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The ethers produced through the etherification reaction of glycerol with ethanol or 7-butanol
are used as oxygenated fuel additives, intermediates in the pharmaceutical industry, and non-ionic
surfactants. However, the identification of these ethers has not been accurately done, because only
some mass spectra of these compounds are available in the libraries. Moreover, there is a lack of
discussion on their identification in the literature. In this work, a detailed identification of all ethers
produced in the etherification of glycerol with ethanol or #-butanol was performed considering the
mass spectra of isolated products and the comparison of the retention times. The elution order of the
products was: tri-alkyl, 1,3-dialkyl, 2,3-dialkyl, 3-monoalkyl and 2-monoalkyl. In all mass spectra
of the ethyl ethers, the base peak was m/z 61, while in the case of #-butyl ethers it was m/z 57.
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Introduction

The use of biomass has been largely studied due to
environmental issues. Platform molecules, that is, building
blocks for several other chemicals are obtained from
biomass by chemical and/or enzymatic processes. Some of
these compounds such as polyols are highly oxygenated and
can be used as precursors for chemicals and fine chemicals.
Among the platform molecules, glycerol deserves to be
highlighted.!? The conversion of glycerol into value-added
products is an alternative for its disposal and surplus
problems due to biodiesel production. One possibility to
add value to glycerol is through the etherification reaction.
The produced ethers are used as oxygenated fuel additives,
intermediates in the pharmaceutical industry and non-ionic
surfactants.?

The direct etherification of glycerol with alcohols or
alkenes, especially with #-butanol or isobutene, has been
widely investigated.*'> The #-butyl ethers of glycerol are
used as additives for fuels because of their low viscosity.
The di-tert-butyl and tri-fert-butyl ethers of glycerol can
be mixed directly with diesel or biodiesel. In addition, they
can replace methyl-fert-butyl ether, formerly used as an
additive for gasoline, but for environmental and economic
reasons, its use has been reduced. The mono-tert-butyl
ethers of glycerol are involved in a subsequent process
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for the production of compounds with oxane and oxolane
rings with high octane number, and are therefore useful for
blending with gasoline.®® Depending on the etherification
degree, it is possible to obtain up to five products, that is, two
isomeric monosubstituted ethers (3-fert-butoxy-propane-
1,2-diol and 2-tert-butoxy-propane-1,3-diol), two isomeric
disubstituted ethers (2,3-di-tert-butoxy-propan-1-ol and
1,3-di-tert-butoxy-propan-2-ol), and one trisubstituted
ether (1,2,3-tri-tert-butoxy propane) and water.

The etherification of glycerol and ethanol to produce
monoalkyl glyceryl ethers is less studied.!*!® The
monoalkyl glyceryl ethers obtained from ethanol are
intermediates to produce dioxolanes that can be used as
co-fuels for diesel. It is important to highlight that ethanol
is a green choice since it can be produced through biomass
fermentation. Other five different ethers can be formed
in the etherification reaction of glycerol with ethanol:
two monosubstituted ethers (3-ethoxy-propane-1,2-diol
and 2-ethoxy-propane-1,3-diol), two disubstituted ethers
(1,3-diethoxy-propan-2-ol and 2,3-diethoxy-propan-1-ol)
and also a trisubstituted ether (1,2,3-triethoxy-propane),
along with water and diethyl ether.

Although the etherification reaction of glycerol
and ethanol or 7-butanol has already been studied, the
identification of the products was not clearly reported.'*!"-8
Moreover, the mass spectra of some products are not
available in known databases and the structural similarity
of the O-alkylated products hampers their unambiguous
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identification. So, in this work, all ethers produced in the
etherification reaction of glycerol and ethanol or #-butanol
were identified considering the mass spectra of products
isolated by gas chromatography and identified by mass
spectrometry, and the comparison of the retention time (ty)
of known compounds.

