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In this paper, it is proposed a new route, named “Alkoxycle”, for the conversion of glycerol from biodiesel
production into H, and CO/CO; in different and separate stages. In this process, glycerol first reacts with
NaOH to form an alkoxide that, in a second step, undergoes controlled thermal decomposition. Analyses
of glycerol:NaOH precursor mixtures (molar ratios of 1:1, 1:2, 1:3 and 1:5) by TG, XRD, SEM, TEM, Raman,
total carbon and GC-MS showed that the decomposition of the alkoxide at 400 °C leads to the formation
of three fractions: liquid, gas and solid. The liquid products were formed only in very small amounts

gi}/’x;ﬁs" whereas an important gas fraction (12-16 wt%) was produced consisting mainly of H, (95% selectivity).
Sodium hydroxide In the second stage, the solid products (70-86 wt%) consisting of Na,0, carbon and mostly Na,CO3 can
Alkoxide be decompose by heating at 700 °C to procuce CO, and especially CO. At the end of the Alcoxycle process,
Hydrogen the NaOH used in the reaction and also the NaOH present in the biodiesel glycerol can be recovered and
Syngas reused.

© 2016 Published by Elsevier B.V.

1. Introduction This reaction is endothermic and usually temperatures higher

than 500°C are used and side reactions such as water-gas shift

New strategies have been intensively investigated to develop
processes to use the different biodiesel by-products. One of the
main by-product is glycerol formed during the transesterification
reaction, which contains 10-15% impurities based on water, oil,
carboxylic acid/soaps and 5-10% of catalyst waste, typically NaOH
[1].

Different routes to convert glycerol into several products have
been studied in the last years [2-6], e.g. 1,3-propanediol and dihy-
droxyacetone, organic acids from biological route [7], acrolein
[8-10], fuel additives [11], polymers [12] and oligomers with dif-
ferent applications such as dust suppressor [13]. The conversion
of glycerol into syngas, H, and CO, has been receiving consider-
able attention lately [14,15]. Different reform strategies have been
investigated such as steam, liquid phase, supercritical, dry and
autothermal. The steam reform consists in the reaction of glycerol
with water (Eq. (1)) [16,17].

C3H803(g) + 3H20(g) — 3C02(g) + 7H2(g) (1 )
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and methanation commonly occur. This process produces H,:CO
ratio generally higher than 10, which is far from 2, the ideal syn-
gas ratio for Fischer-Tropsch [18,19]. An alternative route is the
aqueous phase reform which demands moderate temperatures
(200-300°C) but high pressures, e.g. 28-55 atm [20] affording rel-
atively low yields. The reform in supercritical water consists in the
same chemical processes (Eq. (1)) but the temperature and pressure
must be higher than the critical point (T>374°C and P>218 atm)
[21]. Also, in general, these reform processes produce considerable
amounts of undesirable chemical intermediates, e.g. acrolein [21].

The dry reform is done in the absence of water, using CO, as an
oxidant (Eq. (2)) [19].

C3HgO3(g) + COyg) > 4COg) + 3Ha(g) + H20(g) (2)

The autothermal reform is the combination of two processes,
the steam reform and partial oxidation (Eq. (3)). This process offers
an energetic advantage once the exothermic partial oxidation out-
balances the endothermic steam reform [22,23].

C3HgO3(g) +air 4 steam — carbonoxides + hydrogen (3)
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For most of these reform processes an important drawback is
the need of a relatively expensive metal based catalyst which easily
deactivates under the reaction conditions [14,24].

In this work, a new route to transform glycerol into H, and CO is
proposed with significant advantages such as (i) the H; is produced
in a different step from CO production, being possible to obtain
these gases separately by a control of the temperature and (ii) the
NaOH used as catalyst in the transesterification reaction (present
as a contamination in the glycerol) can be recovered.

