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ABSTRACT: Hydrogen is expected to largely contribute to the near-future

circular economy. Today, most hydrogen is still produced from fossil fuels or
renewable pathways with low efficiency and high cost. Herein, a proof of
concept for a novel hydrogen production process is proposed, here named
cyan hydrogen, inspired by a combination of the green and blue processes, due
to the key role played by water and the low carbon content in the gas phase,
respectively. The developed novel process, recently patented and demon-
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strated at the lab scale, is based on successive steps in which ethanol (5.0 mL)

and water (10.0 mL) are alternately fed, with a fixed initial amount of sodium metaborate (2.0 g), in a batch reactor at 300 °C.
Preliminary results showed the simultaneous production of a 95% v/v hydrogen stream, a polymeric byproduct with a repetitive
carbon pattern —CH,—CH,—, and a liquid phase rich in oxygenated chemicals at temperatures lower than conventional hydrogen

production processes.

Bl INTRODUCTION

The chemical industry has a key role in the development of a
circular sustainable economy, integrating the needs of the
society and environment.' According to the European Union
directives and the Paris Agreement, hydrogen and gas
infrastructures will play a fundamental role in the transition
to a climate neutral economy by 2050.” Nevertheless, on a
global scale, the use of renewable materials and energy is
problematic, with oil, natural gas, and coal still covering most
of the world energy consumption.”

Hydrogen is one of the main building blocks of the bulk and
fine chemical industries and a promising energy carrier.
However, most hydrogen is currently produced from fossil
fuels, via hydrocarbon reforming or pyrolysis processes.”
Routes from renewable sources include biological and
thermochemical treatment of biomass,” water splitting,6 and
water plasmolysis.”

In the present public debate over hydrogen economy,
different color codes have been used to identify hydrogen,
depending on the adopted production process and, more
specifically, on the employed raw materials and energy source
(solar, electricity, hydro, nuclear power, or gas). The colors
include green, blue, gray, pink, and yellow.® Several reviews” "
report technological and economic comparisons of different
hydrogen colors. In Figure 1, a scheme of the main differences
between different H, colors is shown.

As mentioned above, the dominant technologies for
hydrogen production are methane steam reforming, which
accounts for 59% of the total global hydrogen production, and
coal gasification, accounting for about 20% globally, resulting
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in 830 Mt/year CO, emissions.'”'” The hydrogen produced
through these technologies is referred to as gray and black
hydrogen, respectively. Similarly, blue hydrogen still refers to
H, from fossil fuels but in combination with CO, capture
technologies. Overall, 90% capture can be achieved in an
integrated steam methane reforming system with a relatively
low energy penalty (5—14%)."""* Soon, a transition from gray
to blue hydrogen is expected. Blue hydrogen is a rather mature
technology, already implemented in some transport systems.'*
However, it starts from fossil fuels and operates at relatively
high temperatures, and the CO, capture, mainly based on the
CO, adsorption, is not easy to realize and manage.
Furthermore, due to additional costs for carbon capture and
storage, the costs of gray hydrogen range from 0.8 to 2.6 USD/
kg H,, depending on the country.”” Up to date, the most
adopted alternative H, production process is based on water
splitting by electrolysis. The so-called green hydrogen is
produced by using electrical energy from renewable energy
sources, such as wind or solar, with no carbonaceous
byproducts.'® However, the estimated production cost and
energy efficiency for electrolysis are 10.3 USD/kg and 52%,
respectively. Electrolysis, an energy-intensive process for
hydrogen production, is still confronting challenges from a
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Figure 1. Overview of the most common hydrogen production processes and their color code.

cost perspective.” Research in this field mainly focuses on the
electrolytic cell devices and the electrocatalysts.'” Similarly to
green hydrogen, pink and yellow hydrogens are both produced
through water electrolysis but using exclusively nuclear or solar
energy, respectively.” Thermochemical electrolysis of water
from nuclear energy results in purple hydrogen, and high-
temperature catalytic water splitting using nuclear energy is
classified as red hydrogen.14 Turquoise hydrogen, like gray and
blue, uses methane as a feedstock. However, in this case,
methane pyrolysis results in hydro§en with carbon removed in
a solid form rather than CO,.'"” In Table 1 are reported
feedstock, products, and operating conditions of commercial
hydrogen production processes, labeled by their color codes.

To enable the use of renewable hydrogen at different scales,
intensive technology development is required to increase the
efficiency of renewable existing processes and reduce their cost
as well as to develop innovative processes. In this scenario, the
here proposed hydrogen production process, labeled “cyan
hydrogen”, based on patent WO 2023/105545 AL'" is
inspired by a combination of the green and blue processes
due to the key role played by water and the low carbon content
in the produced gas phase, respectively (Figure 1).

The proposed process consists of consecutive redox cycles
carried out in batch conditions and allows the production of a
high-purity H, stream starting from bioalcohols and/or
biodiols, water, and oxidized byproducts of hydrides
commonly used for hydrogen storage such as alkali metal
salts of metaborate (YBO,-xH,O, with a Y alkali metal and an
x water content). Thus, hydrogen generation can take place
simultaneously with a solid polymer-borate mixture and with
oxygenated chemical production in the liquid phase, under
conditions (300 °C) milder than those normally adopted for
natural gas steam reforming (800 °C).

