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Abstract

Glycerol is a by-product from transesterification for biodiesel production. Due to the presence of hydroxyl groups (-OH),
glycerol is pointed as a possible dehydrating agent for the production of anhydrous ethanol which, in turn, can be used as a
methanol-substitute reagent in the transesterification. For that, glycerol must be purified by specific purification procedures,
which are defined depending on the contaminant to be removed. In the case of thermal processes, as distillation, glycerol
containing impurities from the biodiesel production must be thermally resistant to allow its reuse. The effect of some con-
taminants that can be found in glycerol was thus evaluated in terms of thermal stability of glycerol. Differential scanning
calorimetry and thermogravimetry were used as tools to avail the thermal stability of several binary compositions of glycerol
with a contaminant. Glycerol containing 5% sodium hydroxide or 5% sodium methoxide or 10% sodium ethoxide or sulfuric
acid in any composition (up to 4.75%) exhibited a notable degradation. Therefore, it is required that the neutralization and
further purifying steps ensure the removal of such contaminants or even to avoid the contact of glycerol with some dangerous
compounds, as strong acids. On the other hand, the evaluated salts (sodium chloride and sodium sulfate) and water caused a
change on the mixture boiling point, but no degradation was detected. Glycerol remained stable even containing high amount
of ethanol or water (up to 30%), which confirms that such components can be removed from glycerol by thermal processes
as distillation without its degradation.
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Introduction

Significative environmental impacts caused by intensive
use of fossil fuel and by-products, allied with their com-
mercial value instability and depletion in a not-too-distant
future, have stimulating the development of renewable
energy sources [1]. Biofuels as bioethanol and biodiesel
have been produced from waste materials and biomass
from agriculture crops and industries [2]. Biodiesel is
mostly produced by transesterification reactions of acyl-
glycerols (mono-, di-, and triacylglycerols) with a short-
carbon-chain alcohol, predominantly methanol due to its
low cost and easy obtainment [3, 4]. However, methanol
is mainly obtained from the upper vapor phase of petro-
leum distillation, being thus a non-renewable reagent with
a high environmental impact involved.

Nowadays, Brazil takes over the technology of bioetha-
nol production mostly from sugarcane juice fermentation,
being the second main bioethanol producer worldwide [5,
6]. Ethanol has been intensively studied as a methanol
substitute in the biodiesel production [7-12]. A possibility
to obtain anhydrous or absolute ethanol (>99.5%) is by the
extractive distillation procedure [13, 14], in which a sol-
vent with a high boiling point (or low volatility) is added
to modify the relative volatility between ethanol and water,
changing thus the azeotropic point. Glycols, as ethylene
glycol (C,HO,), are effective in this specification, how-
ever glycerol (C;HgO;), a by-product from the biodiesel
refinery [1], must be highlighted for having a volatility
(boiling point (BP) =290 °C) lower than the one of eth-
ylene glycol (BP=197 °C) [15, 16] (peak temperatures).
Therefore, the biodiesel production can be associated with
ethanol dehydration by extractive distillation with glycerol
as solvent, ensuring thus an integrated and “green process”
of hydrous ethanol-biodiesel-glycerol-anhydrous ethanol
production, as the patent proposed by Meirelles et al. [17].

However, the use of crude glycerol may cause some
troubles to the process. It may contain insoluble salts
and dissociated ions from the catalysts (oxides), their
precursors (bases or acids), and neutralizer agents (also
bases or acids) which, associated with high temperatures
employed in distillation columns, may cause or accelerate
the glycerol degradation and further generation of several
compounds, including toxic ones. Besides that, insoluble/
precipitated salts may incrust inside pipes and on the col-
umn bottom, acids or bases may damage equipment and
accessories materials, leading thus to decreased process
effectiveness and devices lifespan.

The degradation of impure glycerol at about 250 °C was
first reported by PigkoS et al. [18]. Glycerol purification
steps are indeed crucial to allow its reuse in the extrac-
tive distillation, or in several other processes. Ions can be
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efficiently removed by ion exchange through anionic and
cationic resins, without heating [17]. Ethanol and water
can be removed by multistage distillation employing a
maximum reboiler temperature of 250 °C, based on the
results reported by Pigko$ et al. [18]. This step is par-
ticularly more worrisome, since impure glycerol can be
degraded under high temperatures, generating hazardous
compounds, as acrolein [19], which is highly poisonous
and extremely flammable [20]. Moreover, depending on
the presence of specific compounds and conditions, glyc-
erol can undergo several catalysis routes as reduction, oxi-
dation, dehydration, etherification, esterification, acetali-
zation, and so on, originating thus numerous compounds
[21, 22].

In this sense, the evaluation of the thermal stability of
impure glycerol is decisive to choose the required purifica-
tion processes, as well to adjust or optimize their opera-
tional parameters. Moreover, a high-purity glycerol may
afford the obtainment of several useful products from its
glycolysis routes [21-23] or to make possible its incor-
poration into pharmaceutical products, as medicines
and cosmetics formulations [22], free of toxic or hazard
compounds.

More et al. [24, 25] mentioned some studies in which
thermogravimetry (TG) and differential scanning calorim-
etry (DSC) were mainly used to evaluate the thermal behav-
ior of vegetable oils and biodiesel. In general, mass losses
by combustion, decomposition, and evaporation, thermal
and oxidation stability were observed. More et al. [24, 25]
also adopted these techniques to evaluate thermal behavior,
besides the combustion process of biodiesel. Phase transi-
tions as melting and evaporation, and oxidative stability can
be both verified by DSC, a technique based on the differ-
ence of energy between a reference and sample as function
of temperature and time [24, 25]. TG, in which the mass
variation of sample is related to the temperature and time,
can be usefully adopted on the evaluation of temperature
stability and mass changes due to evaporation or decompo-
sition (mass loss), or by oxidation (mass gain), for instance
[24, 25].

This study aimed to evaluate the thermal stability of
glycerol containing compounds from the biodiesel produc-
tion process. For that, binary mixtures of glycerol and con-
taminant, namely water, ethanol, neutralizing compounds
(sodium hydroxide and sulfuric acid), catalysts (sodium
methoxide and sodium ethoxide), and salts (sodium chlo-
ride and sodium sulfate), were prepared with different mass
proportions. The thermal behavior of mixtures was thus
qualitatively evaluated by DSC technique, adopting two
thermal tests (single run and cyclic). Some mixtures were
also subjected to thermogravimetry (TG). Changes on DSC
and TG curves were associated with thermal degradation,
dissociation, oxidation, or phase transition (melting and/or
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evaporation). Also, reaction routes were proposed for the
mixtures in which degradation was identified.

Material and methods
Material

The provenance, supplier purity, and CAS numbers of each
material here evaluated are shown in Table 1.

