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ARTICLE INFO ABSTRACT

Keywords: In the global fight against climate change, the bio-based supply chain represents an interesting solution as it
Hydrogen offers the potential to produce high-value-added products and bioenergy through the utilization of waste and by-
Glycerol products. In this work, a new route is proposed for the conversion of bio-based glycerol to Hy/CO5 and high
Sodium metaborate - . . .

Polymer value-added liquid and solid products. The innovative process used pure or crude glycerol or ethanol-glycerol

mixture along with water and sodium metaborate as reagents at 300 °C under discontinuous conditions. The
gas stream consists mainly of hydrogen, followed by biogenic CO, (31-54 %), CO (4-13 %) and CHy in traces.
The presence of water in the tested crude glycerol improved the hydrogen selectivity to 55 %. Characterization of
the liquid reaction products revealed the synthesis of products such as 1,2-propanediol, propanoic acid, acetic
acid, cyclopentenones and cyclic diglycerol. In the solid phase, an aliphatic hydrocarbon resin with oxygenated
carbon along the saturated chain and an aromatic cluster were also characterized by NMR, FTIR and TG analyses.

Biogenic carbon dioxide
Innovative process

Based on these findings, the global reaction route to the general reaction products was proposed.

1. Introduction

Today, the energy and chemical industry is based on the use of fossil
fuels, but their massive exploitation use is causing negative environ-
mental impacts. Therefore, there is an urgent need to develop alterna-
tive and sustainable methods to meet the growing demand for energy
and chemicals [1]. Promising solutions are emerging by an holistic
approach which combines valorization of wastes and industrial by-
products with the concurrent use of renewable hydrogen as energy
source.

Glycerol is a primary by-product of the transesterification reaction,
which transforms triglycerides, or vegetable oil, into long-chain mono
alkyl esters, or biodiesel. Glycerol makes up around 10 % of the weight
(wt) of the biodiesel that is generated [2]. Biodiesel production pro-
cesses are conducted in the presence of an alcohol, typically methanol or
ethanol and a catalyst, usually sodium hydroxide. Consequently, crude
glycerol contains impurities, including water, alcohol, soap, inorganic
salts, and organic non-glycerol matter and the glycerol amount ranges
from 30 to 90 % [3,4].
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In 2030, it is estimated that crude glycerol production will be over
four billion gallons per year, or 49,882 million liters, according to the
Organization for Economic Co-operation and Development (OECD) [3].
The production of crude glycerol from biodiesel has been increasing day-
by-day, and this has caused an annual glut in supply, exerting downward
price pressure. Brought to today value of about 0.50 USD/L, crude
glycerol is effectively sold at a whopping 67 % under the cost pure
glycerol (1.50 USD/L) [5,6]. This surplus poses a significant challenge to
the growth of the biodiesel industry, making biodiesel economically
unviable. Because it is a cheap and readily available feedstock, the use of
both crude and purified glycerol is crucial to promoting the use of bio-
diesel [7].

In this context, contemporary research efforts are aimed at exploring
the potential utilization of glycerol as a feedstock, with the overarching
goal of producing value-added organic compounds [8,9]. Two well-
established reforming processes, steam reforming (SR) and aqueous
phase reforming (APR), represent two major routes in hydrogen syn-
thesis from glycerol [10]. Through a variety of reaction pathways,
glycerol functions as a precursor for a broad range of industrially
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significant reactions, including dehydration pathways for acrolein pro-
duction [11-13] and hydrogenolysis for generating key intermediates
like 1,2-propanediol, essential intermediates in polymer and pharma-
ceutical industrial processes [14-16]. Additionally, glycerol, involved in
oligomerization reactions, produces di- and tri-glycerol isomers, used as
solvents and intermediates [17-19]. Moreover, the application of glyc-
erol in bioplastics and resins demonstrates the important role it can play
in promoting sustainability [20-23].

As for the valorization of waste as a source of materials, sodium
metaborate, a solid difficult-to-regenerate by-product in the context of
hydrogen storage, is used in a new patented process for the simultaneous
production of Cyan Hydrogen and polymers [24]. The process consists of
consecutive steps exercised under batch conditions and 300 °C,
involving the alternating addition of bio-alcohol and water to an alkali
metal salt of metaborate (YBO,-xH30, where Y represents an alkali
metal and x the hydration degrees), a by-product of hydrogen storage
process. In a previous work [25], it was reported that the use of ethanol
and sodium metaborate for four process steps allows the simultaneous
production of hydrogen rich gas (>95 %, v/v), an oligomeric compound
with a repetitive carbon pattern (—CHy—CHy—),,, and a liquid phase rich
in oxygenated organic compounds.

The innovation of this process lies in both the selection of raw ma-
terials and the variety of products generated, which allows for the
simultaneous production of hydrogen and carbon valorization. The
utilization of bio-derived feedstocks fits into the discussed context by
operating with inherently COy-neutral raw materials. Moreover, the
process offers the possibility to reuse metaborate from metal borohy-
dride hydrolysis used for hydrogen storage, since borohydride regen-
eration is a tedious and uneconomical process [26].

In the proposed work, we aim to evaluate the feasibility and effi-
ciency of the new process by investigating the use of glycerol, chosen as
bioderived feedstock for its cost-effectiveness and abundance [27,28].
This choice is not only in line with economic considerations, but also
offers environmental benefits by using a by-product of biodiesel pro-
duction. For these reasons, the article investigates the novel process for
transforming bio-based glycerol, which may be in the form of pure,
crude, or combined with ethanol, utilizing sodium metaborate at a
temperature of 300 °C. Glycerol was tested to investigate the effect of
the feedstock on cyan hydrogen production and liquid and polymeric
products. Moreover, a mixture of ethanol, pure glycerol and crude
glycerol were used as raw materials to assess the effect of the co-
presence of the two alcohols on the composition of each phase and to
assess the feasibility of using low-cost impure glycerol in this novel
process.

2. Material and methods
2.1. Materials

The following reagents were used for the experimental tests: sodium
metaborate tetra-hydrate (NaBO2-4H20, CAS: 10555-76-7, 99.95 %
wt), distilled water, ethanol (CoHs0H, CAS: 64-17-5, >99.8 % wt), and
glycerol (C3HgOs3, CAS: 56-81-5, >99.5 % wt). All the reagents were
purchased from Sigma-Aldrich and used as received. The composition of
the synthesized crude glycerol utilized was 78.0 % wt glycerol, 20.7 %
wt water, and 1.3 % wt ethanol [29].