Table 1. Feedstock, Products, and Operating Temperatures
of the Main Hydrogen Production Processes Are Classified
According to Color Codes

HYDROGEN OPERATING
COLOR FEEDSTOCK PRODUCTS CONDITIONS
Coal H,, CO, CO,, CH,4 800 - 1600 °C
Natural gas H,, CO, CO, 700 - 1000 °C
Natural gas H,, COxcapturea) ,CO 700 - 1000 °C
100 - 900 °C
Water H,, O, (based on the used
technology)
TURQUOISE Natural gas H,, C, 1100 - 1200 °C
Gy H,, polymer,
(proposed in Bio-alcohols orz’agic}Ii ui:;l 300 °C
this work) & q

In the present work, we report a proof of concept, showing
the preliminary results of the developed cyan hydrogen
production process carried out by using a target molecule,
i.e., (bio)ethanol, and sodium metaborate (NaBO,-4H,0).

Sodium metaborate is a readily available and relatively cheap
oxide (1—15 USD/kg depending on purity grade) that can be
obtained from the refinery of natural mineral tincalconite or
from the reaction between borax and caustic soda® with a
wide range of applications, ie., production of sodium
perborate, stabilizer in textile processing, adhesives, corrosion
inhibitor, detergent, and cleaners.” Itis also a byproduct of the
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Figure 2. Schematic representation of biorefinery pathways and integration of produced bioalcohols into cyan hydrogen production.

hydrolysis reaction of sodium borohydride (NaBH,), which is
commonly investigated for hydrogen storage.”” In aqueous
solution, NaBH, is capable of undergoing a catalyzed
hydrolysis reaction, releasing 90% of the stoichiometric
hydrogen and producing sodium metaborate NaBO, according
to the following equation (eq 1):*’

NaBH, + 2H,0 — NaBO, + 4H, (1)

The bottleneck for the wide adoption of NaBH, for
hydrogen storage is represented by the difficult regeneration
of NaBH, from NaBO,, consisting of a tedious multistep
process, which is inefficient and expensive and has a significant
environmental impact.”* Alternatively, it has been proposed to
convert NaBO, into hydride using a reducing agent such as
coke or CH,. However, a study has shown that the reaction is
only favored at T > 1000 °C.”

In order to produce clean and emission-free hydrogen, the
raw materials must also be obtained accordingly. In
biorefineries, bioalcohols can be produced from a variety of
biomasses, including first- and second-generation feedstocks,
through different pathways, as shown in Figure 2. The most
frequent production routes for bioethanol and biobutanol
include fermentation, iso-propanol can be made by reducing
acetone produced by acetone-butanol-ethanol (ABE) fermen-
tation, and biomethanol is commonly produced via the
thermochemical pathway.”®*” In particular, bioethanol is
generally produced by fermenting the sugar and starch
components of plant byproducts such as sugar cane, maize,
and wheat.”® In addition to being used as an additive/
alternative to petrol, bioethanol can be regarded as a feedstock
for various processes, predominantly hydrogen or ethylene
production.”

In this framework, the cyan hydrogen process shown in this
work starts from bioethanol in the presence of water and
sodium metaborate (Figure 3), following a consecutive redox
cycle scheme. A preliminary physicochemical investigation was

CH,CH,OH
) DCNaBoz\ ¢ o
H,0 NaBH,

o\yethylene

Cyan H,

&

Figure 3. Scheme of the reagents, sodium metaborate, ethanol, and
water, and the products, a polyethylene-borate mixture, of the cyan
hydrogen production process.

carried out on the solid, liquid, and gas phases recovered
during each stage of this multistep process. Preliminary results
show the formation of an organic polymeric solid phase and
liquid oxygenated products. A detailed and thorough chemical
characterization of such phases is beyond the scope of the
present work and will be further addressed by future research.

B EXPERIMENTAL SECTION

Materials. Sodium metaborate tetrahydrate (CAS: 10555-
76-7, Sigma-Aldrich, >99%), ethanol (CAS: 64-17-5, Sigma-
Aldrich, >99.0%), and Milli-Q water were used in all
experimental runs. Nitrogen (6.0 grade, supplied by SOL Stl
in high-pressure cylinders) was used for inerting procedures
and to pressurize the reactor.

a-Cyano-4-hydroxycinnamic acid (CHCA, 98% purity),
HPLC-grade ethanol, cyclohexane, acetonitrile, trifluoroacetic
acid (TFA), and water used for MALDI-TOF analysis were
purchased from Sigma-Aldrich and used as received.

Experimental Setup. Experimental tests were carried out
in a batch reactor (V = 450 mL, model 4567, Parr Instrument
Company), equipped with a temperature, pressure, and stirring
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Figure 4. Block diagram of the cyan H, production process. The process consists of multiple cycles, each composed of two steps, and involves the
alternated feeding of ethanol and water while maintaining a fixed initial amount of sodium metaborate. As a result, hydrogen is produced in the gas

phase, while the liquid/solid products contain most of the fed carbon.

rate controller (model 4848, Parr Instrument Company). The
experimental system diagram is reported in Figure S1.