Contaminant selection

Glycerol, as a by-product from biodiesel production by
transesterification reactions, may contain several impurities
generated during the homogeneous catalysis using sodium
hydroxide as a catalyst precursor, or from the direct employ-
ment of catalysts sodium methoxide or sodium ethoxide.
Besides that, there is the possibility of contamination by
strong acids as sulfuric acid employed in the neutralizing
step, or for the reaction suspension, or even in esterifica-
tion reactions, in where water and salts as sodium sulfate
and sodium chloride are generated. Although glycerol is not
generated during esterification, the ester containing sulfuric
acid may be mixed with the products from the transesterifi-
cation reactions. In this case, glycerol may be thus contacted
with the acid.

Table 1 Provenance, supplier purity, and CAS number of each material

The presence of ethanol in glycerol is unavoidable, since
ethanol is used in excess to drive the reaction toward the
biodiesel generation. Moreover, glycerol may contain water
originated from neutralizing reactions, from hydrous etha-
nol, or even from esterification reactions, where free fatty
acids are reacted with alcohol under acid catalysis, generat-
ing both ester (biodiesel) and water.

In this sense, the aforementioned compounds were
selected as probable impurities or contaminants contained
in the glycerol-rich stream. The effect of each impurity over
the glycerol thermal stability and thermal behavior was thus
qualitatively assessed by differential scanning calorimetry
(DSC), in where changes on the baseline or in the glycerol
boiling peak were monitored. Although crude glycerol may
contain other compounds as free fatty acids, biodiesel, acyl-
glycerols (mono-, di-, and triacylglycerols), their content is
minor, being that such compounds were not considered here
as possible contaminants.

Experimental procedure

Mixture preparation

Binary mixtures composed of glycerol and impurity at dif-
ferent mass compositions were prepared on an analytical bal-

ance (precision of 1 X 107 g, XP205, Mettler Toledo, USA).
A certain mass of contaminant was added into a glass vessel

Material Provenance Supplier purity® CAS number Molar Normal boiling point (NBP)°
mass/g mol.™!  or melting point (MP)® of pure
material/°C
Glycerol Sigma-Aldrich/Merck, USA  >99.5% (GC)* 56-81-5 92.09 290 (NBP)
Anhydrous ethanol Merck, Germany 99.5% (GC)** 64-17-5 46.07 78 (NBP)
Sodium ethoxide Sigma-Aldrich/ Merck, USA  95% (T, HCI) 141-52-6 68.05
Sodium methoxide Sigma-Aldrich/ Merck, USA  95% (T, HCI) 124-41-4 54.024
Sodium hydroxide Merck, Germany >99% (T, HCI) 1310-73-2 39.997 1388 — 1390 (NBP)
Sodium sulfate Exodo Cientifica LTDA, >99% (T, NaOH) 7757-82-6 142.04 884 (MP)
Brazil
Sodium chloride Merck, Germany >99% (T, AgNOy) 7647-14-5 58.44 800 - 801 (MP), 1412.8
(NBP)
Sulfuric acid Qhemis, Hexis Cientifica, >95% (T, NaOH) 7664-93-9 98.08 290 (NBP)
Brazil
Sodium ethoxide solution Sigma-Aldrich/ Merck, USA  21%w sodium ethox-  141-52-6 49.42
ide in ethanol (T,
NaOH)
Water Direct-Q, Millipore, USA 7732-18-5 18.015 100 (NBP)

¥From gas chromatography (GC) or titration (T) with HC1, NaOH, or AgNO;, as informed by the supplier. Materials were used without further

purification

®Peak temperatures of normal boiling point (NBP, at 760 mmHg) or melting point (MP) [15, 16, 34]

*Moisture of 0.40% +0.01% mass in glycerol was assessed by Karl Fischer titration (787 KF Titrino Plus, Metrohm, Switzerland) accoupled to

an oven device (860 KF Thermoprep, Metrohm, Switzerland)

*##*Moisture of 0.26 +0.01% mass in anhydrous ethanol was assessed by Karl Fischer titration (787 KF Titrino Plus, Metrohm, Switzerland)
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and then glycerol was added up to the desired composition.
The vessel was immediately closed and the components were
magnetically mixed until total homogenization. All mixtures
were prepared under room conditions (p =945+ 10 hPa,
T=22+0.5 °C, and atmospheric air). Vessels containing
the mixtures were maintained closed at the dark under room
conditions until sampling. Each compound mass and experi-
mental mass percentage of the contaminant in the mixture
can be accessed in Table 2.

Sampling

The DSC analysis was chosen as the main technique to
evaluate the thermal stability of glycerol since it requires
a low sample mass (~5 mg) and the results can be quickly
obtained [26]. Phase transitions as melting and evaporation,
and oxidative stability can be both verified by differential
scanning calorimetry (DSC), a technique based on the differ-
ence of energy between a reference and sample as function
of temperature and time [24, 25]. DSC curves also provide
a fast qualitative result.

For that, a microanalytical balance (+0.1 mg, AD-6,
PerkinElmer, USA) was used for samples weighting. The
device was daily calibrated by mass standards (10, 20, 100,
and 200 mg, PerkinElmer, USA). Samples (2-5 mg) were
carefully placed into a hermetic aluminum pan for DSC
analysis with 25 pL of internal volume (TA Instruments,
Denmark). An empty pan was used as reference (R), and
its mass was discounted from the pan used for sampling
(S). Each S pan was selected assuming the minimum mass
difference as possible from the R mass. After weighting, the
sample pan (S) was cautiously sealed in a manual crimping
tool for DSC pan (TA Instruments, Denmark), avoiding bad
sealing or crumpled regions. Both S and R pans were thus
allocated on their respective positions inside the DSC cell.
Two analyses were carried out: glycerol thermal stability
and boiling point (BP) assessment under a single heating run
(Test 1), and thermal stability of glycerol during heating and
cooling cycles (Test 2).

For Test 1, the following systems were evaluated: (i) pure
glycerol; mixtures of glycerol with: (ii) 1, 5, 10, and 20%
water; (ii) 1, 5, 10, 20, and 30% ethanol; (iii) 1, 2, and 5%
sodium hydroxide; (iv) 0.5, 1, 3, and 4.75% sulfuric acid;
(v) 1, 5, and 10% sodium methoxide; (vi) 0.5, 1, 5, and 10%
sodium ethoxide; (vii) 0.5 and 5% sodium chloride; (viii)
0.5 and 1% sodium sulfate; (ix) 1, 5, and 10% solution etha-
nol+21% sodium ethoxide (nominal mass percentage). DSC
curves of each pure contaminant were also assessed.

For test 2, the following systems were assessed: (i) pure
glycerol; mixtures of glycerol with (i) 5 and 10% sodium
hydroxide; (ii) 0.5% sulfuric acid; 1, 5, and 10% sodium
methoxide; (iii) 0.5, 1, 5, and 10% sodium ethoxide; (iv)
0.5, 1, and 5% sodium chloride; (v) 0.5% sodium sulfate
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(nominal mass percentage). Mixtures with ethanol or water
were not evaluated because sampling evaporation occurred,
even inside a hermetic DSC pan.