2.2. Experimental setup

The experimental setup was as described in our previous work [24].
Briefly, as reported in the experimental set-up schematization (Fig. 1), a
batch reactor vessel with a volume of 450 mL (Parr 4567) was used. The
reactor system included a pressure gauge, an internal stirring system, a
thermocouple, a liquid sampling valve, a gas release valve, a gas inlet
valve, a safety rupture disk, an electric heater, a mixer motor and a
temperature, pressure and stirring rate control system (Parr 4848). A
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Fig. 1. Schematic representation of the experimental set-up.

pressure transducer attached to the reactor is used to detect the reactor
pressure.

2.3. Experimental procedure

The process consists of four sequential reaction steps, schematized in
Fig. 2. The operating conditions along with the reagent quantities are
presented in Table 1. In the following, the process in the presence of
glycerol, crude glycerol or a mixture of ethanol and glycerol as organic
feedstock (A) is described. As detailed in Fig. 2, initially, sodium
metaborate (B) was introduced into the vessel along with organic
feedstock (A) in the first step of the process. Next, water (C) was added
to the system, and the reaction occurred under the same operating
conditions as in the first step. More feedstocks (A) were added in the
third steps, with a final water addition in the last step. The reaction
system comprised three phases and produced solid, liquid, and gaseous
products.

Before the initial experimental step, the reagents were placed into
the vessel and a pressure purge inertization (six cycles of inerting from
0.3 to 5.0 barg in Ny) was carried out. After the time of reaction ¢, the
system was cooled, and gas was sampled at a temperature of 60 °C and a
variable pressure depending on the reaction step (Table S1). Water was
introduced into the system through the liquid inlet valve at room tem-
perature, and then after purging, the second phase began. The experi-
ment was subsequently repeated for all steps, following the same
procedure as described for the first step. At the end of the process, i.e.,
the fourth step, the reactor was opened after gas sampling, to recover the
final solid-liquid mixture products at room temperature.

85.60 mmol of organic feedstocks (A) and 14.50 mmol of sodium
metaborate NaBOy-4H0 (B) were used in each test, maintaining a
constant ratio of organic raw material to metaborate at approximately 6.
In the case of glycerol (Gly), the organic feedstock consisted of 85.60
mmol of pure glycerol; for the crude glycerol (CruGly), the total amount
of moles was divided into 78.0 % wt glycerol, 20.7 % wt water, and 1.3
% wt ethanol [29] while for the ethanol-glycerol mixture (EtOH-Gly),
the composition was 50/50. To summarize, molar amounts of each
component are reported in Table S2, and the nomenclature employed
will be utilized throughout the text to designate the investigated
processes.

2.4. Analytical methods

Gas composition was analyzed by Agilent 3000A micro gas
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Fig. 2. Block diagram of the process involving four consecutive reaction steps, with alternating organic feedstock (A) and water (C) added to sodium metaborate (B),

in a batch reactor.

Table 1
Operating conditions and molar quantities of process fed reagents.

Operating conditions

Temperature, T 300 °C

Stirring speed 500 rpm

Initial pressure (N2), Pin 0.3 barg

Time of reaction, t, 6 h
Gas sampling Temperature, Ty 60 °C

(A) Organic feedstock 85.60 mmol
(B) NaBO2-4H;0 14.50 mmol
(C) H;O0 555.0 mmol

chromatography (microGC) equipped with OV-1, Alumina, PLOT-U and
MS5A columns, and a thermal conductivity detector (TCD). The tem-
peratures of the OV-1, Alumina, PLOT U, and MS5A columns were 65,
90, 80, and 100 °C, respectively. Helium was used as the carrier gas for
columns OV-1, Alumina, and PLOT U, whereas column MS5A employed
argon. Each analysis was repeated five times for each sampling bag
analyzed.

The crude reaction product (an immiscible liquid phase and a black
solid) was centrifuged (ALC mod. 4222 MK II, Sigma) at 5000 rpm for 5
min, at 25 °C (Scheme 1). The supernatant (S) obtained was lyophilized
and the corresponding material was completely solubilized with chlo-
roform (S-CHCl3), ethyl acetate (S-AcOEt), and water (S-H20). The
precipitate (P) obtained from centrifugation was soluble in chloroform
(P-CHCls). The fractions obtained were analyzed by NMR. The 'H and
13C NMR spectra were recorded with an NMR spectrometer operated at
400 MHz and 25 °C (Bruker DRX, Bruker Avance) and referenced in ppm
to the residual solvent signals (CDCls, at 8y 7.26 and 8¢ 77.2, or D3O at
Sy 4.79).

The identification of compounds in bare liquid samples (S) was
performed by gas chromatographic analysis implementing a mass
spectrometer for the detection (GC-MS) in Agilent HP6890/HP5975
instrument. The samples were diluted in methanol and 1 mL of each

solution was injected at 50 °C with separation performed on a DB-624
column with helium as the carrier gas. The oven temperature was pro-
grammed to increase from 50 °C at a rate of 5 °C/min to 260 °C, at which
it was held for 15 min.

The selectivity was evaluated using the following equation for gas
Eq. (1) and liquid Eq. (2) products:

Mole of i — species produced
Total moles

(€8]

Selectivityg,g; =

Peak Areai — species produced
Total Area

(2)

Selectivity; oy =

Performance Index I was defined as shown in Eq. (3) to compare the
proposed methodology with other hydrogen generation process.
Mole of H, produced

= 4 x Moles of Gly inlet ®

After separation, the bare solid product (P) of the reaction was
washed five times with ethanol. In each cycle, the residue was dispersed
in the solvent and sonicated at 59 kHz for 10 min, centrifuged and
separated. The resulting solid phase was dried in a vacuum oven at
100 °C overnight.

Chemical bonds of solid products were evaluated through Fourier-
transform infrared spectroscopy (FTIR) in a Nexus FTIR spectrometer
Nicolet 5700. The FTIR absorption spectra were captured at a spectral
resolution of 2 cm™! within the 4000-500 cm ™! range.

Thermogravimetric analysis (TGA) was conducted with the TGA/
DSC TA Q600SDT instrument, which permits the simultaneous mea-
surement of weight change and differential scanning calorimetry (DSC).
TGA analysis was carried out under N; and air streams at a heating rate
of 10 °C/min up to 1000 °C with platinum pans employed to assess the
thermal stability of the substances. Additionally, to identify the degra-
dation of gaseous products, TG-FTIR was conducted in N gas at a
heating rate of 10 °C/min, coupling a transfer line and the spectrometry
cell to the TG instrument. The cell and transfer line of the TGA/FTIR

Reaction crude

Centrifugation at 5000 rpm, 5 win, 25 °C

|
Supernatant (S)
Freeze-drying

Weight
Solubilization

| ; 1
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Solubilization

P-CHCl,

Scheme 1. Fractionation of the reaction crude.
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interface were heated and kept at 220 °C. In this way, product gases
from samples degradation could not condense. The output of this anal-
ysis is a Gram-Schmidt diagram. The HR Nicolet TGA Vapor Phase li-
brary of OMNIC software was used to identify the product gases.

