl esters (FAMEs) or fatty acid
ethyl esters (FAEEs). It can be obtained from animal fat or
vegetable oils through transesterication reactions of large
TAGs,12,13 or through esterication reactions of free fatty acids
(FFAs).14 The main source of TAGs for biodiesel production are
RSC Adv., 2020, 10, 2327–2336 | 2327
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vegetable oils from sunower, tobacco seed, rapeseed, corn,
palm, linseed, castor, babaçu, soybean, peanut and jatropha,
among others.15,16 The oil content in oilseeds strongly depends
on the characteristic of each crop and the environmental
conditions.17 In Brazil, for instance, the climatic and soil
conditions are convenient for the production of linseed (Linum
usitatissimum) crop.18,19

According to the Table 1, the linseed oil is a bioactive
ingredient with high a-linolenic acid content.21,22 The long-
chain polyunsaturated fatty acids (LC-PUFAs), especially lino-
leic acid (C18:2n � 6) and linolenic acid (C18:3n � 3) have
anticarcinogenic and cardioprotective roles in humans. The
reduction of the consumption of saturated fatty acids (SFAs)
and the increase of the consumption of polyunsaturated fatty
acids (PUFAs), fatty acids with more than one double bond are
encouraged. Monounsaturated fatty acids (MUFAs, fatty acids
with one double bond) are also usually regarded benecial for
human health.23 Linseed seeds contain high amount of oil,
around 40%, which can be converted into biodiesel.18,19

Transesterication reactions of TAGs can be performed with
homogeneous or heterogeneous catalysts, in acidic or basic
medium.24,25 Lipases and ion exchange resins can also catalyze
these reactions.26,27 Reactions catalyzed by bases as NaOH, KOH
or alkoxides can be performed faster than that catalyzed by
acids. Another advantage of basic catalysis is the possibility to
carry out the transesterication reactions at low temperatures,
near alcohol boiling point.14,28 On the other hand, the trans-
esterication reactions catalyzed with basis is sensitive to water
content in the raw matter. Even low content of water in TAGs
results in the soap formation, which decreases the efficiency of
the biodiesel synthesis. Samios et al.,29 proposed a two-step
synthesis with KOH as basic catalyst in the rst step, followed
by addition of H2SO4 as acidic catalyst in the second step. This
methodology was denominated Transesterication Double Step
Process (TDSP). The combination of catalysts results in high
conversion efficiency, excellent biodiesel quality and easy phase
separation procedure between biodiesel and glycerol. Besides,
the synthesis of biodiesel by this method is faster than that
performed with conventional methods.29

The nature of primary alcohol is also an important param-
eter in the biodiesel synthesis. Acid-catalyzed transesterication
reactions have included methanol, ethanol, propanol, butanol,
and amyl alcohol. Methanol and ethanol are used most
frequently in both laboratory research and the biodiesel
industries.30,31 Methanol presents the best performance in the
Table 1 Fatty acid composition of linseed oil20

Name of fatty acida Structure Formula Weight (%)

Palmitic C16:0 C16H32O2 5
Stearic C18:0 C18H3602 3
Oleic C18:1 C18H34O2 21
Linoleic C18:2 C18H32O2 15
Linolenic C18:3 C18H30O2 54

a Other fatty acids add up to approximately 2%.

2328 | RSC Adv., 2020, 10, 2327–2336
biodiesel synthesis and can be obtained with high purity, which
makes it the rst choice for the transesterication reactions.
However, methanol is a toxic compound to human health and
its employment in the synthesis of biodiesel to produce MAGs is
not acceptable for food industry.14 The employment of ethanol
instead of methanol offers a number of benets, include higher
miscibility with vegetable oils that allows better contact in the
reaction step.32 Besides, as reduce environmental impacts
avoiding the emission of greenhouse gases and using a renew-
able product obtained by biotechnological processes, the
ethanol still is a non-toxic compound and safe to human
health,33 and it is produced in large quantities from sugar cane
in Brazil.36