DSC analysis

The differential scanning calorimeter apparatus (DSC,
Model 2920, TA Instruments, Denmark) was calibrated
according to the ASTM E967-08 method [27], from which
the baseline, DSC cell constant, and temperature reading
are then calibrated.

The calibration was periodically checked by indium (In)
standard (purity >99.99%), assuming the melting point at
the extrapolated onset temperature of 156.6 °C, with a heat-
ing ramp of 10 °C/min, according to ASTM reference pro-
cedures [27, 28]. Relative deviations between measured and
reported melting points were not higher than 0.5%. Based on
the literature [26, 29], a heating (or cooling) rate of 25 °C/
min was adopted either for test 1 or test 2, which allowed a
fast result without quality losses.

For Test 1, a DSC pan with pinhole lid was used, permit-
ting sample evaporation. A tungsten carbide (WC) sphere
with a diameter (1.0 mm) slightly higher than the hole one
(0.8 mm) was placed over it to avoid sample pre-vaporiza-
tion [26, 30] that, in turn, may cause a peak enlargement and
a low DSC curve quality.

DSC analyses were carried out inside a pressure DSC
cell under room pressure (945 + 10 hPa) and atmospheric
air (oxidizing atmosphere). Samples were heated from the
room temperature (~22 °C) up to 350 °C at 25 °Cemin~!,
guaranteeing the total volatilization of glycerol, since pure
glycerol evaporates at 290 °C (peak temperature) [15, 16]
under atmospheric pressure (Table 1). Changes either in the
baseline of the DSC curve or in the boiling peaks, mainly of
glycerol, were thus evaluated. Each mixture was analyzed at
least in triplicate. For that, at least three pans of each mixture
were prepared and analyzed in a single-run, since for Test 1
occurred sample volatilization. Boiling points of the mixture
or of the pure compound were calculated by the mean value
of the onset temperatures and standard deviations were esti-
mated by Type A [31].

Conventionally, boiling temperatures attained by DSC
analysis are assumed as the extrapolated onset temperature,
which is defined by the intersection between the baseline
tangent and the tangent to the transition peak (boiling) [29,
32, 33]. Note that the boiling point (BP) reported in the lit-
erature (Table 1) refer to the peak ones (temperature on the
top of the transition peak) of the pure material. Slight dis-
crepancies between experimental and reported boiling point
may be related either to the method adopted (onset or peak
temperature) or to differences in room atmospheric pressure.

For Test 2, hermetic DSC pans were used, avoiding thus
sample evaporation. Thermal analyses were carried out in a



Thermal stability of glycerol containing compounds from the biodiesel production chain 11861
Table 2 Mixture compositions and glycerol onset boiling point temperatures (BP) under local atmospheric pressure (p =945 hPa)
Compound Glycerol mass®/g Contaminant Experimental %w of Nominal %w of Observable deg-  Boiling point
mass®/g contaminant” contaminant radation? (BP)‘/°C
Pure glycerol (Fig. 1a) Pure No 289
Water (Fig. 2a) 1.02316 0.00999 0.967 1 No 289
0.63443 0.03363 5.034 5 No 276
0.98566 0.10826 9.897 10 No 258
0.60557 0.15240 20.11 20 No 245
0.75108 0.30941 29.18 30 No 242
0.63443 0.03363 Pure 100 No 98
Ethanol (Fig. 2b) 2.20101 0.02211 0.995 1 No 288
0.49157 0.02575 4.978 5 No 284
0.77832 0.08573 9.922 10 No 288
0.41501 0.10330 19.93 20 No 289
0.62668 0.26521 29.74 30 No 287
Pure 100 No 75
Sodium hydroxide (Fig. 2c) 2.12886 0.02133 0.992 1 No 290
0.81850 0.01638 1.962 2 No 275
0.61864 0.03178 4.886 5 Yes 266
Pure 100 Yes
Sulfuric acid (Fig. 2d) 1.11217 0.00548 0.490 0.5 Yes
2.37076 0.02022 0.846 0.85 Yes
1.23506 0.01245 0.998 1.0 Yes
0.66770 0.02006 2917 3.0 Yes
0.59122 0.02950 4.753 4.75 Yes
Pure 100 Yes
Sodium methoxide (Fig. 2e) 1.02093 0.00512 0.499 0.5 No 286
0.63889 0.00643 0.996 1 No* 284
0.35651 0.01885 5.022 5 No* 266
0.44958 0.04945 9.909 10 Yes*
Pure 100 Yes
Sodium ethoxide (Fig. 2f) 1.12836 0.00560 0.494 0.5 No 286
0.59501 0.00598 0.995 1 No 284
0.55060 0.02865 4.946 5 No 268
0.21044 0.02212 9.512 10 Yes
Pure 100 Yes
Sodium chloride (Fig. 2g) 1.45619 0.00730 0.499 0.5 No 285
0.55790 0.02952 5.025 5 No 296
Pure 100 No >400
Sodium sulfate (Fig. 2h) 0.93436 0.00460 0.490 0.5 No 288
1.47366 0.01462 0.982 1 No 289
Pure 100 Yes**
Ethanol +21% Sodium Ethoxide 0.90685 0.00921 1.005 1 No 278
solution (Fig. 2i) 045312 0.02296 4.823 5 No 271
1.30869 0.14511 9.981 10 Yes 272
Pure 100 Yes

#Mass of glycerol and contaminant in the mixture preparation. The balance uncertainty is 0.00001 g

"Experimental mass percentage of contaminant in the mixture (glycerol +contaminant). In the case of “pure”, the compound purity can be veri-
fied in Table 1. Standard uncertainty () of mass percentage (%w) is u(%w)=0.001

“Onset boiling temperature. Standard uncertainty () of boiling point (BP) in terms of the extrapolated onset temperature is u(BP)=1 °C

*A small endothermic peak was observed at about 135 °C (peak temperature), which was more prominent in the mixture with 10% sodium

methoxide

**Formation of two endothermic peaks within 220 and 260 °C (peak temperatures)
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standard DSC cell accoupled to a cooling system supplied by
N, (TA Instruments, Denmark). Each sample was subjected
to at least five cycles of heating/cooling at 25 °Cemin~!
under atmospheric pressure (945 + 10 hPa) from about 70 °C
to a maximum temperature of about 250 °C, which were
based on the top and bottom temperatures of the distillation
column for glycerol purification, as proposed by Meirelles
et al. [17]. Glycerol stability was evaluated when exposed
to consecutive heating and cooling steps, in a qualitative
simulation of the glycerol stream thermal behavior during
its reuse in the distillation multistage columns, assuming a
reboiler/bottom temperature of 250 °C and a top tempera-
ture of about 70 °C. Changes on the DSC curves during the
cycles were thus appraised. Since there is no evaporation
throughout Test 2 (hermetically closed system), it is not
expected the presence of any peak.