The experimental protocol was designed to avoid the
formation of explosive hydrogen—oxygen mixtures as follows:
(i) loading of reagents (ethanol and sodium metaborate
tetrahydrate and/or water) into the vessel and 12 inertization
cycles with N,; (ii) temperature (300 °C), heating rate (8 °C/
min), and stirring speed (S00 rpm) setting and test run until a
pressure plateau was reached; (iii) end of the test, cooling at 60
°C, and gas sampling; (iv) cooling at room temperature and
solid/liquid sampling.

Liquid/solid samples were separated by centrifugation at
12,000 rpm for 10 min (model SL 16R, Thermo Fisher
Scientific, Inc.) and separately analyzed. Prior to analysis, the
solid residue was washed and sonicated in ethanol and dried in
a N, stream for 5 h at 50 °C. The experimental conditions
adopted for each experimental run presented in this work are
summarized in Table S1 (Supporting Information).

Gas Analysis. Gas samples were analyzed by means of a
microgas chromatograph (GC) (microGC 3000, Agilent
Technologies, Inc.) equipped with four independent modules
each provided with a specific chromatographic column and a
thermal conductivity detector (TCD). The injection temper-
ature was set at 70 °C for each module, while a specific analysis
temperature was set for each column. The column temper-
atures were 65, 90, 80, and 100 °C for OV-1, Alumina, PLOT
U, and MSSA columns (Agilent columns), respectively. The
carrier gas for OV-1, Alumina, and PLOT U columns was
helium, while argon was used as a carrier in column MSSA.
The injection volume was 10 yL. Gas sampling was carried out
by means of 1 L bags with low hydrogen permeability. GC
analysis was performed in triplicate.

Liquid Analysis. The identification of compounds was
carried out by gas chromatography coupled to mass
spectrometry (GC-MS). Qualitative liquid sample analysis
was run by GC-MS (HP6890/HPS975, Agilent Technologies,
Inc.) equipped with a DB-SMS capillary column (60 m X 0.25
mm ID), reaching the maximum temperature of 320 °C with a
heating ramp of 10 °C/min. Chemical compounds were
identified by comparing the mass spectra obtained with those

of the system library. The relative abundance was assessed by
dividing the peak area of a compound by the total area of the
identified compounds.

Solid Analysis. Different analyses were carried out on the
solid samples for both the identification and characterization of
different properties. In particular, the solids were analyzed by
Fourier transform infrared spectroscopy (FTIR), thermogravi-
metric analysis (TGA), X-ray powder diffraction (XRD), and
matrix-assisted laser desorption/ionization combined with
time-of-flight mass spectrometry (MALDI-TOF-MS) analysis.

The functional groups of the chemical structures were
identified by FTIR analysis. We adopted an FTIR spectrometer
(model Nicolet 5700, Thermo Electron Corporation)
equipped with a DTGS KBr detector. FTIR spectra of all
samples were recorded in the 4000—400 cm™' range at a 2
cm ™! spectral resolution. Samples were prepared by mixing 199
mg of KBr and 1 mg of the dried sample and pressed into 13
mm pellets. The spectrum of each sample was corrected for
that of blank KBr.

TG analysis (model Q600SDT TGA/DSC, TA Instru-
ments) was carried out in a N, stream at a rate of 10 to 1000
°C/min to evaluate the thermal stability of the solid samples
recovered during the process. Simultaneous FTIR gas analysis
was carried out on the outlet gaseous stream to identify the
degradation products. The cell and transfer line of the TGA/
FTIR interface were heated and kept at 220 °C to prevent gas
condensation. The output of this analysis was a Gram-—
Schmidt diagram. The HR Nicolet TGA Vapor Phase library of
OMNIC software was used to recognize the produced gases.”

The chemical structure and crystallinity were evaluated by
XRD analysis by an XRD diffractometer (model X'Pert Pro,
Malvern PANalytical Ltd.) using Cu Ko radiation (1.5406 A).
The scanning range of 26 was 5—100° with a step size of
0.013° and a scan step time of 18.87 s.

The in-depth investigation of the chemical structure (i.e., the
repetitive unit) and the molecular weight of the solids was
performed by means of MALDI-TOF-MS analysis (model
4800 ToF/ToF, Sciex). The samples were prepared for
analysis from a fine suspension in ethanol or cyclohexane
obtained by homogenization in an ultrasound bath. The
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Table 2. Volumetric Composition and Moles of Produced Gases
NaBO,'4H,0 as the Initial Amount, 5.0 mL of Ethanol during I

during Each Step of the Process with 0.5, 1.0, and 2.0 g of
and III Steps, and 10 mL of Water during II and IV Steps