2. Materials and methods

All chemicals were used without previous treatment. The pre-
cursor were prepared reacting glycerol (Synth, 99,5%) with NaOH
(Vetec, 99%) in molar ratios of 1:1, 1:2, 1:3 and 1:5 glycerol:NaOH
(Glyc:1Na, Glyc:2Na, Glyc:3Na and Glyc:5Na, respectively). The
resultant mixture was treated at 60°C for 24 h and used directly
in the further experiments. For the thermal decomposition,
80-120 mg of the precursors were placed in a tubular quartz reac-
tor under a static argon atmosphere and heated (10°min~1!) in a
ceramic furnace until 400, 550 and 900 °C for 1 h each. Three frac-
tions were obtained:solid, liquid and gaseous.

The composition of the solid fraction was determined using sev-
eral techniques. The X-ray diffraction (XRD) was performed in a
Shimadzu equipment model XRD-7000, with Cu Ko radiation, using
the powder method. The Raman spectra was obtained in a Bruker
equipment, model Senterra equipped with a CCD detector. Also, it
is coupled with an optical microscopy (OLYMPUS BX51) to focus
the laser beam and to collect the backscattered light. The spectra
was done using the 633 nm laser with 2 mW of potency, integration
time of 10 s and 10 co-additions. The SEM images were acquired in
a Quanta 200 FEG equipment. The TEM images were obtained in
a Tecnai G2-20 SuperTwin FEI 200 kV. Thermogravimetric analysis
(TG) was done in a Shimadzu model DTG-60H with a nitrogen or
air flux of 50 mL min~! up to 900 °C and heating rate of 10 °Cmin~!.
The total carbon (TC) in solution was performed in a Shimadzu
equipment model TOC-V-CPH. For this analysis, deionized water
was added to the crude solid and the mixture was then filtered to
obtain a solution.

The liquid condensed at the trap were collected dissolving it at
acetone (Quimex, 99,5%). Then, the products were characterized
using gas chromatography in an Agilent® model GC-7890 coupled
with a mass spectrometer Agilent® model 5975C with a quadrupole
analyzer. The products were separated on a HP-5 column.

The gas produced were sampled and analyzed with gas chro-
matography in a Shimadzu model GC-2010. The permanent gases
were separated on a Carboxen®-1010 column and analyzed in a
thermal conductor detector (TCD).

The hydrocarbons gases were separated in the same column and
analyzed with a flame ionization detector (FID). The CG was cali-
brated with a standard gas mixture containing H,, CO, CO,, CHy,
CyHg, CoH4 e CH; in Ny. The gas products were obtained insmolar
and indicated the variation of gas composition with respect to the
precursor thermally decomposed.

3. Results and discussion

The alkoxide intermediates were prepared by the sim-
ple reaction of glycerol with sodium hydroxide with different
NaOH/glycerol molar ratios, i.e. 1, 2, 3 and 5 (Eq. (4)).

C3H5(OH)3(]) + 3N3.0H(S) — C3H5(0‘Na+)3(s) + 3H20(1) (4)

The formation of these alkoxides has been described before [25].
These precursors are very hygroscopic and, after drying at 60 °C for
24 h, they were used directly for the experiments.
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Fig. 1. TG analyses, in argon atmosphere, of the precursors Glyc:Na and glycerol.
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Fig. 2. Mass balance of the solid, liquid and gas fractions obtained for the decom-
position of the different precursors at 400°C.

Thermogravimetric analyses of the precursors (Fig. 1) showed
three main weight losses at 150-300, 400-550 and 700-900°C.

The first weight loss, up to 300 °C, is probably related to the loss
of water, partial decomposition of the precursors and evaporation
of excess glycerol. In fact, pure glycerol shows a 100% weight loss
between 140 and 240°C due to its evaporation (Fig. 1). The sec-
ond weight loss, related to precursor decomposition, varies from
3 up to 10%. Above 700°C, the weight loss is likely due to the
decomposition of more stable compounds, most likely inorganics.
In general, as the Na content in the precursor increased, all the
losses decreased whereas the remained solid fraction present in
the samples at 900 °C increased. Based on these results, the ther-
mal decomposition of the substrates was investigated at 400, 550
and 900°C.