X-Ray Diffraction (XRD) analysis was conducted through XRD
diffractometer PANalytical X’Pert Pro using Cu Ka radiation (1.5406 A).
The scanning range of 20 is [5°; 100°] with a step size of 0.013° and a
scan step time of 18.87 s.

Elemental analysis of solid residues was carried out with CHN 628
LECO, to measure the percentage content of Carbon (C), Hydrogen (H),
and Nitrogen (N) in the samples. Through the results of the thermog-
ravimetric analysis in air and elemental analysis, it was possible to es-
timate the elemental Oxygen (O) content in % wt by the following
equation Eq. (4).

O =100 — C—H — N — Moisture — Ash (€))

The moisture and ash content were evaluated as the weight loss up to
200 °C and as the percentage of residual weight at 1000 °C during
thermogravimetric analysis.

A FEI Inspect Scanning Electron Microscope was used to characterize
the microstructure; the microscope is equipped with an energy disper-
sive X-ray (EDX) probe for the elemental analysis.

3. Results

Experiments were carried out to test the Cyan Hydrogen production
process (described in Section 2.2) using three feedstocks: Glycerol (Gly),
an equimolar mixture of Ethanol and Glycerol (EtOH-Gly), and Crude
Glycerol (CruGly), following the methodology outlined in Section 2.3.
The results of the characterization of the gaseous, solid, and liquid
products are presented below and the consequent Discussion is reported
in Section 4.

3.1. Gas pressure profiles and product volumetric composition

Fig. 3 shows the pressure profiles over time for the different bio-
building blocks during the process that consisted of four consecutive
steps at 300 °C in a closed vessel. The pressure had an increasing trend
during the heating ramp, and then reached the final plateau value, given
in Table 2. The pressure profiles were significantly influenced by the
organic reagent fed during the I step. The initial phase of the I step is

70
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Fig. 3. Pressure and temperature profiles during the process by feeding glyc-
erol (Gly), mixture of ethanol and glycerol (EtOH-Gly), and crude glycerol
(CruGly). The maximum standard deviation s was + 1.4.
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indicative of the reagent evaporation during heating. The differences
among the pressure profiles between feeds can be explained by different
vapor pressures of the components and their interactions in the process
of reaction. The steepest slope was observed for the ethanol and glycerol
mixture (orange line, Fig. 3), where ethanol has the lowest boiling
temperature in comparison with pure glycerol and crude glycerol (green
and light blue lines, Fig. 3). In contrast, pure glycerol with its higher
boiling point had a more gradual pressure increase. Crude glycerol,
containing both water and ethanol along with glycerol, showed an in-
termediate behavior reflecting the combined effects of its components
boiling points. During the subsequent steps, the pressure curves over-
lapped during the heating ramp but differed in the final pressure value
reached (Table 2).

At the end of each step, the gas was cooled to 60 °C, sampled and
analyzed by means of microGC; the gas sampling pressure is given in
Table S1. Table 2 shows the volumetric gas composition with standard
deviation as obtained by feeding Gly, EtOH-Gly, and CruGly at different
process steps. The results obtained by feeding ethanol are also given for
the sake of comparison [25]. The main gaseous products are hydrogen
(Hy), carbon dioxide (CO3), carbon monoxide (CO), methane (CH,4), and
higher hydrocarbons ranging from C2 to C6.

The volumetric composition of Hy obtained during the various pro-
cess steps from the tested feedstocks was in the range of 38-60 %, fol-
lowed by CO; in the range of 31-54 %, CO between 4-13 %, and CHy4
between 0.0-0.5 %. Gaseous hydrocarbons with carbon chains ranging
from C2 to C6 were also found in small quantities (0.9-9.4 %) as glycerol
cracking products [30].

The high hydrogen composition (>95 %) observed with pure ethanol
[25] can be addressed to its simpler molecular structure, which results in
the production of fewer byproducts compared to glycerol. Conversely,
glycerol gives rise to a greater number of side reactions and a lower
degree of hydrogen purity, due to the formation of additional gases such
as CO9, CO, CH4 and light hydrocarbons.

The simultaneous change in temperature and consequently in pres-
sure in the closed vessel over time resulted in the formation of liquid and
gaseous mixtures of varying composition. During the heating and the
isothermal phase, the amount of feedstock passing into the gas phase
changed over time. The formation of liquid and gaseous mixtures with
time-varying composition (and fed ratios), occurring in parallel simul-
taneously led to different amounts of hydrogen production as the
starting reagent changed. In addition, at a temperature of 300 °C, so-
dium metaborate completely lost its four moles of structural water [31],
thus becoming part of the gaseous mixture. The formation of a two-
phase reaction system suggests that both gaseous steam reforming and
aqueous phase reforming reactions occur in parallel, with different HyO/
Alcohol ratios changing with time.

Pure ethanol passed more easily into the gas phase during heating,
accompanied by the structural water of sodium metaborate and the
water fed during the II step, leading to a major increase hydrogen pro-
duction. The process in the presence of glycerol led to the lowest average
hydrogen production during the steps (43.5 %), whereas in the presence
of ethanol-glycerol mixture and crude glycerol, an average value close to
50 % was reached. Glycerol, in a mixture or pure form, led to lower
hydrogen production suggesting that its higher evaporation temperature
disfavored the vapor phase reaction.

Besides ethanol, reported in the article for comparison, among the
bio-building blocks analyzed, crude glycerol appears to be the most
promising option, resulting in more hydrogen production and less CO,.
This suggests that the presence of water may favor hydrogen production.
However, the highest amount of formed heavier hydrocarbons was
registered in the case of crude glycerol when water was added as a
reactant during the I step. It is also interesting to note that for each
feedstock tested, the greatest CO production occurred during the first
process step, which was then attenuated in subsequent steps, indicating
how the presence of water reduced its production.
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Table 2
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Final pressure and volumetric gas composition for the reaction steps in presence of glycerol (Gly), an equimolar mixture of ethanol and glycerol (EtOH-Gly), and crude
glycerol (CruGly) obtained from microGC analysis with standard deviation. In Table are reported the results in presence of ethanol (EtOH) from our previous work

[25].