Thermogravimetry

Glycerol with the following contaminant contents were
also subjected to the thermogravimetric analysis (TG): 10%
sodium hydroxide, 10% sodium methoxide, 5% and 10%
sodium ethoxide. Such mixtures were chosen to confirm the
degradation observed in DSC analysis. TG analysis were
carried out by Central Analitica (Chemistry Institute — IQ,
University of Campinas, Brazil) within 25 to 500 °C at a
heating ramp of 10 °Csmin~" under oxidant atmosphere (air).
2-5 mg sample were placed inside an alumina pan for TG.
Based on this analysis results, it is possible to verify mass
variations during heating, which may be related to evapora-
tion (mass loss) or compounds formation (mass gain).

Results

DSC curves of pure glycerol are shown in Fig. 1 for different
thermal stability tests. Figure 2 brings all DSC curves from
Test 1 of binary systems composed of glycerol with: water
(Fig. 2a), ethanol (Fig. 2b), sodium hydroxide (Fig. 2c), sul-
furic acid (Fig. 2d), sodium methoxide (Fig. 2e), sodium
ethoxide (Fig. 2f), sodium chloride (Fig. 2g), and sodium
sulfate (Fig. 2h), in different mass compositions. DSC curves
of ternary system (glycerol with ethanol +21% sodium eth-
oxide solution) are illustrated in Fig. 2i, whereas the DSC
curve of each pure component is grouped shown in Fig. 2j.
DSC curves from Tests 1 and 2 can be separately visualized
and in a better definition in the Supplementary Material.
Figure 3 illustrates DSC curves from Test 2 of binary
mixtures of glycerol with: sodium hydroxide (Fig. 3a), sul-
furic acid (Fig. 3b), sodium methoxide (Fig. 3c), sodium
ethoxide (Fig. 3d), sodium chloride (Fig. 3e), and sodium
sulfate (Fig. 3f). Again, the binary mixtures of glycerol with
ethanol or with water were not evaluated in Test 2 since the
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high pressure inside the pan caused its rupture and, conse-
quently, mass losses.

In each DSC curve from Test 1, the following aspects
were considered and associated with a probable sample deg-
radation: (1) changes either in the baseline or in the glycerol
or mixture boiling peak; (2) the existence of other peaks
besides those already expected (related to glycerol, ethanol,
water or mixture evaporation); (3) aggressive changes in
glycerol boiling peak (peak deformation or severe peak dis-
placement). Aspects 2 and 3 also may be associated with the
generation of other compounds, which may compromise or
not the glycerol quality. In DSC curves from Test 2, changes
in each cycle line were assessed. (Remember that in Test 2
there is no expected peaks related to transitions as melting,
evaporation, crystallization, and so on.)

Conventionally, exothermic peaks, which are related to
chemical reactions, degradation, or oxidation, are directed
up, whereas endothermic peaks, regarding phase transitions
as melting or evaporation, are direct down. Since all samples
are liquid, there is expected only the presence of the evapora-
tion/boiling peak during Test 1 and no peaks in Test 2, since
in this case the system is hermetically closed. Changes on
the baseline or the presence of peaks excluding that related
to the evaporation one, or even expressive changes on the
evaporation peak, were qualitatively associated with partial
or complete sample degradation. Glycerol boiling point and
observable changes on its thermal behavior are summarized
in Table 2. The boiling points can refer to the evaporation
of pure compound, of mixture (glycerol + contaminant), or
even of another compound that was generated from chemical
reactions of glycerol with contaminant.

Figure 4 brings TG curves (green lines) and derivative
TG (DTG, blue lines) from thermogravimetric analysis.
Peaks on the blue line directed up are related to thermal
events, as phase transitions or reactions. Decay on the green
curve is related to mass losses, whereas percentage on the
black straight lines represent the percentage of lost mass in
each event. TG and DTG curves can be separately visualized
and in a better resolution in Supplementary Material.

Discussion
Test 1:single run
Pure glycerol

The DSC curve of pure glycerol is represented either in
Fig. 1 or in all images of Fig. 2. Pure glycerol maintained
thermically stable throughout the heating until is completely
evaporation (Fig. 1a). According to Castell6 et al. [19], glyc-
erol is thermically stable when exposed to the atmospheric
air or nitrogen gas (inert atmosphere); therefore, there is no
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expressive oxidation or degradation during heating. Boiling
point (BP) of glycerol under atmospheric pressure estimated
by the onset temperature was BP=(289 + 1) °C (Fig. 1a),
which is in accordance with reported values (290 °C) [15,
16, 19, 34]. Again, slight differences between experimen-
tal and reported boiling point may be related either to the

(c) Test 2 (opened pan)

method adopted for the BP measurement (onset or peak tem-
perature) or to the room pressure.

Finally, it was verified that either the DSC pan material
(aluminum) or moisture (from sample or air) did not expres-
sively affect the thermal stability of pure glycerol until its
total evaporation.

@ Springer



11864 D. Gongalves et al.
10 5
K [ e 1}
0 —- D = R it T —— ———
~ —10 - S
o _20 o —15
2 _ g 2
s % s
= -40- = 35
T _50- T
N T -45|
——— 5% Ethanol
-55 205 Enanel
———~ 30% Ethanol
_ 80 3 Pure V\(a!er ; . : : ; _ 65 Pure Ethanol
6o,25 50 75 100 125 150 175 200 225 250 275 300 325 350 020 75 100 125 150 175 200 225 250 275 300 825 850
Temperature/°C Temperature/°C
(a) Glycerol + Water (b) Glycerol + Ethanol
60 40
] 30
40 -
- 1 - 20-
| |
g 20 g 10
1 0g. op g
G o it S — R e
§ -20° §*2O
—— —30
—40- 20 Zineon 1= s
1——— Pure NaOH —401—— ;;ﬁe CGC;%\
R e— Pure Glycerol . . . o Pure H,SO,
o110 130 150 170 190 210 230 250 270 290 310 330 350 6ou/0 90 110 130 150 170 190 210 230 250 270 290 310 330 350
Temperature/°C Temperature/°C
(¢) Glycerol + Sodium hydroxide (NaOH) (d) Glycerol + Sulfuric acid (H,SO,)
40 20
15-
30 10
5
7 2 = IR | S
> 104 = o - e ——
z | ) z -10 \
] . = —15- \
H 2 -20 ‘
2 _10 2 -2
— = —30-
% -20 % _35-
—-301 1% NaMet :ig o o
~~-- 5% NaMet —_— 5% NaEt
— 404 ——" 10% NaMet -50- 10% NaEt
— —~  Pure NaMet —_ 55 ——~  Pure NaEt
_50l— Pure Glycerol —60 . Fue Glycerol . R .
0,70 90 110 130 150 170 190 210 230 250 270 290 310 330 350 60,70 90 110 130 150 170 190 210 230 250 270 290 310 330 350
Temperature/°C Temperature/°C
(e) Glycerol + Sodium Methoxide (NaMet) (f) Glycerol + Sodium ethoxide (NaEt)
5 5 -
0 O o =S
-58 -5+ T
-y -
s -20 S -20
2 -25 2 -25-
% -30- T -30
£ -35 £ -35 i
—40- s —40T— i
—45 7 Bioeo —45-770 NS, ‘
— 50 Pure Glycerol _ 50 ———— Pure Glycerol  }
4,200 210 220 230 240 250 260 270 280 290 300 310 320 330 340 350 £0,/0 90 110 130 150 170 190 210 230 250 270 290 310 330 350
Temperature/°C Temperature/°C
(9) Glycerol + Sodium chloride (NaCl) (h) Glycerol + Sodium sulfate (Na,SO,)
10 60
5
0 e 40
P S—
T -5
© _10
s -15 - e i - = o
g -20-
f —25- —— Glycerol
© _30 T Eranal
() |
T -35- . HSO
— 40 T 5Nk somion === e
—45 Fure Na sooon ' T Naow
_ 50 Pure ‘Glycero\ . . o . 80 — NaEt solution
6,70 90 110 130 150 170 190 210 230 250 270 290 310 330 350 £0s30 70 110 150 190 230 270 310 350
Temperature/°C Temperature/°C