Experimental
Reaction conditions

The etherification of glycerol with ¢#-butanol or ethanol
was performed in a 50 mL Parr reactor equipped with
temperature, pressure and stirring control. Before use, the
catalysts were submitted to an ex situ heat treatment under
N, flow at 500 °C for 3 h. After that, it was quickly added
to the reactor containing glycerol and #-butanol or ethanol.
The system was then heated up to reaction temperature.
The catalytic tests were carried out in the liquid phase,
under autogenous pressure and stirring rate of 600 rpm.
Experimental conditions were selected based on the
literature.®!® Tests employing #-butanol were performed at
90 °C, using a t-butanol/glycerol molar ratio equal to 4, a
reaction time of 4 h, and 7.6 wt.% of catalyst (dealuminated
USY zeolite) concentration, defined according to glycerol
amount.® When ethanol was used, tests were performed at
200 °C, using an ethanol/glycerol molar ratio equal to 9,
a reaction time of 6 h, and 3.5 wt.% of catalyst (H-Beta
zeolite) concentration, defined according to glycerol
amount.'?

Identification of the products

After the reaction time, the reactor was cooled to room
temperature and the catalyst was separated by decantation.

catalyst

HO/\(\OH +  ROH

OH

R = Ethyl or t-Butyl

HOMOR N
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The obtained products were analyzed by gas chromatography
coupled with mass spectrometry (GC-MS) using an Agilent
7890-5975C gas chromatograph equipped with a capillary
column VF-WAXms (30 m x 0.32 mm x 0.25 um) and mass
selective detector (Agilent 5973). The interface was kept at
250 °C. The chromatographic conditions were: H, as carrier
gas (2 mL min™), injector and detector temperature: 250 °C.
The column heating program was: initial temperature:
40 °C for 1 min; final temperature: 220 °C for 3 min;
heating rate: 20 °C min™.

Results and Discussion

In the etherification reaction of glycerol with ethanol
or t-butanol up to five products can be formed. Among
them, two monosubstituted ethers (1a, 1b, 4a, 4b),
two disubstituted ethers (2a, 2b, 5a, Sb) and also one
trisubstituted ether (3, 6), as can be seen in Figure 1. Water
was also observed in reaction medium as well as diethyl
ether when ethanol was used.

Identification of glycerol and ethanol etherification reaction
products

In the etherification of glycerol with ethanol, diethyl
ether (EE), ethanol (ET) and glycerol (Gly) were identified
by co-injection of commercial reagents. Figure 2 illustrates
a typical chromatogram of the reaction medium of
glycerol and ethanol etherification. The mass spectra for
each product are in Supplementary Information section
(Figures S1-S5).

The chromatographic separation is related to
physicochemical properties such as polarity of the species.
Thus, the selective retention of sample components on
stationary phase results in differentiated migrations of the

HO™ > oH

OH OR
1aorda 1b or 4b

OH
2a or 5a

Roﬁ/\OR n Ho/\/\oﬂ
OR

2b or 5b

RO/\(\OR n O

OR
3orb6

Figure 1. Products of the glycerol and ethanol or 7-butanol etherification reaction in the presence of acid catalyst. 1a: 3-ethoxy-propane-1,2-diol;
1b: 2-ethoxy-propane-1,3-diol; 2a: 1,3-diethoxy-propan-2-ol; 2b: 2,3-diethoxy-propan-1-ol; 3: 1,2,3-triethoxy-propane; 4a: 3-tert-butoxy-propane-1,2-diol;
4b: 2-tert-butoxy-propane-1,3-diol; 5a: 1,3-di-tert-butoxy-propan-2-ol; Sb: 2,3-di-tert-butoxy-propan-1-ol; 6: 1,2,3-tri-tert-butoxy-propane.
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Figure 2. Chromatogram of the reaction medium of the etherification reaction of glycerol with ethanol. Peak identification: diethyl ether (EE); ethanol (ET);
1,2,3-triethoxy-propane (3); 1,3-diethoxy-propan-2-ol (2a); 2,3-diethoxy-propan-1-ol (2b); 3-ethoxy-propane-1,2-diol (1a); 2-ethoxy-propane-1,3-diol (1b);

glycerol (Gly).