Organic feedstock Process step

Volumetric Gas Composition (%)

Pressure (barg)

H, CO, Cco CH,4 C2-C6
I 94.83 £ 0.27 1.67 £ 0.24 0.00 £+ 0.00 0.00 = 0.00 3.47 £ 0.06 13.8
EtOH I 93.48 £ 0.21 5.7 £0.16 0.00 + 0.00 0.00 = 0.00 0.102 + 0.07 39.5
Ref. [25] 111 98.56 + 0.05 1.09 + 0.05 0.00 £+ 0.00 0.00 + 0.00 0.20 £+ 0.03 46.9
v 95.2 + 0.04 2.54 + 0.08 0.00 + 0.00 0.00 = 0.00 0.70 £+ 0.05 52.1

Average 95.52 2.75 (/] 0 1.12
I 47.64 £ 0.04 38.30 + 0.16 12.30 = 1.09 0.28 + 0.41 1.72 £ 2.37 13.2
I 42.75 £+ 0.08 48.90 + 0.02 6.68 + 0.83 0.00 = 0.21 2.84 +3.10 32.4
Gly 111 45.45 + 0.09 43.13 £0.10 9.83 + 0.00 0.47 + 0.00 1.99 +£1.27 30.8
v 38.19 + 0.07 52.17 + 0.02 6.61 = 0.65 0.30 = 0.00 3.88+1.41 50.9

Average 43.50 45.62 8.85 0.26 2.60
I 47.11 + 0.67 40.81 £ 0.11 11.22 £+ 0.01 0.00 + 0.01 0.92 + 0.36 20
I 36.82 + 0.02 53.55 + 0.01 4.16 = 0.00 0.00 = 0.00 5.73+0.14 34.1
EtOH-Gly 111 50.5 + 0.08 40.11 £ 0.05 5.66 + 0.01 0.00 + 0.01 3.81 + 0.09 36.3
v 59.46 + 0.04 31.57 + 0.03 4.73 + 0.00 0.00 + 0.00 4.26 + 0.12 58.2

Average 48.47 41.51 6.44 0 3.68
I 53.02 + 0.38 33.15 + 0.54 11.00 £+ 0.04 0.20 = 0.04 2.72 4+ 0.52 13
I 46.48 + 0.66 38.59 + 0.48 5.60 £+ 0.02 0.12 £+ 0.02 9.41 £1.25 30.5
CruGly 111 48.03 £+ 0.97 44.37 + 0.86 5.67 £ 0.03 0.16 + 0.03 2.18 £ 2.10 28.8
v 55.86 + 0.75 34.23 + 0.53 3.80 = 0.02 0.18 + 0.02 6.32 +1.26 49.3

Average 50.85 37.59 6.52 0.17 5.16

3.2. Liquid products
Table 3

3.2.1. NMR analysis on the reaction raw material

The S-Hy0 fraction was the most abundant and the NMR analysis
indicated the presence almost exclusively of glycerol. In addition, the S-
H»0 fraction showed the presence of slightly polar material, with the
prevalence of signals of alkyl protons and only the minimal presence of
protons of oxygenated and aromatic compounds. The S-AcOEt fraction
still showed glycerol residues but also signals between 0 and 2.5 ppm,
owing to the presence of material containing alkyl residues, and signals
between 3.0 and 5.0 ppm, owing to the presence of protons geminal to
oxygenated carbons. The presence of aromatic protons was almost
negligible (~5%). The S-CHClj3 fraction showed exclusively the presence
of oxygenated alkyl compounds as well as a good presence of aromatic
signals (~10 %). This hypothesis was confirmed by the IR spectrum
which showed a band centred around 3300 cm ™! indicating the presence
of hydroxyl groups. The presence of oxygenated alkyl and aromatic
signals become more pronounced as the apolarity of the solvent
increased, suggesting the presence of alkyl chains with oxygen along the
chain that do not impart polarity to the compound.

3.2.2. Identification of species through GC-MS analysis

Several compounds were identified by GC-MS analysis. The char-
acterization indicated that the liquid products from the reaction of
glycerol, ethanol and glycerol, and crude glycerol were mainly
comprised of acetic acid (m/z 60), three-carbon constituents dominated
by propanoic acid and propylene glycol, also known as 1,2-propanediol
(m/z 76), and (C5-C6) compounds such as cyclopentenone mono-, bi-
and tri-substituted, and cyclic diglycerol, as listed in Table 3. Selectivity
and a possible reaction pathway are presented in the discussion section
(Section 4).

3.3. Chemical structure and properties of solid products

3.3.1. Functional groups and NMR characterization

Fig. 4 shows the comparison of the FTIR spectra of Gly, EtOH-Gly,
and CruGly reaction products denoted by green, orange, and light blue
lines, respectively. The band assignments are listed in Table S3. There is
considerable overlap between the spectra although there are some dif-
ferences in peak positions and intensity. The broad band around

Compounds identified by GC-MS analysis on liquid products and relative
retention time.

GC-MS characterization

RT (min) Compounds
5.780 2-Butanone
7.651 Acetic acid
10.806 Acetoin
11.253 Propanoic acid
13.293 1,2-Propanediol
13.435 Cyclopentanone
14.249 Ethylboronic acid
14.747 2-Methyl-2-propenoic acid
15.253 2-Methyl-cyclopentanone
15.508 2-Cyclopenten-1-one
17.948 2-Methyl-2-cyclopenten-1-one
18.897 3,4-Dimethyl-2-cyclopenten-1-one
20.857 3-Methyl-2-cyclopenten-1-one
22.709 Phenol
23.062 2,3-Dimethyl-2-cyclopenten-1-one
24.602 Glycerol
24.374 1,2,3,4-Butanetetrol
24.587 2-Methylphenol
31.159 Bis(2,5-hydroxymethyl)dioxane
32.066 Bis(2,6-hydroxymethyl)dioxane
36.114 2,3-Dihydro-1,4-benzodioxin-2-methanol

3500-3400 cm ! corresponds to stretching vibration (v) modes of the
OH group, v(OH), and the presence of aliphatic carbons in the
3000-2800 and 1480-1370 cm ™ ranges is highlighted in grey in Fig. 4,
consistent with previous research [32]. Specifically, absorptions at
2955, 2925, and 2868 cm ™! were ascribed to antisymmetric and sym-
metric stretching vibrations (vas and vg), va5(C-Hs), va5(C-Hs), and v4(C-
Hp), respectively. Furthermore, features associated with aliphatic hy-
drocarbon bonds, such as bending (8) of CH, moiety, 5(C-Hy) at 1453
em™! and §(C-Hs) at 1375 cm™!, suggested the presence of slight
branching of the hydrocarbon chains [33]. In addition, evidence of ar-
omatic structural moieties was inferred from the average intensity of
absorption bands spanning the range 3050-3000, 1620-1590, and
900-700 cm™!. The stretching of the ring C-H bonds, where the hy-
drogens are bound to sp? carbons, was discernible above 3000 cm™.
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Fig. 4. FTIR spectra of solid reaction products in presence of glycerol (Gly), an
equimolar mixture of ethanol and glycerol (EtOH-Gly), and crude glyc-
erol (CruGly).