(i) Glycerol + Ethanol with 21% sodium ethoxide (NaEt solution) (j) Pure compounds

Fig.2 DSC curves from Test 1 for mixtures of glycerol with contaminants in different compositions
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Fig.3 DSC curves from Test 2 for mixtures of glycerol with contaminants in different compositions

Water

DSC curves for glycerol + water mixtures are displayed in
Fig. 2a, where it is observable that increased water content
in sample led to decreased boiling point of glycerol or of
mixture (glycerol + water) (Table 2), since the evaporation
peak was displaced toward left (see tall peaks after 245 °C).
On the other hand, the peaks related to water evaporation
were displaced toward right (see large peaks at the beginning
of the heating run). Increased water content in the solution
also caused an enlargement of both evaporation peaks, which
is more prominent for water (see the large peak at the begin-
ning of the run for glycerol +30% water in Fig. 2a).
Glycerol and water are strongly linked through hydro-
gen bounds [35]. One glycerol molecule can reach up to

nine hydrogen bonds with another glycerol molecule or
with water (an average of three bonds for each OH group),
whereas only one water molecule has about 4 hydrogen
bonds with another water molecules [36]. Jahn et al. [36]
found that the number of hydrogen bounds decreases under
heating. For glycerol, about 67 bounds were estimated at
27 °C, decreasing to 5-6 at 180 °C. The number of hydrogen
bonds depends on the force field model approach adopted.
Nevertheless, the intermolecular interaction between glyc-
erol and/or water is weakened during heating.

While glycerol reduces the partial pressure of water
[37], water in turn increases the glycerol partial pressure,
affecting thus their boiling points. In other words, glycerol
“holds” water in the liquid phase, whereas water “pulls”
glycerol to the vapor phase. Despite those changes, there
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Fig.4 Thermogravimetric results for mixtures of glycerol and contaminant. Green line: TG curve; blue line: DTG curve; black straight lines
indicate the temperature range of thermal events (peaks in the blue line) and the correspondent mass loss

was not found any anomaly either on the baseline or in
the evaporation peaks. Although water can catalyst some
reactions, as dehydration, oxidation, hydrolysis, and so
on, the mixture glycerol + water maintained stable even
at high water composition (up to 30% in mass at least).
Since the boiling point of glycerol changes according to
the water content, the evaporation peak may be referred
to a hydrated glycerol (glycerol + bonded water), not to
the pure compound.

Glycerol proved to be thermally stable when containing
water. Such impurity can be thus removed from glycerol
by distillation with a bottom temperature lower than the
one for glycerol evaporation (290 °C). Since the water
found in glycerol leads to its expressive boiling point
decreasing, the temperature on the column bottom must
be controlled to be always lower than glycerol boiling
point to avoid is evaporation.
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Ethanol

DSC curves for glycerol + ethanol mixtures are shown in
Fig. 2b. As in water, glycerol is also completely soluble in
ethanol due to the formation of hydrogen bonds [19]. Glyc-
erol also decreases the partial pressure of ethanol, leading to
its increased boiling point (short peaks at the beginning of
the heating run). However, ethanol almost did not affect the
boiling point of glycerol (tall peaks after 250 °C). Although
ethanol molar mass (46.07 g mol™!) is higher than water
(18.02 g mol™"), the boiling point of pure ethanol is lower
(78.2 °C [15]), which may be a result of a lower number of
hydrogen bounds per volume. A hypothesis is that, although
ethanol is completely soluble in glycerol, there is a lower
number of intermolecular bounds per volume in a glyc-
erol + ethanol mixture. Moreover, water has more hydrogen
bonds than the OH group found in ethanol molecule [36]
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making its effect over glycerol volatility more prominent
than ethanol.

Although ethanol has a slight acid character, its acidity is
too low (pk,=15.9) and the dissociation force is too week to
promote an expressive dehydration of glycerol. Therefore, as
observed for water, glycerol maintained thermically stable
when mixed with ethanol even at high ethanol composition
(up to 30% in mass). For this reason, glycerol is a good
option as solvent in the extractive distillation of hydrated
ethanol [13, 14].

Moreover, likewise water, ethanol can be also removed
from the glycerol stream in a multistage distillation, oper-
ating with a boiler temperature below the glycerol boiling
point with no relevant changes on the chemical structure of
glycerol. However, it is still necessary to evaluate how many
times glycerol can be submitted to such process without its
degradation (Test 2).

Alkali reagents

DSC curves for glycerol +sodium hydroxide, + sodium
methoxide, and + sodium ethoxide mixtures are shown in
Fig. 2c, e, and f, respectively, where is possible to observe
the sample degradation of some mixtures. In the case of
these alkali reagents, glycerol undergoes several alkali reac-
tions under metallic catalysts, generating aldehydes, carbox-
ylic acids, carbonates, and diols [21, 38, 39]. Although there
is no metallic catalyst in these systems, expressive changes
on the DSC curves were observed, meaning that the sample
was modified during the heating.

LA

H-
+OH- H~
OH 0
I

C—OH

HO OH

Carboxylic acid

The main hypothesis is the dehydrogenation of glycerol
by sodium hydroxide. The hydroxide unbound electrons pair
(OH") of sodium hydroxide (NaOH) remove a proton (H")
from hydroxyl group found in C1 or C3 of glycerol mol-
ecule, resulting in water and glyceroxide [40] (Scheme 1).
The unbound electrons pair of glyceroxide (O™) can dislo-
cate to the adjacent carbon and form a carbonyl, originat-
ing an aldehyde. The OH™ from NaOH can also remove a
proton from the central carbon of glycerol (C2), resulting in
a ketone (Scheme 1).