Decomposition of the different precursors carried out at 400°C
produced three fractions: solid, liquid and gas. The obtained mass
balances for these fractions are shown in Fig. 2.

For all precursors, the solid product represented ca. 70-90%. In
this fraction 17-39% is related to the presence of Na*, likely in the
form of oxides and carbonate salts. The liquid fraction was only
significant for Glyc:1Na and Glyc:2Na. It can be observed that the
gas fraction slightly increased from 12 to 18% as the Na content
increased in the precursor.

The obtained grey solids showed a fraction soluble in HCI (1 M)
leaving an insoluble black solid, suggesting the presence of carbon
in these materials. SEM images of the raw grey solid (before acid
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Fig. 3. SEM images and EDS for raw solid obtained by decomposition of the precur-
sors at 400°C.
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Fig. 4. SEM and TEM images and EDS for the washed solid obtained by decomposi-
tion of the precursors at 400 °C.

treatment) showed fibrous-needle-shaped structures, common for
carbonate salts [26,27]. In fact, EDS analysis confirmed the presence
of sodium, carbon and oxygen atoms (Fig. 3).

After acid wash, a completely different morphology was
observed by SEM and the EDS spectrum suggests that the sodium
was removed and only carbon was present. TEM images of the
obtained black solid after washing suggested for most particles
a graphite-like structure and in some cases few layers graphene
structure (Fig. 4).

The Raman spectra for the raw solid presented a band near
1188 cm™1, related to a carbonate (CO3~) vc—g stretching [28], and
two bands due to the presence of carbon, i.e. D band related to
less organized carbon structures and G band related to organized
graphene structure [29] (Fig. 5). After washing with HCl these D and
G band became more pronounced (see detail of Fig. 5)

The diffractogram for the raw solid samples were in perfect cor-
relation with the pattern of Na,CO3, according to JCDPS 37-457 (see
Supplementary Material).

TG analyses of the raw solid obtained at 400°C in air atmo-
sphere showed an exothermic weight loss between 300 and 500 °C
(see DTA in Supplementary Material) likely related to oxidation of
the carbonaceous products (Fig. 6). The relatively low oxidation
temperatures suggest the presence of a more amorphous reactive

Fig.5. Raman spectrum for the crude solid and for the washed solid (detail) obtained
by decomposition of the precursors at 400°C.
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Fig. 6. TG analyses for the raw solid obtained by decomposition of the precursors
at 400°C.

Table 1
Composition of the solid fraction obtained by the decomposition of the different
precursors at 400 °C.

Substrates %C2 %Na, CO3P %Na,0°
Glyc:1Na 11 85 4
Glyc:2Na 10 89 1
Glyc:3Na 4 85 11
Glyc:5Na 2 80 18

2 Determined by TG.
b Determined by TC.
¢ Calculated by difference.

carbon [30]. It can also be observed a weight loss near 850 °C likely
related to the sodium carbonate decomposition.

The raw solid was solubilized in water and then filtered. The
amount of carbonate was estimated from the remaining solution by
TC (Total Carbon analysis). Thus, the composition of the solid frac-
tion was determined using the amount of carbon estimated from
TG, carbonate estimated from TC measurements and Na, O from the
difference (Table 1).

As it can be observed, carbonate salt represents the main com-
ponent of the solid fraction, more than 80%. Also, as expected, the
amount of Na, O increases for the precursors with higher Na con-
tent, while the opposite occurs for carbon.