Moreover, out-of-plane C-H bending vibrations of aromatic compounds,
with three peaks of low intensity at 870, 812, and 750 cm™! were
observed, alongside 1(C=C) ring modes at 1605 cm ™! [34,35]. Oxygen-
containing functional groups, specifically carbonyl (C=0) at 1700 cm ™,
C-O at 1220 cm’l, and ether (C-O-C) at 1110 and 1030 cm~! were
identified in all the spectra [36]. Notably, the typical absorption region
of carbonyl is 1740-1730 cm 1, but conjugation with the aromatic ring
can induce a shift towards the lower absorption region of 1710-1690
cm ! [37].

The spectra were identified as belonging to an aromatic hydrocarbon
resin found in the Hummel Polymer library using the OMNIC software
with a match of 65 %. This identification was then confirmed by
comparing it with literature spectra [34,35]. As previously mentioned,
peak assignments (as summarized in Table S3) were consistent across all
spectra.

In addition, a preliminary NMR characterization was performed on
the raw solid and the precipitate (P) obtained from centrifugation was
completely soluble in chloroform (P-CHCl3). The NMR data indicated
the presence of a higher intensity zone related to slightly polar alkyl
compounds and only traces of oxygenated and/or aromatic compounds.
Therefore, this evidence confirmed what was shown by the IR spectra, i.
e. the presence of carbonyl groups with absorption bands around 1700
cm Y, alkyl groups (3000-2800 and 1480-1370 cm™!) with higher in-
tensity, and aromatic compounds with absorption bands at 3040 and
between 900-700 cm L. The XRD (Fig. S1) diffraction patterns exhibited
a broad halo in the range 20-45°, confirming the presence of an amor-
phous phase and disappearance of the crystalline structure of sodium
metaborate [38]. The solid compound was therefore extremely insoluble
in the aqueous phase and strongly apolar and amorphous, indicating a
heterogeneous mixture. Future analyses will allow the chemical struc-
ture of the polymer to be identified.

3.3.1.1. Elemental analysis. Elemental analysis of solid products is
presented in Table 4. Carbon was the most abundant element in all
samples. The hydrogen content was 7.10 % wt in the case of Gly product,
and 7.29 % wt and 6.65 % wt in the EtOH-Gly and CruGly products,
respectively. The oxygen content, estimated as described in Section 2.4,
was found to be consistent across all process products at approximately
10 % wt. As a measure of the degree of hydrogenation (H/C) and
oxygenation (O/C) of the samples, atomic molar ratios were evaluated
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Table 4
Organic Element Content (%wt) and H/C and O/C molar ratios.

Elemental Analysis

Organic C H (o] Inorganic H/C 0O/C
feedstock content
Gly 7422 710 10.68 8.00 1.15  0.11
EtOH-Gly 77.18 7.29 10.15 5.38 1.13  0.10
CruGly 73.94  6.65 n.a. n.a. 1.08 n.a.

(Table 4). The products showed a degree of hydrogenation between 1.08
and 1.15, alongside a low degree of oxygenation of 0.10. Typically, H/C
and O/C atomic ratios represent the degree of aromaticity and the po-
larity of a polymer. An increase in the H/C ratio is an indication of a high
degree of aromaticity, while a high O/C ratio is an indication of a high
polarity [39,40]. The H/C ratio decreased from the starting glycerol to
the reaction solid product, indicating a dehydrogenation reaction as
confirmed by gas analysis. Notably, carbon constituted the highest
percentage among the elements analyzed, and the H/C molar ratios
suggested a degree of hydrogenation intermediate between aliphatic
and aromatic polymers typical [41,42]. In addition, the decrease in the
O/C ratio indicates the decrease in compost polarity, as confirmed by
NMR and the evolution in the gas phase of CO and CO5.

By combining the results of FTIR, NMR and ultimate analyses, the
solid product chemical structure is mainly composed of a carbon and
hydrogen chain, with oxygen as the heteroatom. This is in line with the
FTIR spectra (Fig. 4) evidencing large peak intensities of aliphatic car-
bons. Oxygen is primarily present in terminal carbonyl groups or in
conjunction with carbon atom alongside the chains [41,43]. In addition,
the intensity of the aromatic carbon group peak is low, resulting in a
possible chemical structure consisting of an aromatic cluster core with
long alkyl chains with oxygen as the heteroatom. Future detailed anal-
ysis could give the chemical structure of the polymer.

3.3.1.2. Thermal stability. Characteristic parameters of TG and DSC
analysis at a heating rate of 10 °C/min in air of the Gly and EtOH-Gly
products (Fig. S2(a,b)) are reported in Table 5. The oxidative degrada-
tion of glycerol reaction solid product (Fig. S2a) can be divided into
different stages, highlighted by the change in slope of the thermogra-
vimetric curve and from the distinct exothermic peaks observed in DSC
spectra. In particular, the first stage up to 200 °C represented the loss of
absorbed water, while the ranges 280-430 °C and 430-540 °C were due
to the thermal degradation of organic moieties [44]. The ethanol-
glycerol mixture product exhibited an additional degradation step
(Fig. S2b) compared to the glycerol reaction product. The final and
additional degradation stage occurred at higher temperatures between
530-560 °C. The thermal stability of the product obtained in the pres-
ence of glycerol was higher than that of the product obtained in the
presence of a mixture of ethanol and glycerol, as evidenced by the higher
temperatures at the beginning and end of degradation (see Table 5). In
fact, since the decomposition temperature range (Ton.seT-Torr-seT) for
the EtOH-Gly product was higher, it can be deduced that the organic
species that decomposed were of a higher molecular weight.