H, CcO, iso-C,H ethylene
process
step [%] [mmol] [%] [mmol] [9%] [mmol] [%] [mmol]
Myasoz = 0.5 [g] (3.62 [mmol])
I step 89.32 + 0.44 10.16 + 0.05 8.23 + 0.13 0.94 + 0.01 0.99 + 0.48 0.11 + 0.05 146 + 0.75 0.17 + 0.08
II step 14.38 + 1.44 1.87 + 0.18 85.62 + 2.33 11.13 £ 0.30 0.00 0.00 0.00 0.00
IIT step 2729 + 22 3.55 £ 0.28 72.71 + 1.02 945 + 0.13 0.00 0.00 0.00 0.00
IV step 23.56 + 0.30 3.06 + 0.04 76.44 + 0.06 9.94 + 0.01 0.00 0.00 0.00 0.00
Myapo2 = 1.0 [g] (7.25 [mmol])
I step 91.37 + 2.04 13.37 + 0.30 4.0S + 0.30 0.59 + 0.05 1.69 + 1.11 0.225 + 0.16 2.04 +£ 0.9 0.30 + 0.03
II step 94.84 + 1.49 13.87 + 0.22 0.99 + 0.03 0.14 + 0.01 3.33 + 1.46 0.49 + 0.21 0.00 0.00
IIT step 94.39 + 1.69 1227 + 0.22 0.87 + 0.01 0.11 £+ 0.01 4.11 + 0.80 0.53 +£ 0.22 0.00 0.00
IV step 92.68 + 0.72 12.05§ + 0.10 0.52 + 0.16 0.07 + 0.02 0.34 + 0.04 0.044 + 0.01 643 + 0.79 0.84 + 0.10
Myasoz = 2.0 [g] (14.50 [mmol])
I step 94.83 + 0.27 18.80 + 0.04 1.67 + 0.24 0.33 + 0.03 3.47 + 0.06 0.69 + 0.01 0.00 0.00
II step 93.48 + 0.21 11.80 + 0.03 5.71 + 0.16 0.72 + 0.02 0.102 + 0.07 1.3 X 1072 + 0.01  0.00 0.00
III step 98.56 + 0.05 14.40 + 0.007 1.09 + 0.0 0.160 + 0.007 0.00 0.00 0.20 + 0.03  3.53 X 107 + 0.01
IV step 95.2 + 0.04 12.30 + 0.006 2.54 + 0.08 0.333 + 0.01 0.00 0.00 0.70 £ 0.05 921 X 1072 + 0.01

solution of matrix CHCA (10 mg/mL) was prepared in an
acetonitrile/water (1:1, v/v) mixture containing 0.1% TFA.
One mL of the analyte (ethanol or cyclohexane) was premixed
with 1 mL of the matrix in a centrifuge tube, and then, 2 uL of
the resulting mixture was pipetted on the MALDI target plate
and air-dried for MALDI-TOF-MS analysis. The laser was
operated at 3700 Hz in the positive reflector mode. The mass
spectrometer parameters were set as recommended by the
manufacturer and adjusted for optimal acquisition perform-
ance. The laser spot size was set at medium focus (S0 mm laser
spot diameter). LDI (no matrix) spectra were also collected.
The mass spectra data were acquired over a mass range of m/z
100—4000 Da, and each mass spectrum was collected from the

accumulation of 1000 laser shots. Raw data were analyzed by
using computer software provided by the manufacturers and
reported as monoisotopic masses.

Simulation Methodologies. The equilibrium composi-
tion of products evolved during ethanol steam reforming at the
same operating conditions of the cyan hydrogen production
process was estimated with AspenPlus, using the RGibbs
reactor model.”’

B RESULTS AND DISCUSSION

In the here proposed cyan H, production process, NaBO,:
4H,0 is upgraded by redox cycles to produce H, under mild
conditions, ie., at a low pressure and a relatively low
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temperature (300 °C). The feedstock to the batch process
consists of bioalcohols (in this case bioethanol), water, and
NaBO,-4H,0. The block diagram of the process is shown in
Figure 4. In step I, ethanol (C,H;OH), hydration water, and
sodium metaborate react, producing a gas stream at a high H,
concentration and a liquid stream containing oxygenated
organic compounds. The II step involves the addition of water,
resulting in the formation of a second H,-rich stream, a liquid
residue containing organics, and a low-molecular-weight
carbon—carbon chain product (oligomer). When the number
of cycles (including I and II steps) is increased (from 2 to N),
the molecular weight of the polymeric byproduct increases,
without any significant change in the gaseous stream
composition. The results of the experimental trials are
discussed in detail below, and the experimental conditions
are listed in Table SI.

I Step. In step I, 5.0 mL of C,H;OH (85.6 mmol) and 2.0 g
of NaBO,-4H,0 (14.5 mmol of NaBO, and 58.0 mmol of
H,0) are charged into the batch reactor. Starting from 0.3 barg
of N, and 25 °C, the temperature is then increased to 300 °C.

In Figure S5, the black solid line represents the pressure
profile of the I step, and a close examination of the curve
reveals three different slopes. The pressure increase is due to
the evaporation of ethanol, the temperature increase, and the
generation of gaseous products and reaches a final value of 14.0
barg.

At the end of the process step, three different phases are
obtained. The composition of the gaseous products sampled
after cooling at 60 °C is reported in Table 2 (my,p0, = 2.0 g).
Gas analysis shows a hydrogen composition of about 95% v/v
and traces of other gases.