Schulz et al.,8 reported the synthesis of MAGs from glycer-
olysis of the fatty acid methyl esters with glycerol. These FAMEs
were obtained from transesterication reactions of the linseed
oil and methanol.8 Despite the advantages of MAGs obtained
from FAMEs and glycerol reported by Schulz et al.8 Methanol is
highly toxic and non renewable as it is mainly derived from non
renewable sources such as petroleum rening products.34 The
use of methanol in the synthesis restricts the use of MAGs for
food industries. Methanol traces are not desired in food and
other products for human consumption.35 Benets of MAGS for
human health would be best exploited if the MAGs would be
synthesized from FAEE and glycerol. Guzatto et al.,35 performed
transesterication reactions of several vegetable oils with
ethanol. FAEEs were successfully synthesized with high yield via
TDSP process.35

In this context, this work aims to optimize the synthesis of
MAGs from fatty acid ethyl esters (FAEE) obtained by the
transesterication reactions of linseed oil and ethanol. The
glycerolysis process proposed in this work rises as an alternative
to reduce the environmental impact of the large amount of
glycerol produced in the biodiesel synthesis by fuel industries,37

it is expected that this quantity will increase in the future due to
the growing demand for biodiesel.38 This methodology uses
mild reaction conditions and non-toxic solvent for MAGs
synthesis. In addition, the starting material of glycerolysis
(biodiesel) comes from transesterication reaction performed
with green reagent (ethanol). Therefore the process is sustain-
able because all products generated and surplus components
can be recovered and reused in the process. The nal product is
safe to be applied in food, beverage and pharmaceutical
industries.
2. Materials and methods
2.1. Materials

Chemicals were purchased as follows: puried linseed oil
(Mundo dos Óleos, Braśılia, Brazil); glycerin, KOH, NaCl and
anhydrous Na2SO4 (Synth, Diadema, Brazil); NaOH and n-
heptane (Vetec, Duque de Caxias, Brazil); anhydrous ethyl
alcohol and H2SO4 (Dinâmica, Indaiatuba, Brazil); deuterated
acetone from Scielab. The internal standard for CG measure-
ments tricaprin (1,2,3-tricapropylglycerol), the external stan-
dards (monolein, diolein and triolein), and the derivates N-
This journal is © The Royal Society of Chemistry 2020
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methyl-N-(trimethylsilyl)triuoroacetamide (MSTFA) were
purchased from Sigma-Aldrich, (USA) with 99.9% purity.

2.2. Experimental setup

2.2.1. Transesterication reaction: production of biodiesel
from linseed oil. The obtaining of ethyl esters from linseed oil
was carried out in two steps, produced according to the TDSP
method, methodology was adapted from Guzatto et al.35 The
rst stage consisted of basic catalysis using KOH, followed by
acid catalysis with H2SO4.

Initially, 120 mL of ethanol was introduced in a simple
reactor equipped with a reux device and stabilized at 65 �C.
Potassium hydroxide (2.0 g) was added to the ethanol, and the
mixture was vigorously stirred until the potassium hydroxide
was completely dissolved, allowing the formation of the active
species of basic catalyst. Under constant stirring, 100 mL of
linseed oil were then added to the reaction vessel. The alcohol/
oil/catalyst molar ratio was 20 : 1 : 0.35. The system was
remained under these conditions for 30 min. In the second
step, 4 mL of sulfuric acid (P.A., 18.77 mol L�1) was added
dropwise to the reaction mixture, followed by so heating until
80 �C and the addition of 60 mL of ethanol. Aer stabilizing
temperature the system was remained under these conditions
for 2 h 30min. Reaction mixture was ltered to remove the solid
residue (K2SO4). Liquid phase was concentrated using a rotary
evaporator to remove the alcohol excess and this specic
procedure promoted a fast and clear separation in two liquid
phases. The ethyl esters (biodiesel) were in the upper phase,
with some traces of non-reacted oil, monoacylglycerols, diac-
ylglycerols and a small amount of ethanol. The glycerol formed
was in the lower phase. Aer phase separation, the biodiesel
was washed with NaCl solution (5%) and dried under anhy-
drous Na2SO4 followed by ltration procedure. Obtained
�87 mL from the product.