Pyrolysis and high-temperature stability were investigated and
compared via TG analysis in Ny atmosphere (Fig. 5). As highlighted in
Fig. 5a, the reaction products with Gly and EtOH-Gly showed two sig-
nificant degradation steps (at temperatures above 200 °C). In particular,
the maximum conversion rate temperatures for the Gly product were
estimated to be 360 and 440 °C, higher than the maximum temperature
for the EtOH-Gly product, 240 and 420 °C, respectively. In contrast, the
reaction product with crude glycerol showed a different behavior from
the other products. The thermogravimetric curve displayed a one-step
degradation with a maximum temperature of 440 °C. Interestingly,
this product was the most thermally stable with a Ton.sgr close to
400 °C. At temperatures above 600 °C, the crude glycerol product
continued to degrade at a faster rate than the other products, i.e., —0.04
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Table 5
Characteristic parameters of thermal degradation of solid products under Air and N, atmosphere.
TG Analysis
Organic feedstock Decomposition temperature range (°C) Weight loss (%) Tmax (°C) Ton-ser (°C) Torr.ser (°C) Q (KJ/g)
Gly 285-435 32 337 323 542 29
435-540 64 480
Air EtOH-Gly 205-384 16 335 273 580 18.7
385-530 59 490
530-560 19 532
CruGly n.a. n.a. n.a. n.a. n.a. n.a.
Gly 315-415 18 360 321 n.a. n.a.
415-490 15 440
N, EtOH-Gly 220-390 29 240 212 n.a n.a.
390-490 23 420
CruGly 380-520 29 440 389 n.a. n.a.
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Fig. 5. TG (a) and dTG (b) curves of Gly, EtOH-Gly and CruGly reaction
products at 10 °C/min in N, atmosphere.

%/°C. Furthermore, as also shown in Table 5, none of the curves reached
a plateau, indicating that the degradation did not stop at 800 °C.

The absorption spectra of the gases released during TG at the sig-
nificant temperatures of 220, 450, and 670 °C are shown in Fig. 6.
Firstly, the yellow spectrum collected at 200 °C did not show any sig-
nificant absorption peaks. Instead, the organic compound pyrolysis was

the first degradation peak is associated with the decomposition of
aliphatic groups and oxygen bonded carbons, while the higher temper-
ature range corresponds to the breakdown of aromatic moieties and
carboxyl groups [45,46]. From the FTIR spectra, and as confirmed by
NMR, the polymeric product of CruGly reaction showed a higher in-
tensity of the aromatic fraction (peak at 1605 cm™!, Fig. 6). This
structural feature explains the higher thermal stability of this polymer
compared to those derived from Gly and EtOH-Gly. Additionally, the
possible formation of higher molecular weight products is supported by
the increased production of gaseous hydrocarbons (C2-C6) during the
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reaction (Table 2).

3.3.1.3. Morphological Observations. Fig. 7 presents high-resolution
SEM images of the Gly and EtOH-Gly solid products, giving informa-
tion about their morphologies and surface properties. Fig. 7a exhibits a
complex, heterogeneous morphology represented by an agglomeration
of irregularly shaped particles and spheres. SEM-EDX (Fig. S3) showed a
uniform dispersion of carbon, underling the prevalence of the organic
matrix as confirmed by the superficial elemental distribution in weight
reported in Table 6. The localized concentration of oxygen suggested
areas rich in oxidized carbon along the chemical structure, present as
carboxyl moieties in the sample, in accordance with FTIR spectra which
evidence a band around 1700 cm ™! (Fig. 4), typical of carbonyl groups,
and the presence of oxygen itself evidenced by EDX. Furthermore, it is
important to point out that the spheres and protrusions may not be
mappable due to the optical angle. The EtOH-Gly product (Fig. 7b)
exhibited a more uniform morphology with predominantly flake-like
structures that were less compact with high carbon content (Fig. S4).
The oxygen and sodium distributions appeared localized suggesting the
presence of unconverted sodium metaborate encapsulated in the resin
matrix. The uniformity of the sample, both on the surface and in bulk
can be seen from the results of the elemental analysis (Table 4) and the
EDX (Table 6). The weight percentages of carbon composition for both
analyses are within 70-80 %, hence indicating good homogeneity within
the bulk of the sample.

3.4. Reaction pathway

Based on the compounds found in the analysis and the operating
conditions adopted, a reaction pathway was developed and depicted in
Fig. 8. In the reaction scheme, starting from glycerol, the gaseous, liquid,
and solid products are denoted by green, blue and red colors,
respectively.

The proposed reaction scheme entails a series of cascading reactions
facilitated by the in-situ generated Hjy. During the process, liquid and
gaseous mixtures of glycerol and water of varying composition are
generated. Subsequently, water may engage in a reaction with glycerol
via APR or SR pathways (Fig. 8, pathway 1), yielding Hp, CO, COo,
methane, and low-chain derivatives (Co—C3) in the gas phase at 300 °C
[471.

3.4.1. Direct glycerol dehydration route (pathway 2)

As a starting point, glycerol can undergo dehydration at a reaction
temperature of 300 °C, resulting in the formation of water and acetol
(Fig. 8, pathway 2) [48,49]. Additionally, considering the presence of
sodium metaborate in the reaction system, as reported by Su et al. [50],

spot| mode
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Table 6
Atomic superficial distribution (%wt) of C, O, Na for Gly and EtOH-Gly products
by EDX.

EDX (%wt)

Organic feedstock C (o] Na
Gly 76.80 21.4 1.9
EtOH-Gly 71.10 24.6 4.30

the B-OH sites could serve as acidic sites for polyols dehydration
enhancing the production of acetol from glycerol. It is also noteworthy
that sodium metaborate, when reacted with water, forms the tetrahy-
droxyborate anion B(OH); [51], which can function as an Arrhenius
base, releasing an HO™ group and forming boric acid B(OH)3. Glycerol
can then act as a Lewis base, coordinating with the corresponding acid
sites of B(OH)3 to form a complex [52]. This complex then dehydrates to
form the corresponding enol intermediate, which subsequently un-
dergoes a ketoenol tautomerism reaction to yield the acetol [53].
Notably, acetol was not found in the liquid products, presumably due to
its potential consumption via reaction with the in-situ generated Hj. In
fact, three parallel reactions can occur starting from acetol, leading to
the observed products in the GC-MS analysis, i.e. 1,2-propanediol,
acetic acid, and cyclopentenone derivatives (pathways 2a, 2b and 2c).

The reaction pathway from acetol results in the formation of acetic
acid (pathway 2a), which is commonly documented in the literature as
one of the main liquid products of the SR and APR reaction of glycerol
[54-56]. Cortright et al.[57] reported the production of acetic acid
during the APR of glycerol at a temperature of about 300 °C. Pompeo
et al. [58] also proposed a more detailed reaction pathway for Hy pro-
duction by SR of glycerol, in which acetic acid formation arises from
acetol hydration-dehydrogenation.