ethers, due to polarity difference caused by the number of
hydroxyl groups in their structures.'® Thus, it is reasonable
to assume that the presence of two hydroxyl groups in
monoethers (1a, 1b) promotes a strong interaction with
stationary phase and, consequently, monoethers are eluted
after the other ethers, that is, they have higher retention time,
tr, (tx = 7.9 and 8.4 min, respectively). For disubstituted
ethers (2a, 2b), the presence of only one hydroxyl group in
their structures leads to a weaker interaction with stationary
phase resulting in lower retention time (t = 5.9 and 6.4 min,
respectively) compared to monoethers. The same is true for
the trisubstituted product (3) (t; = 4.8 min).

To confirm the structures of these products, the
comparison of the mass spectra of the etherification
products with those found at mass spectroscopy database'
and the literature'* was done. However, an additional
difficulty was faced since not all mass spectra of the
ethers produced are in the libraries. The problem worsens
due to lack of information in the literature regarding the
identification of the products formed in this etherification
reaction.'>!¢ Just one chromatogram was found for the
products of glycerol and ethanol etherification.' According
to Yuan et al.'" five peaks were observed in the retention
time range shown (t; = 4-8 min), but only four products
were identified: 1,3-diethoxy-propan-2-ol, 1,2,3-triethoxy-

propane, 3-ethoxy-propane-1,2-diol, an unidentified
product, and glycerol, in this sequence.

The identification undergone in the present study differs
from that found by Yuan ez al.'* As already shown in Figure 2,
eight peaks were observed. Initially, EE, ET and Gly were
identified. The products 1,2,3-triethoxy-propane (3),
3-ethoxy-propane-1,2-diol (1a) and 1,3-diethoxy-propan-
2-ol (2a) were identified using mass spectra database.' The
other products were determined using their characteristic
mass spectra and polarity, that is, monosubstituted ethers,
which have two hydroxyl groups will have a higher
retention time. According to product polarity, 2-ethoxy-
propane-1,3-diol (1b) and 2,3-diethoxy-propan-1-ol (2b)
were identified. These identifications were confirmed
by the analysis of the mass spectra of these compounds,
as will be discussed in Figures 3 and 4. The presence of
[M — 18 — 1]*, fragment m/z 129, peak from the loss of
water in 2a (Supplementary Information section, Figure S3)
and a proeminent [M — 31]*, fragment m/z 117, by loss of
formaldehyde in 2b (Supplementary Information section,
Figure S4) characterize both as a secondary and primary
alcohol, respectively.

The non-identified product shown by Yuan et al.'* was
identified here as 2-ethoxy-propane-1,3-diol (1b), while the
peak associated by the authors to 1,2,3-triethoxy-propane
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is in fact 2,3-diethoxy-propan-1-ol (2b). The trisubstituted
ether was observed in a lower retention time due to the higher
molecular weight and the polarity difference of the products.
This result was verified through mass spectra, since the
presence of the protonated molecular ion fragment [M + 1]*,
m/z 177 was observed (Supplementary Information section,
Figure S5), confirming product identification.

The fragmentation proposals for products 1a and 1b
are shown in Figure 3. The mass spectra of these products
presented the ions m/z 89, related to the loss of CH,O*
from molecular ion [M — 31]* and m/z 61, formed by the
subsequent loss of C,H, [M — 31 —28]*. The latter undergoes
two distinct losses of H,O [M — 31 —28 — 18]* and CH,O
[M—31-28—-30]*, leading to the formation of m/z 43 and
31 ions, respectively (Supplementary Information section,
Figures S1 and S2). In addition to this, a loss of H,O from
molecular ion [M — 18]* was also observed in 1a spectrum,
leading to m/z 102 fragment. In 1b spectrum, m/z 72 ion,
due to hydroxyl group loss [M — 31 — 17]* from m/z 89
fragment, was also noted.