In the liquid phase collected after the I step, the main classes
of organic compounds identified by GC-MS analysis are
alcohols, aromatics, ketones, and aldehydes. In particular, the
preliminary qualitative analysis shows the presence with
relative abundance of 9.62% benzaldehyde (C,H,O), 27.07%
2-methyl-benzaldehyde (CgHO), 24.96% 4-methyl-benzalde-
hyde (CgHgO), 10.22% (2-methyl-1-butenyl)-benzene
(Cy1Hy,), 14.74% 1,3-bis(1,1-dimethylethyl)-benzene
(Cy4H,,), and 13.38% 2-methyl-benzenemethanol (CgH,,0).
Because of the complex composition, related to the abundance
of organic compounds, detailed characterization requires
refining and separation methods and is beyond the scope of
the work. Future quantitative analyses may allow further
investigation of the composition of the liquid phase.

FTIR analysis (Figure 6) was carried out on the solid phase
recovered in each sampling to assess its composition. The
FTIR spectrum shows weak and sharp bands at 2975 and 2929
cm™! corresponding to CH, stretching and a strong and sharp
band related to C=0 at 1740 cm™". The doublet bands in the
range of 1375—1450 cm™" correspond to the symmetric and
asymmetric bending for the CH, group.”” The remaining
bands (around 1000 cm™') can be related to sodium
metaborate.”” Thus, the FTIR spectrum suggests the formation
of organic moieties trapped in the solid.

The presence of an organic phase in the solid is also
highlighted by thermogravimetric analysis. Figure 7 shows the
TG/DSC curves as well as the FTIR spectra of the gaseous
product released during heating of the solid product recovered
after the I step at 10 °C/min up to 1000 °C in N,. The DSC
curve (red solid line, Figure 7) shows endothermic peaks at
118 °C and one at 240 °C, accompanied by a mass change.
The former can be ascribed to volatile loss (water and
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Figure 6. FTIR spectrum of the solid residue recovered after step 1.

adsorbed organic compounds), as suggested by FTIR spectra
of the gas phase, showing typical water absorption bands (at
3500 and 1630 cm™') as well as a broad halo in the range of
3023—2820 cm™' featuring C—H stretching in organic
moieties.”’ The spectra recorded at a temperature higher
than 200 °C are typical of H,0 (3700—3500 and 1500—1300
cm ™' represent the —OH bond stretching vibrations in H,0)
and CO, (2400—2250 cm™") and suggest the decomposition
of organic species in the sample.’* The last endothermic peak,
without a mass change, represented the melting of sodium
metaborate, anticipated at 918 °C as it is in the mixed form.

Il Step. During the II step, an additional 10 mL of H,O
(555.6 mmol) was added to the residue of the I step residue.
The pressure profile and the gas analysis results are presented
in Figure S (black dashed line) and Table 2 (my,po, = 2.0 g),
respectively.

Similarly to the I step, the pressure increases up to the
plateau value of 42.0 barg, resulting in the production of a
hydrogen-rich gaseous stream (about 94.0% v/v, Table 2).

GC-MS analysis of the liquid phase after the second step
revealed with a high quality factor the presence of only 2-
methyl-benzenemethanol (CgH;,0), in contrast to the
chemical richness of the liquid residue of step I. This could
be related to the high water content of the residue, which leads
to dilution of the system limiting the detection of less
abundant moieties. Future analyses will be carried out on the
refined liquid products in order to quantify these species.

The DSC curve (red dashed line, Figure 8A) on the solid
residue from the II step shows an endothermic peak associated
with either absorbed or structural water release at around 120
°C, which was less intense than that recorded for the solid
recovered after step I. Thus, considering the weight loss from
200 °C, a 26% organic content was estimated at the end of step
II. More specifically, the weight loss occurs in three different
phases: up to 400 °C, there is a weight loss of 23%, from 400
to 480 °C, there is a loss of 9.3% much faster than the previous
one, and up to 1000 °C, there is a gradual loss of 7.6%. As
reported in Figure 8B, the linked spectrum at 160 °C, collected
on the gaseous species evolved during the initial weight loss,
does not exhibit any absorbance peaks related to CH, bond
vibrations, thus suggesting that no organic compound was
released from the sample in that temperature range. On the
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Figure 7. TG/DSC (A) of the I step solid residue and (B) FTIR spectra of evolved gases with a temperature ramp of 10 °C/min up to 1000 °C in

nitrogen flow.

other hand, during the second weight loss, the spectrum at 455
°C shows CH, stretching modes (3020—2810 cm™"), while
during the last stage, the spectrum at 830 °C identifies CO, in
the 2400—2250 cm ™" range with peaks at 2357 and 2308 cm™!
and CO in the 2220—2060 cm™" range with peaks at 2177 and
2108 cm™".>> Comparing TG-FTIR results of solids after steps
I (Figure 7B) and II (Figure 8B), it can be argued that the
thermal decomposition of organic compounds in the latter
sample is shifted to a higher temperature than the values
recorded on the former. Notably, decomposition of samples
recovered after STEP I tends at 300 °C (offset temperature).
On the other hand, for a solid obtained after the II step, the
largest weight loss stops at S00 °C, but a slow thermal
evolution continues also up to 1000 °C. This suggests that the
molecular weight of the organic fraction increases during step
II. In addition, the thermal stability of the formed organic
oligomer could be improved by the presence of inorganic
borate, which is recognized as a very effective stabilizer for

thermal degradation.36 In fact, due to the presence of the
boron compound that acts as a thermal and mechanical
stabilizer,”” the oligomer/polymer can withstand 300 °C.