Secondary oxidation compounds can be also generated in
a condition of highly available oxygen, or high alkali reagent
amounts. Therefore, in the experimental conditions of this
study, the aldehyde group (CHO) may eventually be oxidated
into its correspondent carboxylic acid (Scheme 1).

Another reaction routes of glycerol dehydrogenation may
occur under the presence of alkali reagents [39] as sodium
hydroxide, sodium methoxide, and sodium ethoxide. Acid
lactic can be also formed from glycerol hydrodeoxygenation
by sodium hydroxide. The reaction is increased under heat-
ing and alkali reagent concentration [38]. However, such
reactions occur under specific metallic catalysts that are not
present in the system.

Regarding pure sodium hydroxide, both endothermic and
exothermic peaks were observed in its DSC curves (Fig. 2¢).
Endothermic peak at about 320 °C (peak temperature) may
be associated with the compound melting (sodium hydrox-
ide melting point=318 °C [15], expressed as peak tem-
perature under 760 mmHg), whereas exothermic peaks at
150 °C and 190 °C (peak temperatures) may be related to
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Scheme 2: Glycerol oxidation by sodium methoxide or sodium ethoxide

the dehydration of NaOH-H,O followed by the formation of
sodium oxide (Na,O) and water vapor [41].

Alkali reagents as sodium methoxide and sodium eth-
oxide react with glycerol through similar mechanism to
sodium hydroxide. The alkoxide (methoxide or ethoxide)
can remove a proton (H*) from the hydroxyl group of glyc-
erol, resulting in alcohol (methanol or ethanol) and glycer-
aldehyde or dihydroxyacetone (Scheme 2). Volatile com-
pounds as methanol (boiling point=64.7 °C) and ethanol
(boiling point=78.2 °C) may evaporate and thus affect the
DSC curve.

In the case of pure compounds, sodium methoxide is
a powder extremely instable when contacted with air and
humidity, leading to its degradation from about 50 °C [42].
At temperatures lower than 350 °C, sodium methoxide may
react with the air humidity, resulting in vapors of methane
(CH,), followed by ethane (C,Hy), and propene (C;Hg), and
also in solid compounds as carbonate, sodium hydroxide,
and amorphous carbon [43]. Sodium ethoxide decomposition
begins at temperatures lower than 300 °C, resulting mainly
in the formation of ethene (C,H,), and minor amounts of
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ethane (C,H), propene (C;Hy), and butene (C,Hyg), besides
carbonate, sodium hydroxide, and amorphous carbon [43].
Moreover, evaporation of residual methanol or ethanol con-
tained in the oxides may also occur.

Besides the aforementioned reactions between glycerol
and sodium methoxide or sodium ethoxide, the decompo-
sition of pure alkali reagents (sodium hydroxide, sodium
methoxide, or sodium ethoxide) may have also contributed
for changes on DSC curves of samples (Fig. 2c, e, f).

Comparing the DSC curves obtained for the three alkali
reagents, it was observed a direct relation between the
alkaline force and the compound effect over glycerol. The
alkaline force is related to the dissociative force. Sodium
hydroxide exhibits an alkaline dissociation constant or
basicity (pK,=0.2) higher than sodium methoxide and
sodium ethoxide. This mechanism is in accordance with
experimental results. Glycerol with 5% sodium hydroxide
exhibited a relevant change on its DSC curve (Fig. 2c),
whereas up to 5% sodium methoxide or sodium ethoxide
the sample maintained stable. In the case of sodium meth-
oxide (Fig. 2e), it was observed a small endothermic peak
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Scheme 3: Hydrodeoxygena-
tion of glycerol by sulfuric acid

Glycerol

at about 135 °C (peak temperature) for mixtures with 1 and
5% sodium methoxide, which was more prominent for the
glycerol with 10% sodium methoxide. For sodium ethoxide,
an expressive change on the DSC curve was only observed
for glycerol + 10% sodium methoxide (Fig. 2f). Therefore,
the effect of sodium methoxide over glycerol was higher than
sodium ethoxide.

Although the contact of glycerol with sodium hydroxide,
sodium methoxide, or sodium ethoxide is inevitable, since
such compounds are mixed with vegetable oil and alcohol
for transesterification catalysis, their presence in glycerol-
rich stream must be avoid, mainly before processes with
heating employment, as distillation.

Sulfuric acid

DSC curves for glycerol + sulfuric acid (H,SO,) are shown
in Fig. 2d, where relevant changes were also observed. Dur-
ing heating, pure sulfuric acid partially decomposes into its
precursors, as water and sulfur trioxide (SO;). In solutions,
sulfuric acid ionizes completely to generate hydronium ions
(H3O+), hydrogen sulfate ions (HSO, ), and may also disso-
ciate into sulfate ions (SO42_). It is also an extremely oxidiz-
ing agent, reacting quickly with several substances at high
temperatures [15].

Glycerol can undergo esterification reaction while con-
tacted with organic acids, as acetic acid, forming acyl esters
as mono-, di-, and triacylglycerols [44]. The acid reacts with
a hydroxyl group of glycerol forming water and monoacylg-
lycerol. A second reaction with another hydroxyl group, of
the monoacylglycerol, results in water and diacylglycerol.
Finally, a third reaction with the last hydroxyl group, of the
diacylglycerol, results in water and triacylglycerol [44].

In the case of sulfuric acid, it has a strong dissociation
force with high dissociation constants (pK,; =—6.62 and
pK,,=1.99), besides being extremely hygroscopic and

/_(70 +H,SO, o— S e)
HO OH /_(7

OH%
o)

Glyceryl monosulfate C|3/ N

or — N\

—C 0 o
OH HO
/—( 4 Cyclic glyceryl monosulfate
<4
HO (? H,0
O:?:O
OH

Glyceryl monosulfate

oxidative. Sulfuric acid can remove water either from the
air or from many organic substances [45], as glycerol.

The presence of a strong acid as sulfuric acid may catalyst
the glycerol dehydration, forming acrolein. Cheng et al. [46]
obtained acrolein (C;H,O) from glycerol dehydration with
45-50 mM sulfuric acid within 335 to 380 °C. Therefore,
glycerol may have been converted into acrolein during heat-
ing. Zhao et al. [47] also reported the conversion of glyc-
erol into acrolein under acid catalyst with sulfuric acid. The
dehydration of glycerol in a glycerol + water mixture (10/90
w/w) was catalyzed by 0.5 g of clay-kind powder activated
by concentrated sulfuric acid The reaction was carried out
under 240 to 380 °C.

Besides acrolein, glycerol was also converted into other
compounds, as hydroxyacetone (C;H(O,), ethanal (C,H,0),
and propanal (C3H¢O). An increased amount of sulfuric acid
in the catalyst activation led to higher acrolein yields. On
the other hand, increased reaction temperature caused the
generation of other compounds, mainly hydroxyacetone.
However, such reactions were carried out under controlled
conditions [46, 47].