In the case of disubstituted ethers (2a, 2b), m/z 129,
102, 89, 61 ions were observed (Figure 4). The m/z 149
ion refers to molecular ion in its protonated form and the
other fragments follow the same fragmentation pattern as
that for monosubstituted products, 1a and 1b (Figure 3).
In addition, in the mass spectra of 2a, the m/z 129 ion,
relative to H,O loss [M — 18 — 1]* from molecular ion,
loses the fragment C,H,O [M — 18 — 43]* leading to m/z
86 ion (Supplementary Information section, Figure S3).
In the same spectra, the m/z 73 ion is also formed. It is
originated from a hydroxyl group loss [M — 59 — 17]* from
m/z 89 ion, which is formed after a C;H,0 loss [M — 59]*
from molecular ion. The proposed fragmentations for the
products 2a, 2b and 3 are shown in Figure 4.
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In the mass spectrum of the product 1,2,3-triethoxy-
propane, the presence of protonated molecular ion [M + 1]*
at m/z 177 was observed (Supplementary Information
section, Figure S5). Two distinct losses, yielding ions
m/z 130, due to loss of C,H,O [M — 46]* and m/z 117,
related to the loss of C;H,O [M — 59]*, were also observed.
The ion m/z 117 undergoes successive losses of m/z
28 resulting in ions m/z 89 [M — 59 — 28]* and m/z 61
[M — 59 — 28 — 28]*. The same pattern was also observed
in mono- and disubstituted products, as already mentioned.

As can be seen, the base peak m/z 61, corresponding
to [C,H;O,]* ion, was detected in all spectra. Except for
product 1b, in all other spectra the presence of the molecular
ion in its protonated form [M + 1]* was observed. Observing
the fragmentation proposals for the other products, it was
possible to identify a pattern of loss of two carbon atoms
and one oxygen atom, or even the loss of fragments, in
larger quantity, of species with three carbon atoms, followed
by the loss of neutral fragments, typical of ethyl group
m/z 28. This loss pattern of two carbon atoms belonging to
glycerol structure is a characteristic of homologous series.

Identification of glycerol and t-butanol etherification reaction
products

Figure 5 illustrates a typical chromatogram profile
for the etherification reaction of glycerol with #-butanol.
The identification of the products was also carried out
by GC-MS using also the polarity of the products. Six
peaks were observed on the chromatogram. Gly and
t-butanol (TA) were identified by co-injection of these
compounds, so that, their retention times were determined.
Under the experimental conditions used, the formation
of 1,2,3-tri-tert-butoxy-propane was not observed. Only
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Figure 3. Proposed fragmentation pathway for 1a and 1b.
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Figure 4. Proposed fragmentation pathway for diethers 2a and 2b and triether 3.
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Figure 5. Chromatogram profile of the reaction medium of the etherification of glycerol with z-butanol. Peak identification: #-butanol (TA); 1,3-di-tert-
butoxy-propan-2-ol (5a); 2,3-di-tert-butoxy-propan-1-ol (5b); 3-tert-butoxy-propane-1,2-diol (4a); 2-tert-butoxy-propane-1,3-diol (4b); glycerol (Gly).
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four products were verified. As well as ethyl ethers, the
retention time for 7-butyl ethers followed the same pattern.
The disubstituted ethers (5a, 5b) had a weaker interaction
with the stationary phase eluting first (t = 6.2 and 6.6 min,
respectively), and then the monosubstituted ethers (4a, 4b)
(tg = 8.0 and 8.6, respectively). The mass spectra of these
compounds are presented in Supplementary Information
section (Figures S6-S9).