2.2.2. Glycerolysis reaction: synthesis of acylglycerols. The
glycerolysis reactions were performed by varying the reaction
time (6–12 h) and temperature (100–150 �C). The biodiesel/
glycerol/catalyst molar ratio was 1 : 5 : 0.38. The excess of glyc-
erol was added in order to shi the equilibrium to a greater
production of MAGs.

Initially, 30 g of biodiesel, 46 g of glycerol and 1.5 g of NaOH
were introduced in a simple reactor and the mixture was
constantly stirred. The glycerolysis was performed under reux
or in open system with variable time and temperature. The
product obtained is a viscous liquid, this was washed with NaCl
solution (5%) and heated at 70 �C. The heating favors the
solubilization of the glycerol in the aqueous solution. The
product was subsequently cooled in an ice bath, to facilitate
removal of the aqueous phase by loading glycerol. This washing
process with heating and cooling was performed several times,
aer the product was dried by heating at 100 �C. Obtained�20 g
from the product.

2.3. Analytical procedures

The 1H NMR spectra were obtained by spectrometer Bruker
instrument operating at 400 MHz. The linseed oil and biodiesel
This journal is © The Royal Society of Chemistry 2020
samples were dissolved in deuterated chloroform and the
glycerolysis product in deuterated acetone. Chemical shis are
related in parts per million (ppm) relative to the internal TMS
standard.

The nature of the samples were analyzed by using a Shi-
madzu spectrometer (IRAffnity-1, Kyoto, Japan), coupled to an
Attenuated Total Reectance accessory (ATR) (Pike Tech, Mad-
ison, WI.). The samples were placed on the zinc selenide (ZnSe)
crystal and the analyses were performed in the range of 4000–
700 cm�1, co-adding 32 scans and spectral resolution of 4 cm�1.

Thermal stability of samples was obtained using a Shimadzu
thermogravimetric analyzer (DTG-60, Kyoto, Japan). Samples
(4–6 mg) were heated between 25 and 650 �C at a heating rate of
10 �C min�1 and a nitrogen gas ow of 50 mL min�1.

A Shimadzu GC-2010 chromatograph equipped with a ame
ionization detector (FID) was used for individual separation and
determination of FAEE. The analysis of the samples was carried
using the standard technique ASTM 6584, is used to determine
the content of free glycerin, monoacylglycerol, diacylglycerol
and triacylglycerol in fatty acid methyl esters, which was
adapted to quantify the conversion of ethyl esters into reaction
products, yield and selectivity. A 15 m � 0.32 mm � 0.1 mm
SGE-HT5 column was used for the determination of FAEE.
Chromatographic conditions were: detector temperature:
380 �C; injector temperature: 50 �C; gas carrier: nitrogen; linear
gas velocity: 12 cm s�1; total running time: 40 min; oven
temperature program: 50 �C during 1 min, 15 �C min�1 until
180 �C, 7�C min�1 until 230 �C, and 10 �C min�1 until 370 �C,
remaining isothermally for 10 min. Three solutions were used
for quantitative analysis of glycerolysis products: a standard
solution (solution 3) used to determine retention time and
calculate the response factor in relation to the internal stan-
dard, a solution containing the biodiesel (with the biodiesel
used in the reaction) and a solution containing the products
(solution with glycerolysis products), according to technique,
dissolved in heptane. Aliquots of 1 mL of these solutions were
injected into the equipment. This methodology was used by
Schulz et al.8
3. Results and discussion

Different analyses were carried out to characterize biodiesel and
monoacylglycerol synthesized from linseed oil. The oil conver-
sion to biodiesel was evaluated using 1H NMR and the biodiesel
conversion to MAG was evaluated using 1H NMR and CGFID,
following the methodologies described in the Section 2.2. The
MAG chemical structure was identied by 1H NMR and FTIR.
Thermal stability of the biodiesel and MAG was evaluated by
TGA.
3.1. The transesterication process

The transesterication reactions of linseed oil to FAEE (bio-
diesel) were performed by TDSP methodology and in the pres-
ence of the green reagent ethanol.