Only very small amounts of liquid products were formed dur-
ing the thermal decomposition for the substrates Glyc:1Na and
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Fig. 7. Gas composition obtained for the different precursors decomposed at 400 °C. Fig. 8. Gas composition in the range of 400-550°C.
Glyc:2Na at 400°C, i.e. ca. 20%. In these samples, GC-MS analy- 100
sis showed that non-reacted glycerol was the main component
and traces of 1,2-propanediol were identified. The other substrates
Glyc:3Na and Glyc:5Na showed only traces of liquid derivatives. S 80 - ]
The gas products formed up to 400 °C, collected and identified by £
GC, were composed mainly by H,, very small amounts of CO, CO,, X
CH4 and traces of hydrocarbons C; and Cs. As shown in Fig. 7, P 60
the selectivity for H, increased for the substrates with excess of ke
NaOH in its preparation, reaching 99% for Glyc:5Na. Onwudili and '§
Williams [31] studied the role of NaOH in hydrothermal reactions o 40+
with several biomass samples such as cellulose, glucose, starch and g
others. It was observed that the presence of NaOH favoured the O
gasification reactions and the production of H,. Some mechanistic @ 204
studies [32,33] suggested that the NaOH reacts with CO, to form o
Na,CO3 or NaHCO3 favouring the Water Gas Shift reaction.
For the Alkoxycle investigated in this work, only in the first 0-
decomposition step, the calculated H, production was 4.7 mol of a Glyc:1Na Glyc:2Na Glyc:3Na Glyc:5Na
theoretical maximum of 5.5 mol which corresponds to a 85% yield Precursor

for Glyc:3Na, considering all hydrogen atoms from glycerol and
NaOH.

The second stage of thermal decomposition (observed in the TG
curves near 500°C) was also investigated by collecting the gases
only in the second decomposition, between 400 and 550°C. GC
analyses showed the presence of mainly CO and small amounts of
CO; and H; (Fig. 8). The precursor Gly:5Na did not produce sig-
nificant amount of gas in the temperature range 400-550°C as
observed by TG in Fig. 1.

The gases formed in the third stage of the thermal decomposi-
tion (observed in the TG curves after 700 °C) was also investigated.
The gases were collected between 550 and 900 °C and analyzed by
GC.Itcanbe observed that the main gases are CO and CO,, especially
for the Glyc:2Na, Glyc:3Na and Glyc:5Na precursors (Fig. 9).

The high amount of CO and CO, at this temperature is likely
related to two reactions, the Na;CO3 decomposition (Eq. (5)) and
also the reverse Boudouard reaction (Eq. (6)) which should be
favoured at 900°C [34,35].

Na2C03(5) — COz(g) + NaZO(S) (5)
C(s) +CO2g) = 2C0( (6)

After thermal decomposition (900 °C), the remaining white solid
was completely soluble in water and strongly alkaline. Moreover,
TC analysis of the solution also showed the absence of carbonates,
suggesting the presence of only Na, 0. Based on the results obtained
in this work some considerations can be made on the Alkoxycle.

Fig. 9. Gas composition in the range of 550-900 °C.

When low Na contents are used, i.e. Glyc:1Na and Glyc:2Na, a liquid
product is formed. This fraction is a result of glycerol evaporation
combined with other process, e.g. alkoxide decomposition to form
glycerol derivatives and other reactions promoted by the strong
alkaline medium. This liquid is, therefore, a complex mixture of
different compounds with no direct application. When molar ratios
NaOH:glycerol higher than 3:1 are used, no significant amount of
liquid product is formed. These results suggest that the combina-
tion of 1Na atom for 10 atom of glycerol induces the complete
collapse of the glycerol to form only small gas molecules. Appar-
ently, in the first thermal decomposition step most of the oxygen
and carbon atoms will remain in the solid phase as carbonate. Some
of the C atoms aromatize to form a solid carbon containing rela-
tively high concentration of oxygen functionalities and produce H,
(Eq. (7))

C3H5(0"Nat); — NayCO3/Na,0/Carbon(OxHy) + H, (7)

Although the process taking place in the second decomposition
stage is not clear, one possibility is the decomposition of the high
functionalized carbon to lose small amounts of H, and oxygen as
CO and CO; (Eq. (8)).