Double Cycle. To preliminarily assess the cyclability of the
process and the effect of the number of steps on the produced
polymer, steps I and II were repeated two times, with the
consecutive addition of ethanol and water, purging, and
analyzing the gaseous products obtained between the runs.

Pressure increases with the same trend as that in the I step
during each consecutive step and reaches increasing values as
the number of steps increases, as outlined in Table SI.

The hydrogen volumetric content in the gas phase remains
almost constant in the different steps (Table 2, my,po, = 2.0
g). However, in the liquid phase, high dilution does not allow
the identification of other species beyond 2-methyl-benzene-
methanol.

Figure 9 shows FTIR spectra of the solid residue recovered
after a double cycle (solid green line), suggesting the presence
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Figure 8. TG/DSC (A) of the II step solid residue and (B) FTIR spectra of evolved gases with a temperature ramp of 10 °C/min up to 1000 °C in

nitrogen flow.

of boric acid (2615 and 2441 cm™), sodium metaborate
(1660, 1276, and 1131 cm™"'), and organic moieties (bands at
2800—3000 cm™'), more evident in the samples with less
NaBO, content.

The presence of organic matter in the solid residue after a
double cycle was further supported by MALDI-TOF-MS
analysis (Figure S2), which detected a repetitive carbon
pattern of 28 uma, i.e., the mass of —CH,—CH,—, a feature of
alkanes, typical of polyethylene. Such a C2 unit presents an
overall oxidation state for the carbon of —2, the same for the
two carbon atoms in the source ethanol. In this perspective, its
formation can be interpreted in terms of water loss associated
with coupling of ethanol®® molecules resulting in an oligomer/
polymer, according to the following Scheme 1 for the solid
phase. Also, the average molar mass determined is about 100—
300 Da, indicating the formation of a macromolecule. Several
end-capping structures can be hypothesized, such as cyclic or
heterocyclic systems, but it is difficult to conclusively propose a

given structure for the observed mass patterns without further
investigations.

As a result, the following is a schematization of the lumped
reaction of the cyan hydrogen production process. The process
involves the following two steps:

1) NaBO,4H,0, + C,H;OHjy — UMW)y + LI )

+ Hyg

@) s“(ZI) ot L<I<1(>I>I ~ H,0 (H—(>l)§\IaBOZ~xHZO(S) +

Ha + ST 7 + LT Ty + PMET )

and at least one cycle (i) after the first two steps:

1<"))(H(Ij?)1)3oz-xH20<s) + s‘““(;(?))) 9 + (IL(S‘)("‘%) +

P% (I('))(S) i C%II(_I')S)OH(I) _)(I?')) ¥ 0+ B

II ') SV (s) + I]; ! 0) + PMYY (S}If HZO(I) ;) NaBOZ-

xHZO(S) + PM( (1))(5) + H2(g) + S( (1))(5) + L( (1))(1)
where

e iranges from 2 to N and N is the total number of cycles;
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Figure 9. FTIR spectra of the double-cycle solid residue with 0.5, 1.0,
and 2.0 g of sodium metaborate tetrahydrate (orange, blue, and green
solid lines, respectively).

e S(s) represents an intermediate solid consisting of a
mixture of Na and B compounds, such as Na,B,0,
hydrate or not, and organic compounds;

e L(s) represents an intermediate liquid consisting mainly
of organic compounds of an aliphatic and aromatic
nature;

e PM (Il(i))(s) is a polymeric compound, the molecular
weight of which increases as the number of cycles
increases, and when i = 1, it is the relevant polymer
precursor, such as a monomer, dimer, or oligomer;

e x is the number of water molecules of hydration of the
metaborate, between 1 and 4.

This proposed schematization considers the preliminary
characterization of the multiphase products, as thorough
quantitative characterization of liquid and solid phases is
beyond the scope of this article. Future analyses of the reaction
products and intermediates in the different phases will clarify
the reaction mechanism and detail all of the species produced
during the reaction. Figure 10 depicts the overall scheme of the
process, reporting the main component of each phase at the
end of the process. As mentioned above, the purity grade of the
hydrogen stream is kept almost constant in the range of 94—
99% v/v. The liquid phase, on the other hand, is rich in
oxygenated compounds; among these, the one detected in each
liquid sample is 2-methyl-benzenemethanol (also known as
benzyl alcohol). This compound is utilized in cosmetics as a
fragrance, in human medicine as an antimicrobial preservative
and local anesthetic, as a solvent for paints, glues, and
adhesives,” and as a food additive.”” Benzaldehyde hydro-

As summarized in Figure 10, the solid phase consists of a
mixture of low-molecular-weight oligomers/polymers with the
structure —CH,—CH,— mixed with boron compounds.
Although high-molecular-weight polyethylene has been widely
used as thermoplastics throughout the world, low-molecular-
weight ethylene oligomers can also fulfill numerous functions.
In particular, the focus is on either linear waxlike oligo-
ethylenes, most obtained via the Ziegler Alfol synthesis, or
branched amorphous oligomers that can also be used as
synthetic lubricants, active interface agents, or viscosity
modifiers. "’

In order to assess the performance and feasibility of the
process and compare it with the currently most widely used
adopted hydrogen production method, ie, ethanol steam
reforming, the performance indexes I, and I, were defined as
shown in the following equations (eqs 2 and 3):

nHz,produced

I = X 100
3 X e 1 OH,inlet ()
nHZ,produced

I, = 2
nCOZ,produced (3)

Since the reaction stoichiometry is currently unknown and
under investigation, the performance indicator is calculated on
the basis of the atomic balance with respect to ethanol, i.e., the
highest-value reagent.