Glycerol may also undergo esterification reaction, which
occurs spontaneously when contacted with a strong acid.
Therefore, it may have begun during sample preparation.
Besides that, the reaction may have been accelerated dur-
ing heating. Esterification reaction may also occur if the
glycerol-rich stream contains free fatty acids carried from
the transesterification or esterification reactors. In this con-
dition, a strong acid may convert glycerol into mono-, di-,
or triacylglycerols, releasing water via acid catalysis [48].

Besides those reactions, the main hypothesis for glyc-
erol + sulfuric acid mixtures, free of water and metallic cata-
lysts, is that the acid caused a hydrodeoxygenation of glyc-
erol, removing a hydroxyl group from glycerol and resulting
in water and different glyceryl sulfates (Scheme 3). Con-
sidering the glyceryl monosulfate, in a next step, it is also
possible to generate a cyclic glyceryl sulfate (Scheme 3).
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Scheme 4: Oxidation of ethanol
by sodium ethoxide OH

o/ +

Ethanol

Eventually, other compounds may also be generated from
successive oxidation reactions, as glyceryl disulfates or tri-
sulfate, or also a cyclic glyceryl disulfate.

Regardless of the reaction route glycerol may have under-
gone when contacted with sulfuric acid, its degradation was
evidenced due to several changes on DSC curves. Therefore,
it is crucial to avoid that the glycerol stream has any contact
with such strong acid throughout the entire biodiesel produc-
tion process.

Salts

DSC curves for glycerol +sodium chloride (NaCl)
and + sodium sulfate (Na,SO,) are illustrated in Fig. 2g and
h, respectively, where is notable no relevant changes on the
sample’s thermal behavior. Demaman et al. [49] quantified
4.38% (m/v) of sodium chloride in a crude glycerol origi-
nated from the biodiesel production. Higher salt amount can
be found solubilized in glycerol depending on its water con-
tent, although sodium chloride is more soluble in glycerol
than in water [50].

Glycerol with 5% sodium chloride exhibited a slight BP
increasing. Faggion et al. [51] also observed an increased
boiling point for glycerol + water solution with increased
sodium chloride content in the mixture. Chen et al. [50]
observed lower vapor pressures for glycerol, water, or glyc-
erol + water solutions for higher salts compositions, marked
by lower activity coefficients. Although water led to a higher
partial pressure of glycerol, the presence of sodium chlo-
ride was associated with an increased glycerol boiling point
value. Nonetheless, glycerol maintained thermally stable
when contaminated with sodium chloride. The pure salt also
maintained stable during the entire heating test (Fig. 2g),
without melting, dissociation, or reactions noted.

For pure sodium sulfate, two endothermic peaks were
formed within 220 and 260 °C (Fig. 2h). Such salt may dis-
sociate and generate sulfur oxides (SO, SO,, and/or SO3)
or sodium oxide (Na,O) [45]. However, the salt dissocia-
tion was observed by Halle and Stern [52] only at temper-
atures higher than 1000 °C, which may be related to the
salt high purity or its drying before analysis. Despite what
was observed for the pure salt, glycerol also maintained
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thermally stable when contaminated with sodium sulfate.
As observed for sodium chloride, higher sodium sulfate
content in glycerol caused a lower change on the mixture
(glycerol + salt) boiling point (Table 2).

Although there was not observed any anomaly on glyc-
erol thermal behavior when contaminated with salts, their
removal is still crucial, since salts may deposit on the bottom
of decanters and columns, and cause obstruction of pipes
and accessories by incrustation. Solubilized salts (ions) may
be removed by ion exchanges, whereas dispersed (insoluble)
salts may be removed by filtering, settling [23], or other
alternative process as solid—liquid extraction [49].

Solution ethanol and sodium methoxide

Glycerol was mixed with a commercial mixture of etha-
nol +21%w sodium ethoxide, and the DSC curves are shown
in Fig. 2i. Such mixture is the only ternary system here
evaluated. For an industrial biodiesel production, ethanol
is contacted with the vegetable oil containing about 21% of
catalyst mass. Therefore, the effect of such mixture over the
thermal stability of glycerol was here assessed.

It was already proved that glycerol is thermally stable
even at high ethanol levels (Fig. 2b). However, glycerol
degradation was observed when composed of 10% sodium
ethoxide in mass (Fig. 2f), as results summarized in Table 2.
According to the DSC curve of sodium ethoxide solution
(Fig. 2i), it is evidenced changes on the mixture composition
during heating, since several peaks were formed. Expressive
exothermic peaks were formed after the endothermic ones
at temperature higher than 150 °C. The main hypothesis is
that exothermic peaks are related to the oxidation of ethanol
by sodium ethoxide (Scheme 4), resulting in acetaldehyde
(ethanal) and ethanol. Secondary compounds from oxida-
tion reactions as carboxylic acids may also be generated and
affected the DSC curve. Endothermic peaks at the beginning
of the DSC curve may be associated with both acetaldehyde
(BP=20.2 °C [15]) and ethanol (BP=78.2 °C [15]) evapo-
ration (peak temperatures under p =760 mmHg).

The effects of sodium ethoxide solution over glyc-
erol is probably the same as the ones described for glyc-
erol + sodium ethoxide mixtures. Similar results were indeed
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observed for glycerol + sodium ethoxide solution systems
(Fig. 2i). Changes on sample DSC curve was observed
for glycerol +10% sodium ethoxide solution. However,
such changes were less expressive than the ones observed
for glycerol+ 10% sodium ethoxide. Moreover, in glyc-
erol + 10% sodium ethoxide solution there is a lower amount
of the contaminant than in glycerol + 10% pure sodium eth-
oxide. Therefore, the oxidative effect of sodium ethoxide
was less prominent. In this case, glycerol boiling peak is still
observable, whereas for glycerol + 10% sodium ethoxide, it
is not. In addition, the generation of other compounds as
proposed in Scheme 5 may also have affected the evapora-
tion peaks and the DSC curves.

Test 2: cycle runs

DSC curves from Test 2 are illustrated in Fig. 3 for the mix-
tures here evaluated. Not all mixtures evaluated in Test 1
were subjected to Test 2. Mixtures of glycerol with water or
ethanol were discarded since the evaporation of such com-
pounds caused the lid rupture, leading thus to mass losses.

Slight changes among the first cycle and the next ones are
already expected in such analysis. The DSC curve generated
during the first heating run is related to the properties of the
material as it is at the initial conditions. From the second
cycle onward, it is possible to evaluate the impact of the
heating over the material properties if it is submitted again to
another batch or reprocessing. If no changes were observed,
the material is maintained thermally stable throughout the
heating cycles.

Anomalies on DSC curves of glycerol+ 10% sodium
hydroxide (Fig. 3a), +0.5% sulfuric acid (Fig. 3b),+ 10%
sodium methoxide (Fig. 3c), or+ 10% sodium ethoxide
(Fig. 3d) were observed, which were marked by the pres-
ence of exothermic or endothermic peaks. Such peaks were
observed during the first heating run and are quite discrep-
ant in relation to those slight changes expected between
the first and second heating run. Therefore, they may be
associated with the sample’s degradation, which is consist-
ent with the outcomes from Test 1. Finally, as observed in
Test 1, glycerol + salts (Figs. 3e, f) revealed to be stable
throughout Test 2.