The scheme of the transesterication reaction is shown in
the Fig. 1.
RSC Adv., 2020, 10, 2327–2336 | 2329
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Fig. 1 Scheme of the transesterification reaction.
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Molar ratio of alcohol to oil is one of the most signicant
factors affecting the conversion efficiency and yield of biodiesel,
the molar ratio of alcohol to oil is 3 : 1 and the reaction is
reversible, higher molar ratios are required to increase the
miscibility and to enhance the contact between the alcohol
molecule and the triglyceride. Therefore, and an excess of
ethanol should be added in order to shi thermodynamic
equilibrium towards the formation of biodiesel.

The 1H NMR spectrum of the linseed oil (Fig. 2) emphasizes
the chemical shi regions of interest.

The most shielded peak observed at 0.92 ppm (peak a) is
characteristic of the hydrogen atoms of terminal methyl groups
in fatty acid chains, as indicated in the linseed oil chemical
structure inserted in the Fig. 2. The signals observed between
2.78 and 1.34 ppm (peak f to b) are attributed to hydrogen atoms
of internal methylene groups in fatty acid chains. The olenic
hydrogen atoms of carbon–carbon double bonds of fatty acids
are placed in a downeld region at 5.36 ppm (peak g). The
highlighted signals located between 4.1 and 4.3 ppm (peak i) are
Fig. 2 1H NMR spectrum of the linseed oil.

2330 | RSC Adv., 2020, 10, 2327–2336
characteristic of external hydrogen atoms of glycerol fragment.
The internal hydrogen atom of glycerol fragment is observed at
5.27 ppm (peak h).35

Fig. 3 shows the 1H NMR spectrum of the linseed oil
biodiesel.

Many signals in the biodiesel spectrum are similar to those
observed in the linseed oil spectrum. However, glyceridic frag-
ment was removed during transesterication reactions and
replaced by an ethyl ester fragment. Then, the absence of the
peaks h and i in the spectrum of the Fig. 3 indicates that linseed
oil was completely converted to biodiesel. The hydrogen atoms
of methylene group of ethyl ester, highlighted in the Fig. 3, can
be observed as a quartet at 4.12 ppm (peak j). According to
Guzatto et al.,35 the hydrogen atoms of methyl group of ethyl
ester are overlapped by other signals at 1.2 ppm. These signals
appear around 1.3 ppm (peak h) in the spectrum of the Fig. 2.

Gelbard et al.,39 Knothe et al., Kenar et al.,40 Morgenstern
et al.,41 and Tariq et al.,42 have used a reliable methodology to
obtain ethyl ester conversion (CEE) from mono-, di- and
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 1H NMR spectrum of the linseed oil biodiesel.
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triacylglycerols, as well as fatty acids methyl esters. This meth-
odology is based on the integration of some peaks of 1H NMR
spectrum of biodiesel. In the Fig. 3, the peak at 4.12 ppm was
used to calculate the ethyl ester content. The peak at 2.30 ppm
was chosen to represent all possible linseed oil derivatives and
all other species that were formed during transesterication
reactions. According to eqn (1):

CEE ¼ IEE-CH2=2

Ia-CH2=2
(1)

IEE-CH2 is the integration value of the peak j, which corresponds
to the hydrogen atoms of methylene of ethyl ester. Ia-CH2 is the
integration value of the peak e, which is attributed to the
hydrogen atoms of methylene adjacent to carbonyl group. The
factor 2, which divides both integration values, is the normali-
zation factor, because each integral corresponds to two
hydrogenes.35

Thus, the transesterication reaction performed in this work
produced 97% of biodiesel from the linseed oil. The present
yield was similar to the 98% obtained by Guzatto et al.,35 and
higher than the 85% obtained by Schulz et al.,8 considering
a high conversion efficiency using a non-toxic reagent.
3.2. The glycerolysis process

In the present work, the glycerolysis reactions of ethyl esters
were performed in basic medium at different temperatures and
reaction times.