Considering the initial steps of the process, the indicator I
was 7.31 and 11.91% for the I and II step, respectively. It is
important to consider that the overall cycle performance
achieved during the cyan hydrogen production process is about
12%, under not yet optimized process conditions. It is worth
noting that hydrogen atoms of bioethanol are split into (i)
gaseous hydrogen, (ii) hydrogen of —CH,—polymer units, and
(iii) hydrogen contained in liquid organic compounds, thus

Scheme 1. Proposed Reaction Scheme for the Solid Phase

HZ
/kc
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Table 3. Volumetric Composition and Moles of Produced Gases during the Intermediate Collected Samples at 0.41, 0.66, and
1.20 h of the I Step with 2.0 g of NaBO,*4H,0 and 5.0 mL of C,H;OH

H, CO, iso-CsH,, iso-C,H,q
process step [%] [mmol] [%] [mmol] [%] [mmol] [%] [mmol]
first sampling 16.52 + 1.3 2.69 + 0.19 2531 + 22 4.11 + 0.32 48.30 + 2.5 7.85 + 0.19 9.87 + 1.4 1.60 + 0.21
second sampling 59.80 + 1.7 8.64 + 0.25 2598 + 0.40 3.75 + 0.06 13.84 + 0.26 2.00 + 0.04 0.39 + 0.24 0.056 + 0.03
third sampling 82.23 + 0.95 13.36 + 0.14 12.08 + 0.14 1.96 + 0.02 S.14 £ 0.73 0.84 + 0.10 0.53 + 0.37 0.087 + 0.05
I step 94.83 + 0.57 18.8 + 0.08 1.67 + 0.03 0.33 + 0.005 0.00 0.00 3.47 + 0.62 0.69 + 0.09

explaining the low value of the overall cycle performance index.
Moreover, hydrogen is produced in the pressure range of 15—
4S barg, making this process convenient for direct entry of the
produced gas, postpurification, into pipelines.

To contextualize the cyan hydrogen process in the current
scenario of hydrogen production from bioethanol, the
performance index I, was calculated for ethanol steam
reforming reaction under the same operating conditions, i.e.,
300 °C, 1 bar, and H,0/ethanol = 7. From a thermodynamic
point of view, the performance index achieves 13.3%. Under
such temperature conditions, only limited data can be found in
the literature for the hydrogen yield of ethanol steam
reforming in the presence of a catalyst.”* Furthermore, the
data found in the literature are discouraging on the steam
reforming process of ethanol at 300 °C due to the high
formation of coke and catalyst deactivation.”> Moreover,
considering the I, index as a measure of gas stream selectivity,
it can be seen that against the 0.66 value of conventional
ethanol steam reforming, cyan hydrogen is the predominant
product with an I, equal to 26.

Effect of the Sodium Metaborate Amount. To study
the role of sodium metaborate in the process, cyclability tests
(ie, double cycles) were carried out for different initial
amounts of metaborate, specifically 0.5, 1.0, and 2.0 g, keeping
the H,O/ethanol feed ratio constant in the I step. It is worth
noting that in the I step, water was already present in the
reagent (sodium metaborate tetrahydrate), and further distilled
water was added to keep the ratio constant.

The results of microGC analysis of the gas samples are
shown in Table 2 for the different tests. For the largest amount
of sodium metaborate fed (i.e., 2.0 g), the hydrogen volumetric
fraction increases and remains almost constant in the different
steps. The same trend is shown for the intermediate
metaborate amount, ie, 1.0 g but the hydrogen content
changes in the range of 92—95%, lower than for higher
metaborate contents (94—99%). On the other hand, in the
case of 0.5 g of NaBO,-4H,0, a significant variation in the gas
composition of the different steps was observed, going from
about 89% hydrogen in the I step to about 24% in the IV step.
More specifically, when 0.5 g of NaBO,-4H,O was used, the
stream was rich in CO,. As a result, as sodium metaborate
increases, the gas stream becomes purer in hydrogen,
presenting only a low concentration of CO, and other species.
This could indicate that for low amounts of metaborate, high
efficiency in the CO, decrement and hydrogen production
reaction is not achieved.