The patterns observed in mass spectra do not allow
the distinction of glyceryl #-butyl ethers. The base peak at
m/z 57 corresponding to fragment ion [C,H,]* was detected
in all spectra. As the mass spectra of these ethers are not
available in the NIST library used" the identification of
products was based on Jamréz et al.'” and Cavalcante et al.!®
The mass spectra for products 4a and Sa (major products)
are identical to those observed by those authors and can be
unequivocally identified. From these results and based on
retention time and polarity difference of hydroxyl groups,
the isomers 4b and Sb were identified. These identifications
were confirmed by the obtained mass spectra.

As reported by Cavalcante er al.'® the mass spectra
of monoethers (4a and 4b) (Supplementary Information
section, Figures S6 and S7) show ions at m/z 133 and
117 formed from the elimination of methyl [M — 15]*
and hydroxymethyl [M — 31]* groups, respectively, from
molecular ion. A subsequent loss of a hydroxyl group from
m/z 117 fragment produced an ion observed at m/z 100
[M —31—17]*. The presence of molecular ion was observed
as a protonated ion m/z 149. A proposed fragmentation for
the monosubstituted ethers is shown in Figure 6.

In the spectra of disubstituted ethers (Supplementary
Information section, Figures S8 and S9), the presence of
molecular ion was not observed. The loss of [M — 18] and
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[M — 57]* due to H,O and #-butyl group led to m/z 186 and
147 ions, respectively. From m/z 147 ion, the fragmentation
pattern is the same of the monosubstituted ethers indicating
that these peaks are affiliated (Figure 7). The presence of
the peak [M — 31]*, related to the loss of CH,O*, which is
fundamental to identify primary alcohols was not observed
probably due to the great possibility of rearrangement in
t-butyl carbocations. So, it was not possible to distinguish
the disubstituted ethers using only the spectra analysis.
1,3-di-tert-Butoxy-propan-2-ol (5a) is expected to be formed
in greater amount when compared with 2,3-di-tert-butoxy-
propan-1-ol (5b), because of the possibility of steric
hindrance of the latter. Thus, the higher relative abundance
of peak 2 in Figure 5 combined with the spectra analysis
allowed to identify compound Sa as the major isomer.

Although Cavalcante et al.'® observed the presence
of nine peaks in the chromatogram presented in the
publication, seven of them were duly identified. The
identification presented in the present work coincides
with that of the authors, but the unidentified peaks were
identified in this work as 2,3-di-fert-butoxy-propan-1-ol
and 2-tert-butoxy-propane-3-diol, respectively.

It is important to highlight that the characterization of
alkylglycerols has received increasing attention in other
science areas,’?? since some of these ethers are considered
important biological markers with a role in cell resistance
and adaptation. So, considerable efforts have been made
to identify them based on their mass spectra.

Conclusions

In the experimental conditions used in this work
it was possible to identify all the products formed in
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Figure 6. Proposed fragmentation pathway for monosubstituted ethers 4a and 4b.
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the etherification reactions of glycerol with ethanol or
t-butanol by the technique of GC-MS. Ethyl ethers have
shown retention time similar to equivalent #-butyl ethers,
following the order of elution: trialkyl; 1,3-dialkyl,;
2,3-dialkyl; 3-monoalkyl and 2-monoalkyl. Fragment
[M — 31]* was fundamental to identify primary alcohols.
Except for 2-ethoxy-propan-1,3-diol, the protoned
molecular ions were observed in all mass spectra. The
fragments m/z 61 and 57 were the base peaks for all ethyl
and r-butyl ethers, respectively. The data set obtained for
the etherification of glycerol with ethanol or 7-butanol
covers the analytical gap in the literature and corrects
small imperfections allowing the GC-MS technique to
be employed unambiguosly in the identification of these
important products.

Supplementary Information

Supplementary information (mass spectra of ethers
produced by glycerol etherification with ethanol or
t-butanol) is available free of charge at http:/jbcs.sbq.org.br
as a PDF file.
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