The scheme of the glycerolysis reaction is shown in the Fig. 4.
This journal is © The Royal Society of Chemistry 2020
Glycerolysis is a reversible reaction and an excess of glycerol
should be added in order to shi thermodynamic equilibrium
towards the formation of MAGs. In this work, reactions were
performed with molar ratio biodiesel/glycerol of 1/5, since
Schulz et al.,8 have reported that it is the most efficient molar
ratio.

The Fig. 4 shows that the byproduct of the glycerolysis
reaction is ethanol, another advantage over the work done by
Schulz et al., in which the reaction byproduct is methanol, thus
reducing the environmental impact with a less toxic residue
generated.

GC analyses were used to quantify the glycerolysis products,
according to ASTM method D6584. Chromatograms of the
biodiesel before conversion, the glycerolysis product and the
mixture of internal and external standards were used to evaluate
the biodiesel conversion and the respective acylglycerols yield.

In order to quantify glycerolysis products, the response
factors (rF) of each involved specie, should be considered. Bio-
diesel weight conversion (CBD) can be obtained from areas of
chromatogram peaks of the biodiesel before conversion and the
glycerolysis products, according to eqn (2):

CBD ¼ 1�
P

AEEProductP
AEEBiodiesel

� 100 (2)

P
AEEBiodiesel

is the summation of the peak areas corresponding to
ethyl esters of the biodiesel before the reaction.

P
AEEProduct

is the
summation of the peak areas corresponding to ethyl esters in
the product aer the reaction.
RSC Adv., 2020, 10, 2327–2336 | 2331
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Fig. 4 Scheme of the ethyl ester glycerolysis reaction.
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The acylglycerols yield (%) must be expressed in relation to
the CBD. The mono-, di-, and triacylglycerol yield (%) (YMG, YDG,
and YTG, respectively) were calculated according to eqn (3)–(5):

YMGð%Þ ¼ CBD �P
AMG=rFMG

½ðPAMG=rFMGÞ þ ðPADG=rFDGÞ þ ðPATG=rFTGÞ�
(3)

YDGð%Þ ¼ CBD �P
ADG=rFDG

½ðPAMG=rFMGÞ þ ðPADG=rFDGÞ þ ðPATG=rFTGÞ�
(4)

YTGð%Þ ¼ CBD �P​
ATG=rFTG

½ðP​
AMG=rFMGÞ þ ðP​

ADG=rFDGÞ þ ðP ​
ATG=rFTGÞ�

(5)

AMG, ADG, and ATG are the respective areas. Term rF gives the
corresponding response factors.

The Fig. 5 shows the three chromatograms used to quantify
the biodiesel conversion and glycerolysis products yield.

According to chromatogram obtained, that ethyl esters
eluted between 10 and 16 min retention time. Mono-
acylglycerols (a) appear in the range 17 min, diolein (c) appears
aer 27 min and triolein (d) is detected in chromatogram aer
35 min. The chromatogram A is the one composed with the
external standards monoolein, diolein and triolein. The chro-
matogram B is the biodiesel before reaction. The chromatogram
C is the sample prepared with the product obtained in the test
using 5%NaOH, biodiesel : glycerol 1 : 5 ratio and 12 h time. All
three chromatograms include internal standard tricaprin (b) at
the same concentration.

In order to improve the performance on the biodiesel
conversion to MAG the effects of temperature and reaction time
have been studied to the glycerolysis reactions.