1,2-Propanediol can be produced by acetol hydrodeoxygenation re-
actions at a reaction temperature of 300 °C (pathway 2b) in agreement
with Gléwka et al. [59] and Akiyama et al. [60]. The absence of other by-
products, such as acrolein, commonly encountered in glycerol dehy-
dration, suggests extensive in-situ hydrogen generation pivotal to the
hydrodeoxygenation process, facilitating the formation of 1,2-propane-
diol and subsequent production of propanoic acid trough acrylic acid
hydrogenation [61].

In addition to the production of 1,2-propanediol in the presence of
in-situ hydrogen, and the production of acetic acid from acetol, a third
parallel reaction pathway starting from acetol is possible, as illustrated
in pathway 2c (Fig. 8). According to Zhou et al. [62], acetol may un-
dergo tautomerization reactions followed by cross-aldol condensation
reactions facilitated by Hy, culminating in the formation of 2,5-hexane-
dione. First, enolates are formed from tautomerization as intermediate
products that then, via aldolic condensation, form 3,5-dihydroxy-4-

spot | mod pressure
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Fig. 7. SEM images of a) glycerol and b) ethanol and glycerol solid reaction products.
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methylpent-3-en-2-one (3,5-DH) and (Z)-1,5-dihydroxy-4-methylpent-
3-en-2-one (1,5-DH). The latter, in the presence of hydrogen, forms 2,5-
hexanedione via hydrodeoxygenation [63]. Subsequently, 2,5-hexane-
dione can undergo intramolecular aldol condensation to form cyclic
ketonic compounds, such as 2-methyl-2-cyclopenten-1-one and 3-
methyl-2-cyclopenten-1-one detected by GC-MS under the investi-
gated operating conditions [64,65]. Intramolecular aldol condensation
is a significant method for establishing carbon-carbon bonds in organic
compounds with ring structures and involves the formation of a key
enolate intermediate through the activation of a basic catalyst [66]. The
reaction can be catalyzed by the presence of NaOH [67], which is stable
in the operating conditions of the sodium metaborate-water mixture
[68]. Finally, cyclopentenones can be reduced in the presence of
hydrogen to cyclic pentanones or they can undergo further condensation
and polymerization. The aldol condensation reactions may also be
intermolecular and involve cyclopentanones, cyclopentenones, their
mixtures and/or their derivatives [69]. This would result in the forma-
tion of still-reactive products with a higher molecular weight, which
could give rise to new reactions to form insoluble amorphous material
such as that obtained in the experiments, the cycle of reactions would

end with.

As stated in Section 3.3, the solid polymer product appears to be
amorphous and heterogeneous and is composed of alkyl, aromatic and
carbonyl groups, thus indicating the formation of an aliphatic hydro-
carbon resin with oxygenated carbon along the saturated chain and an
aromatic cluster. The oxygenated alkyl moiety in the liquid could
therefore be the precursor to the precipitated solid phase. Within the
reaction scheme, it is possible to highlight different pathways leading to
the polymerization product. A polymerization reaction can be obtained
from the reaction of glycerol and carboxylic acid, such as acetic acid or
propanoic acid, or with oxidized glycerol itself, forming the glycerol
polyesters [70,71]. These chains can then be further modified by
reacting with polyalcohol or aromatic compounds to form the hybrid
resin. It is important to note that during the process, a range of alcohols,
including diols, triols, and even polyalcohols, as well as carbonyl and/or
carbonyl compounds, are present simultaneously. This could potentially
lead to the formation of hemiacetal or acetal compounds, which are not
depicted in Fig. 8. It is possible that these compounds will decompose or
undergo further inter- and intramolecular reactions, given that they
could react with carboxylic and/or dicarboxylic acids. In any case, this
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would contribute to the formation of a polymeric material, which is
heterogeneous both structurally and in terms of molecular weight
distribution.

3.4.2. Glycerol self-etherification reaction (pathway 3)

Glycerol self-etherification reaction occurred concurrently with the
cascade reactions mentioned above, leading to the production of cyclic
ethers. Self-etherification reaction involves the oligomerization of
glycerol to create short-chain oligomers, known as di- and tri-glycerol,
or long-chain oligomers, known as polyglycerols. Through condensa-
tion reactions, a water molecule is eliminated, and two glycerol mole-
cules combine to form a diglycerol molecule. Diglycerol molecules can
take on cyclic, branched, or linear configurations [72,73]. It is possible
for these compounds to react with the tetrahydroxyborate anion B(OH)4
via the hydroxyl functional groups, not necessarily proximal, and
therefore promote cross-linking through the formation of hydrogen and/
or covalent bonds [74].

3.4.3. Hydrogenolysis of glycerol (pathway 4)

Ethylene glycol can be generated through hydrogenolysis of glycerol
[75-77], and consequently dehydration generates ethylene [78].
Ethylene could be the precursor for the formation of saturated, linear,
high-molecular-weight hydrocarbons or it may undergo intermolecular
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cycloaddition reactions, to form aromatic compounds such as phenol,
which is also identified in Table 3 [79,80]. Phenol or analogous com-
pounds could yield the corresponding hydroxylated derivatives, which
are then conducive to subsequent oxidation and polymerisation re-
actions [81].

4. Discussion

As elucidated in Section 3.1, the gaseous products primarily con-
sisted of Hy and CO,, with CO, CH4 and traces of higher hydrocarbons
also detected. Within the liquid phase (Section 3.2), identification
through GC-MS analysis primarily revealed 1,2-propanediol, ketones,
and cyclic ethers. Finally, the solid product consisted of an aliphatic
hydrocarbon resin with oxygenated carbon along the saturated chain
and an aromatic cluster.

Fig. 9 illustrates the selectivity in the gas phase (a) and in the liquid
phase (b) for the different organic feedstock analyzed. As depicted in
Fig. 9a, the selectivity towards hydrogen and carbonaceous gaseous
products appeared to be minimally affected by the starting reagent.
However, the enhanced selectivity towards hydrogen was facilitated by
the presence of water in the case of crude glycerol. Furthermore, it is
noteworthy that in the case of crude glycerol as a bio-based building
block, the initial mole of alcohol fed is smaller than in the other two
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Fig. 9. Selectivity of products in the gas phase (a) and in the liquid phase (b) as the organic feed reagent changes, i.e., Glycerol (Gly), mixture of Ethanol and Glycerol

(EtOH-Gly) and Crude Glycerol (CruGly).
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cases, resulting in greater selectivity for the target product H, and less
selectivity for CO2. The hydrogen selectivity was about 45 % for the case
of Gly reaction, higher than the selectivity achieved during Gly SR under
the same operating conditions. Saeidabad et al. [82] reported a Hjy
selectivity in the range 33.5-38.7 % at 350 °C using 15 % Ni-based
catalysts. In fact, according to several studies [83-85], the optimized
temperature for Gly SR is 525-725 °C, higher than the 300 °C utilized
during the process proposed here. Additionally, the hydrogen produced
with respect to the hydrogen fed with glycerol (Performance Index I)
was 4.8 %, while the thermodynamic value for Gly SR in the same
operating conditions was 8.9 % [86]. The index indicated a good per-
formance of the proposed process, especially considering that hydrogen
contained in the feedstock was distributed in the multiphase products.