In Figure 9, the spectrum of the double-cycle solid residue
with 0.5 g of NaBO,-4H,0 (orange solid line) shows two
sharp bands of weak intensity at 2917 and 2851 cm ™, assigned
to the asymmetric and symmetric stretching vibrations of
—CH,, respectively. Furthermore, the strong absorption band
at 1558 cm™ is attributed to the asymmetric stretching
vibration of the single bond —~COO~ group.***” The same

bands at 2917 and 2851 cm™' with medium intensity are
visible in the spectrum of the double cycle with 1.0 g of
NaBO,-4H,0 (blue solid line), while the O—H bond
stretching band in the 2.0 g case covers the signal. The
double-cycle spectrum shows bands in common with boric
acid (2615 and 2441 cm™') and sodium metaborate itself
(1660, 1276, and 1131 cm™'), and bands at 1413 and 1344
cm™" were due to the C—H bending vibrations, like the spectra
of the I step (Figure 6).

I Step: Focus on Carbon Valorization. During the
heating, the pressure profile of the I step (black solid line,
Figure S) shows three slope changes; therefore, three gas
samples were taken before each variation. The operating
conditions of intermediate sampling of the I step are first
sampling at 0.41 h and 170 °C, second sampling at 0.66 h and
300 °C, and third sampling at 1.20 h and 300 °C, represented
by highlighted dots in blue, green, and yellow in Figure 5,
respectively.

The initial pressure increase is ascribable to the ethanol and
water vaporization and then to temperature increases, and
gaseous products are generated, reaching a final pressure of
14.0 barg. More in details, the slope changes are respectively
associated with ethanol evaporation, CO, and H, production,
and a CO, decrease and further H, production, respectively.

The gas analysis reported in Table 3 shows that the reaction
initially evolves with a significant formation of CO, in the gas
phase and other intermediates, such as isopentane (CsH,,) and
butane (C,H,,). Then, their concentration decreases with time
with the simultaneous hydrogen enrichment, reaching a final
hydrogen composition of about 95% v/v.

Oxygenated aromatic species present at the end of step I are
detected in the liquid phase but with a smaller associated area
in the chromatographic spectrum.

The FTIR spectra of the intermediate solid residue samples
of the I step are shown in Figure 11 (blue, green, and yellow
solid lines) compared with I step spectra (black solid line).
The spectra collected during the initial phase of the I step
show O—H stretching, H-O—H bending, B—O—H bending,
and the asymmetric and symmetric B—O stretching bands at
3292, 1669, 1263, 1128, and 879 cm™, respectively, as the
NaBO,-4H,0 bare spectrum.”® The spectra of the inter-
mediate samples overlap with the sodium metaborate spectrum
(red solid line, Figure 11), thus indicating that metaborate
remains unreacted in the initial phase of the reaction, while the
spectra of the I step show the organic compound presence (as
reported in Figure 6). Confirming this, XRD analyses (Figure
S3) show that the peaks for the intermediate samples are
related to sodium borate dihydrate (NaB(OH),-2H,0, PDF
no. 01-076-0756), i.e., the molecular structure of metaborate
tetrahydrate.

So, while sodium metaborate does not change during the
initial stage of the reaction, carbon initially present in ethanol
shows an interesting course: CO, is produced in the initial
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phase but then decreases to a max. value of 5% by volume in
the gas stream, and at the end of the process, carbon is in the
solid phase as an oligomer/polymer and in the liquid phase as
organic chemicals.

B CONCLUSIONS

The present study shows the preliminary results of a novel
hydrogen production process, here named for the first time
cyan H,, due to the inspiration given by the low content of
carbonaceous gases in blue hydrogen and water adoption in
green H,.

The proof of concept of the developed process consists of
alternate cycles in the presence of bioethanol, water, and
sodium metaborate tetrahydrate at 300 °C and allows the
simultaneous production of hydrogen-rich gas (>95%),
oligomeric/polymeric products (polyethylene in the case of
bioethanol), and a liquid phase rich in organic compounds.

Investigating the evolution of carbon species in the gaseous
phase during the process, it was observed that carbon dioxide
was produced at an early intermediate stage and then during
the reaction decreases, while the hydrogen amount increases,
resulting ultimately in a H,-rich gas phase. The preliminary
results show that the carbon initially fed with ethanol is
valorized, giving interesting byproducts such as benzyl alcohol
in the liquid phase, which is widely used in cosmetics,
medicine, and food fields. Instead, a polymeric compound with
a repetitive carbon pattern of 28 uma, i.e., the mass of —CH,—
CH,— and mass of 100—300 Da in the solid phase.

The advantages of the here proposed cyan hydrogen
production process are

e use of borates, byproducts derived from the dehydrogen-
ation of boron hydrides used for hydrogen storage and
that are very difficult to regenerate;

e production of a 95% v/v hydrogen stream;

o less than 4% v/v carbon dioxide in the gaseous stream;

e valorization of the carbon fed to a polymeric product
and to liquid organic compounds;

e mild operating conditions (temperature of about 300
°C).

Our findings highlight the possibility of using bioderived and
cheap waste materials for a cost-effective and environmentally
friendly hydrogen production process, with simultaneous
carbon valorization and fine chemical production. Future
optimization will lay the groundwork for process implementa-
tion. Further investigations will clarify the role of intermedi-
ates, and the thorough quantitative characterization of
condensed phases and product distribution will allow the
understanding of the reaction mechanism and highlight the
possibility to adopt other biorefinery chemicals as process
feedstocks.
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