According to the Table 2 a simple comparison of these data
indicates that the highest value of the biodiesel conversion,
98%, was obtained for the experiment performed with reaction
time of 12 h at 130 �C, in open reactor (test M5). For open
reactor testing, the best CBD results are obtained when
temperature and reaction time are increased simultaneously. At
the lowest temperature (test M7, which has a long time) and at
the shortest time (test M4, at a high temperature) the results
were worse. Simultaneously increasing both factors seems to
improve conversion. However, a temperature increase above
130 �C (see test M6) does not appear to improve biodiesel
conversion and the energy cost of the reaction is higher, which
is not interesting from an industrial point of view. All tests
performed with open system were more effective than the reux
system due to the evaporation of ethanol, a volatile by-product
of the glycerolysis reaction. The ethanol removal shis
2332 | RSC Adv., 2020, 10, 2327–2336
thermodynamic equilibrium towards the MAG formation. In
a glycerolysis industrial plant the ethanol could be recovered at
the end of the process, which would avoid waste generation, one
of the basic principles of green chemistry.43

It should be considered that the aim of this study is optimize
conditions for MAGs synthesis. In other words, it means obtain
the maximum yield in monoacylglycerol, and a process with as
mild temperatures as possible is sought. The Table 2 shows that
higher content of MAG can be obtained with reaction time of
12 h at 130 �C (test M5). Glycerolysis reaction temperature
seems to be an important parameter to reach higher MAG
content. Experiments performed at 100 and 150 �C presented
a lower contend of MAG and an increasing content of DAG and
TAG in the glycerolysis products.

It is noteworthy, the great difficulty of mass transfer, due to
the high viscosity of the product, therefore, to remove excess
glycerol from the formed product, a slight heating to 70 �C is
required, as explained in Section 2.2.2, and subsequent cooling
with ice bath to facilitate phase separation.

Thus, these results demonstrate the feasibility of producing
MAGs at relatively low temperature in biodiesel glycerolysis
reactions. These good results can be explained by the ethyl
esters that are more miscible in glycerol when compared to the
vegetable oil, used in the traditional method of glycerolysis by
industry, with temperatures above 200 �C. These results are
similar to those observed by Schulz et al.,8 which also observed
good results with 130 �C, in the present work, the results were as
good as those of the article, but with green reagent.

The 1H NMR spectrum of MAG is shown in the Fig. 6.
The most shielded peak observed at 0.89 ppm (peak a) is

characteristic of the hydrogen atoms of terminal methyl groups in
fatty acid chains. The signals observed between 2.80 and 1.27 ppm
(peak f to b) are attributed to hydrogen atoms of internal methy-
lene groups in fatty acid chains. The olenic hydrogen atoms of
carbon–carbon double bonds of fatty acids are placed in a down-
eld region at 5.35 ppm (peak g). The small signal observed at 5.30
(peak h) included in this area is originated from the central glyc-
erol hydrogen. The acylglycerol protons signal at 4.14 ppm (peak k)
are characteristic of external hydrogen atoms of glycerol fragment
and the signal at 3.72 (peak l) is attributed to hydrogen of the
hydroxyl group. The peaks k and l are characteristic of the mon-
oacylglycerols.44 Comparing the spectra presented in Fig. 2, 3 and
6, it is observed that the signal referring to the double bonds were
not changed, whichmeans that aer the reaction process theMAG
maintains the double bonds, which characterize important and
benecial for the human health and can be used in the food and
pharmaceutical industry.

The IR spectrum of MAG obtained from linseed oil biodiesel,
with 76% yield, is shown in Fig. 7.
This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Chromatograms of the: (A) external and internal standards mixture: nonolein (a), tricaprin (b), diolein (c) and triolein (d); (B) pure biodiesel
before the glycerolysis reaction; (C) glycerolysis product obtained with 76% yield of MAG.
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The bands shown in the spectrum of the Fig. 7, assigned
according to Schulz et al.,8 conrm the formation of MAG. The
broad and strong band centered at 3360 cm�1 was assigned to
This journal is © The Royal Society of Chemistry 2020
O–H stretching modes, n(O–H), typical of hydroxyl groups
remaining from glycerolysis reaction of biodiesel. This
enlargement suggests a large extension of OH groups associated
RSC Adv., 2020, 10, 2327–2336 | 2333
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Table 2 Biodiesel conversion (CBD) values obtained according to the parameters used in the glycerolysis reactiona