In terms of selectivity towards liquid products, as highlighted in
Fig. 9b, the distribution of products varies with the feed composition.
Specifically, when pure glycerol is fed, selectivity is directed towards the
cyclization products of glycerol itself, namely cyclic diglycerol (or di-
oxanes), reaching a value of 75 %. Indeed, with a mixture of reactants,
either in the presence of ethanol (EtOH-Gly) or water (CruGly), the
selectivity towards cyclopentanone and cyclopentenone compounds
increased up to about 16 % and 30 %, respectively. The ethanol-glycerol
mixture feed scenario is particularly interesting, since a higher selec-
tivity (25 %) was observed towards products of significant importance in
the chemical industry, such as propylene glycol, acetic acid, and prop-
anoic acid.

The gaseous mixture consisting of Hy and biogenic CO5, with traces
of CO and CHy4, can be used in the manufacture of synthetic and
renewable fuels in the biorefinery process, or can lead to in-situ bioH; as
target product after biogenic CO, capture. The utilization of gaseous
streams comprising hydrogen and carbon dioxide, notably those derived
from glycerol, has attracted considerable attention in recent years
[87-89]. One interesting application is that the gaseous phase is easily
prone to methanation by enriching with green hydrogen or by capturing
and recycling the CO5 until a stoichiometric Hy/CO5 ratio of 4 is ach-
ieved. Synthetic natural gas (SNG) can be used as a clean fuel source or
as a precursor to other chemical processes, aligning with the sustain-
ability goals of storing renewable energy within existing gas distribution
frameworks [90,91]. Other interesting applications of the Hy-COq
stream are the production of renewable methanol via the COy hydro-
genation reaction [92,93], or CO synthesis via reverse water—gas shift
(rWGS) or high-temperature co-electrolysis, which can then be fed to
conventional Fischer-Tropsch process to produce renewable fuels
[94,95].

Among the glycerol-based products, increasing attention has been
paid to 1,2-propanediol production because of its large range of indus-
trial applications. For example, approximately 45 % of produced 1,2-
propane diol is used as a chemical feedstock for unsaturated polyester
resin [96]. Moreover, this compound is also used in the food, pharma-
ceutical, and textile industries because of its versatile and non-toxic
nature [97].

Of particular interest is the self-esterification of glycerol, leading to
polyglycerol with many different possible applications in the cosmetics,
food, polymers and plastic industries. In the plastics sector, hyper-
branched polyglycerol can act as surfactants. Linear polyglycerols are
commonly used in food industry and diglycerol is used in cosmetics
formulations [98].

Additionally, propanoic acid and acetic acid have significant indus-
trial relevance. Because of its antifungal qualities, propanoic acid is
utilised as a preservative in the food and feed sectors. Further applica-
tions include its significant role as an intermediary in the production of
various compounds, such as herbicides and pharmaceuticals [99]. Acetic
acid, on the other hand, is a key component in the manufacture of
synthetic fibres, plastics, and as a solvent in chemical reactions [100].

Glycerol-based resins bypass the energy-consuming and environ-
mentally harmful processes associated with the conventional production
of petroleum-based ones. Renowned for its thermal and mechanical
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resistance properties, saturated glycerol polyesters resins have applica-
tions across various industrial sectors, including composite materials,
paints, adhesives, and coatings. In addition, petrol-based resins are
banned from food and pharmaceutical additives, while bio-based ones
are widely adopted in plasters, drug film coatings and foods [101].
Furthermore, as seen when starting from crude glycerol, the production
of a polymeric product with higher thermal stability makes it suitable for
applications requiring robust performance under extreme conditions,
such as automotive components, electronics, and high-performance
composites [102,103].

In summary, the multiphase system outlined in the proposed reaction
pathways demonstrates a versatile and efficient method to convert
glycerol into a range of valuable chemical products. These products have
diverse applications across multiple industries, highlighting the poten-
tial of glycerol and sodium metaborate as key raw materials in chemical
manufacturing processes. Sodium metaborate provides the water that
reacts with glycerol during the initial step producing hydrogen and ac-
tivates the polymerization reaction, as detailed in the reaction pathway.
While current efforts in conventional hydrogen production focus on CO,
capture, this process produces hydrogen and simultaneously valorizes
the carbon present in bio-based feedstocks through the production of
value-added products in the biorefinery supply chain. This dual inno-
vation, coupling hydrogen production with carbon valorization repre-
sents a significant advancement in hydrogen production technologies.

5. Conclusions

The bio-based building block glycerol, whether in its pure or crude
form or when mixed with ethanol, was successfully converted into
hydrogen and high-value products through an innovative process. The
process involved the use of water and sodium metaborate, a waste
product of hydride hydrogen storage technology, at 300 °C, a lower
temperature than those currently used in hydrogen production pro-
cesses. The study highlights the potential of integrating the process in
the biorefinery supply chain with biohydrogen production in-situ or
upgrading to biofuel. Additionally, key intermediates in the food,
pharmaceutical and textile sectors were produced in the liquid phase
and a solid polymeric product, which is suitable for high-performance
application.

The gas streams contain about 44, 49, and 51 % hydrogen by volume,
depending on the feedstock. Hydrogen formed in the reaction also
favored the in-situ generation of valuable compounds such as 1,2-pro-
panediol, propanoic acid and cyclopentenones in the liquid phase
through the proposed reaction scheme. The solid polymer product, an
aliphatic hydrocarbon resin with oxygenated carbon along the saturated
chain and aromatic cluster, showed high thermal stability, with
decomposition temperatures of 500 °C.

While the study focused on the feasibility of this process, future work
should consider optimizing reaction conditions such as temperature,
pressure, and feedstock ratios. This work opens up new prospects for the
chemical reaction pathways of glycerol and hydrogen production, sug-
gesting a promising avenue for sustainable energy and chemical
manufacturing.
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