Carbon(OxHy) — Hj +CO/CO, (8)

Please cite this article in press as: F.G.F. de Paula, et al., Alcoxycle: A novel route for glycerol reform into H, and COx in separate stages,
Catal. Today (2016), http://dx.doi.org/10.1016/j.cattod.2016.06.039



dx.doi.org/10.1016/j.cattod.2016.06.039

G Model
CATTOD-10289; No.of Pages6

F.G.F. de Paula et al. / Catalysis Today xxx (2016) XXx-xxx 5
Glycerol: | 400°C Solid 550°C  golid 750°C solid Acknowledgments

NaOH (TG = 84%wt) (TG =77%wt) (TG = 48%wt)
1:3 mol Na,CO, (85%) The authors are grateful for the financial support for this yvork
C (4%) by Petrobras, FAPEMIG, CAPES and CNPq. The authors would like to
Na,O (11%) acknowledge the Center of Microscopy at the Universidade Federal
de Minas Gerais (http://www.microscopia.ufmg.br) for providing

v ]

Gas (TG = 16%wt)
H, (4,7 mol, 95%)

€O (0,38 mol, 4%)
€O, (0,09 mol, 1%)

Gas (TG = 7%wt) Gas (TG = 29%wt)

H, (0,08 mol, 23%)
€O (0,49 mol, 70%)
CH, (0,06 mol, 10%)

H; (0,16 mol, 8%)
CO (0,49 mol, 24%)
CO, (1,3 mol, 64%)
CH, (0,08 mol, 4%)

Fig. 10. Summary of complete thermal decomposition of the precursor Glyc:3Na.

NaOH
900°c‘ (Na,0) ‘
Carbon oxides‘ uy ' Glycerol
Carbon/Na,CO,/Na,0
Hydrogen { \
k }Water
006 C,Hs(ONa®),

Fig. 11. Representation of the “Alkoxycle” for the production of H, and CO/CO, from
glycerol and NaOH.

In the third stage at temperatures higher than 700°C, appar-
ently the sodium carbonate decomposes to produce CO, and, by a
reaction with the carbon, produces CO.

Fig. 10 represents a summary of all thermal decomposition steps
for the precursor Glyc:3Na. At 400°C, H, was produced with high
selectivity (95%) and yield of 4.7 of a nominal maximum of 5.5 mol
(85%), considering all hydrogen atoms from glycerol and sodium
hydroxide. The yield was calculated using the results from thermo-
gravimetric analysis and gas chromatography. In the second and
third decomposition stages, CO and CO, were the main products,
70 and 64%, respectively. These results suggest that is possible to
produce H;, with high selectivity in a different step, separated from
the other gases, mainly COx.

Fig. 11 represents the complete Alcoxycle, where basically
hydrogen is produced at 400°C and a mixture of CO/CO, was
obtained at 900 °C. Furthermore, only Na,O was observed at the
end of the process, showing a possibility of recovering the NaOH.

An important aspect of this process is the energy consumption.
Detailed study on the thermodynamics and energy balance is cur-
rently in progress. However, one can envisage that compared to the
other glycerol conversion processes, i.e. steam, dry and autothermal
reform, the energy consumption should be similar.

4. Conclusion

Thermal decomposition of Na* alkoxides from glycerol at 400 °C
produces mainly H, with selectivity of 95 mol% and 85% yield for
Glyc:3Na. The solid fraction is composed mainly by Na,CO3, but
also contained Na,O and carbon. Further treatment up to 900°C
produced mainly CO and CO,. This cyclic process showed very
promising results to convert glycerol to syngas with the advantages
of producing H, and COy in separate and different stages as well
as recovering the NaOH present in the glycerol from the biodiesel
process.

the equipment and technical support for experiments involving
electron microscopy.

Appendix A. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.cattod.2016.06.
039.
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