Reaction Time (h) Temp. (�C) CBD
c (%) MAG (%) DAG (%) TAG (%)

M1a 10 130 50 44 1 5
M2b 10 130 88 52 7 28
M3b 8 130 89 39 11 39
M4b 6 130 76 49 5 23
M5b 12 130 98 76 7 15
M6b 12 150 98 22 27 48
M7b 12 100 84 26 8 49

a Reux. b Open. c CBD: converted biodiesel.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Ja

nu
ar

y 
20

20
. D

ow
nl

oa
de

d 
on

 1
2/

9/
20

25
 6

:3
2:

11
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
by H-bonds. The weak band at 3008 cm�1 can be assigned to
C–H stretching modes, n(C–H), of disubstituted cis double
bonds, as those found in the unsaturated chains of linseed oil.35

Antisymmetric and symmetric C–H stretching modes of the
methylene groups of the fatty acid chains can be observed at
2922 and 2853 cm�1, respectively. Bands characteristic of C–H
vibrational modes of terminal methyl (CH3) groups were not
observed between 3000 and 2800 cm�1, which indicates a high
proportion of CH2/CH3. This information is according to the
presence of the long chain fatty acids of linseed oil. The strong
band at 1739 cm�1 is assigned to C]O stretching modes,
n(C]O), of carbonyl groups characteristic of esters. Esters
present also C–O stretching modes, n(C–O), between 1300 and
1100 cm�1. The spectrum in the Fig. 8 shows a broad unsolved
envelope of bands, which can include C–O ester vibrations
around 1165 cm�1.35
Fig. 6 1H NMR spectrum of the glycerolysis product obtained with 76%

2334 | RSC Adv., 2020, 10, 2327–2336
The bands characteristic of LC-PUFAs shown in the spec-
trum of the Fig. 7 indicates the functional groups of linseed oil
were preserved during the glycerolysis reaction. Besides, the
high proportion of hydroxyl and methylene groups indicate
MAG was successful synthesized from linseed oil.

Fig. 8 shows the TGA curves, of the biodiesel obtained with
97% yield, and monoacylglycerol, obtained with 76% yield. The
biodiesel thermogram shows a weight loss of approximately
96% in only one-step. This thermal event occurred between 160
and 260 �C with maximum weight loss at 244 �C, which can be
attributed to the degradation of organic matter.

On the other hand, the MAG presents a different thermal
decomposition prole. The thermogram in the Fig. 8 shows
a weight loss of approximately 78% and, at least, three thermal
events between 160 and 510 �C. These thermal events can be
observed by the different slopes in the curve. Besides, thermal
yield of monoacylglycerol in green solvent.

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 IR spectrum of the monoacylglycerol synthesized from linseed
oil biodiesel.

Fig. 8 TGA curves of linseed oil biodiesel and monoacylglycerol.
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decomposition of MAG seems to be slower than shown by bio-
diesel. It should be considered that MAG structure has hydroxyl
groups, which can signicantly interfere in its thermal decom-
position mechanism.
4. Conclusion

The results obtained in our experiments indicate the produc-
tion feasibility of monoacylglycerol through the glycerolysis of
ethyl ester mixture (biodiesel). Also, we can obtain high-purity
ethylic esters by the TDSP method, with conversion of 97%.
With respect to the system, it is demonstrated that the most
efficient one was the open reactor than the reux reactor.
Monoglycerides were produced at high yields and selectivities.
Conversions (dened as the percentage of consumed fatty acid)
reached 98%, with monoglyceride being the major product,
with yield of 76%. Thus, we can achieve expressive results for
greenmonoacylglycerol production through a cheaper chemical
This journal is © The Royal Society of Chemistry 2020
route possible for several industrial sectors like the food and
pharmaceutical. Finally, it should be stressed that the produc-
tion of monoglycerides was successfully carried out in a very
simple reaction system.
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