Pure glycerol

Pure glycerol was subjected either to Test 2 or to a different
cycle test. The conditions of this last test were the same as
the ones described for Test 2, however the sample pan was
maintained opened (without lid) during ten heating—cool-
ing cycles within 70 and 200 °C (Fig. 1c). In this condition,
glycerol was kept in contact with the atmospheric air during
the entire test. After the end of each heating run, the system
was cooled and the sample integrity inside the pan was thus

verified. For that, it was simply observed any change on the
sample’s color.

The results from DSC curves of Fig. 1b (Test 2) and
Fig. 1c (Test 2 with an opened pan) proved that pure glyc-
erol is thermally stable even when exposed to an oxidant
atmosphere (air) and under local pressure (945 + 10 hPa).
Therefore, high-purity glycerol can be exposed to consecu-
tive heating and cooling processes without resulting in its
degradation. Again, slight differences among the DSC curve
of the first heating run and the others are already expected,
and are not associated with the compound decomposition.

Thermogravimetry analysis

Some mixtures were selected to be also subjected to the
thermogravimetry (TG) to confirm the sample’s degradation.
The results from TG are shown in Fig. 4, where it is notable
the mass declining from about 170 °C for all samples. Such
mass decreasing is indeed related to the sample (glycerol)
volatilization, as was observed in Test 1.

For glycerol + 10% sodium hydroxide mixture (Fig. 4a),
the thermal event marked by the first tall blue peak rep-
resented 81.68% of mass loss. The remaining mass main-
tained inside the pan until the second thermal event at about
440 °C, where 5.36% of mass was lost. At the end of the
heating run (7'=500 °C), about 13% of the initial sample
mass still remain without evaporation. Since the mixture
was composed of 90% glycerol (in mass), it was expected
that during the first thermal event, the mass loss was close
to 90%. This should occur in a condition in which the initial
glycerol mass was preserved, but not all glycerol mass was
lost during its evaporation. Such observation reveled that a
fraction of glycerol was consumed, resulting in other com-
pounds of different volatility.

Nevertheless, the tall blue peak is not well formed, indi-
cating that other thermal events are also occurring along
with the glycerol evaporation. Therefore, the mass loss per-
centage related to this event may not be associated with only
glycerol evaporation.

The same discussion can be applied to glycerol +10%
sodium methoxide mixture (Fig. 4b). Although, in this case,
the thermal event was responsible for 89.5% mass loss (what
was expected), the blue peak was also bad formed, indicating
other events during the glycerol evaporation.

Blue peaks for glycerol +5% sodium ethoxide (Fig. 4c)
and+ 10% sodium ethoxide (Fig. 4d) mixtures were better
formed when compared to the ones from Fig. 4a, b. As was
already discussed for oxides, the sodium ethoxide effect
over glycerol is less damaging than sodium hydroxide and
sodium methoxide. For glycerol + 5% sodium ethoxide mix-
ture (Fig. 4¢), the thermal event represented 94.94% of mass
loss. However, for glycerol + 10% sodium ethoxide mixture
(Fig. 4d), 94.53% of mass was lost during the thermal event,
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Fig.5 Photographs of sample pans after Test 1

being that up to 90% were expected. This indicates the other
thermal events were simultaneously occurring.

Finally, all of these observations revealed that glycerol
undergone reactions when contacted with sodium hydroxide,
sodium methoxide, or sodium ethoxide during heating and
reinforce thus the outcomes from Tests 1 and 2.

Visual sample degradation

The most drastic glycerol decompositions were also visu-
ally observed (Fig. 5), from which the sample degradation
was indeed confirmed. From the photographs of Fig. 5, it
was confirmed that the sample pan was maintained clean
after Test 1 with water or ethanol (Fig. 5a). On the other
hand, sulfuric acid (Fig. 5b) and sodium hydroxide (Fig. 5¢)
caused a kind of corrosion, whereas a foam was formed in
samples with sodium methoxide (Fig. 5d) or sodium eth-
oxide (Fig. 5e). The liberation of volatile compounds as
previously discussed for alkoxides (sodium methoxide and
sodium ethoxide) may have contributed for the foam forma-
tion. With exception of adding water, ethanol, and salts into
glycerol (Fig. 5a), a combustion was observed for the other
mixtures after Test 1, marked by the brown/hazel colors in
Fig. Sb—e.
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Conclusions

DSC and TG analyses proved to be fast and efficient tools
to assess qualitative results of thermal stability of both pure
and contaminated glycerol. Evaluated mixtures of glycerol
with water, ethanol, and salts (sodium chloride or sodium
sulfate), maintained thermally stable until the total evapora-
tion of volatile compounds. In relation to the boiling point
of pure glycerol, water caused a decreased boiling point of
the mixture, which was not expressively noted for ethanol. A
small increasing on the mixture boiling point was observed
for increased salts composition. Glycerol containing ethanol
and water is secure to be subjected to heating processes, as
distillation. Consequently, purified glycerol can be employed
as solvent in the extractive distillation for ethanol dehydra-
tion. The reboiler temperature can reach more than 250 °C
without causing its degradation. Moreover, pure glycerol
(99.5%) revealed to be thermally stable even after 10 cycles
of heating and cooling.

Pure sulfuric acid, sodium hydroxide, sodium methox-
ide, and sodium ethoxide revealed to be thermally instable,
and several compounds can be generated during heating.
When present in glycerol, such compounds can compromise
its quality and difficult its purification. Therefore, it is sug-
gested to neutralize them with the proper acid or base and
to remove the salts. Salts can be easily removed by settling,
centrifugation, or mechanical filtering, if insoluble, or by
ion exchange resins (cationic and anionic), in the case of
dissociated ions.

The presence of 5% sodium hydroxide in glycerol caused
the sample degradation. Although no expressive changes
were observed in the mixture of glycerol with 1 or 2%
sodium hydroxide, the presence of such strong alkaline com-
pound in glycerol should be avoided. Sulfuric acid at any
concentration caused an evident decomposition of glycerol.
Catalysts commonly adopted in homogenous transesterifi-
cation process for biodiesel production, as sodium methox-
ide and sodium ethoxide, also caused glycerol degradation.
The effect of sodium methoxide was stronger than the one
observed for sodium ethoxide. Therefore, catalysts should
be also removed from glycerol before any heating process.
The effect of each contaminant over glycerol was separately
evaluated. Several combinations can be also evaluated. How-
ever, outcomes from pure compounds and binary mixtures
provided preliminary information that can be used in further
experimental assays or as control parameters in computa-
tional simulations, for instance.
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tary material available at https://doi.org/10.1007/s10973-022-11395-4.
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