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Abstract: This paper presents results on the research currently being carried out with the objective
of developing new electrochemistry-based processes to produce renewable synthetic fuels from
liquefied biomass. In the current research line, the gas mixtures obtained from the typical electrolysis
are not separated into their components but rather are introduced into a reactor together with
liquefied biomass, at atmospheric pressure and different temperatures, under acidified zeolite Y
catalyst, to obtain synthesis gas. This gaseous mixture has several applications, like the production of
synthetic 2nd generation biofuel (e. g., biomethane, biomethanol, bio-dimethyl ether, formic acid,
etc.). The behaviour of operational parameters such as biomass content, temperature and the use of
different amounts of acidified zeolite HY catalyst were investigated. In the performed tests, it was
found that, in addition to the synthesis gas (hydrogen, oxygen, carbon monoxide and carbon dioxide),
methane was also obtained. Therefore, this research is quite promising, and the most favourable
results were obtained by carrying out the biomass test at 300 °C, together with 4% of acidified zeolite
Y catalyst, which gives a methane volumetric concentration equal to 35%.

Keywords: liquefied biomass; electrolysis; synthesis gas; renewable energy; synthetic fuels; HY zeolite

1. Introduction

Oil-derived fuels are essential for complying with the World’s energy needs, accounting for the
majority (more than 80%) of the global primary energy consumption, and recent forecast studies,
developed by the IEA (2017) [1] and BP (2018) [2], show a continuing growth in fossil fuel demand [3],
in the near future, considering a wide range of factors such as demand, technology development,
assumptions of policy agreements in order to reduce greenhouse gas emissions (GHG), as well,
as changes in the regional production capacity [4]. In spite of this dependence, recent concerns
over climate change have driven society to seek for alternatives in order to reduce GHG emissions.
This resulted in a continuous search for a shift in energy production from fossil fuels toward
renewables [5].

Consequently, the use of biomass as a source of renewable energy has recently been increasing.
When compared to fossil fuels, biomass energy has several advantages which includes its renewable

Energies 2019, 12, 3787; doi:10.3390/en12193787 www.mdpi.com/journal/energies


http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0002-2763-3655
https://orcid.org/0000-0003-2579-6669
http://dx.doi.org/10.3390/en12193787
http://www.mdpi.com/journal/energies
https://www.mdpi.com/1996-1073/12/19/3787?type=check_update&version=2

Energies 2019, 12, 3787 2 of 21

nature, carbon neutral ability, low sulfur emission during combustion, relative abundance and its
easy transportation and storage. Therefore, biomasses are, potentially, one of the more important
available resources to produce new liquid biofuels, synthesis gas (syngas), biohydrogen, solid
biofuels, and, valuable chemicals [6]. Liquefaction is a relatively novel process capable of converting
biomass into bio-oil products [7]. In general, the liquefaction of biomass consists of three main steps:
depolymerization followed by decomposition, and, recombination at high temperatures [8]. Normally,
the biomass liquefaction processes use a specific solvent, such as water or organic ones, such as, methanol,
ethanol, phenol, acetone, etc., to interact strongly with the biomass components [9]. More recently,
cork by-products, have been reported as interesting raw materials for liquefaction, by conventional,
microwave induced, as well as ultrasounds-assisted methods [6]. The main components of these solid
biomass, like cork and eucalyptus bark are, lignin, cellulose and hemi-cellulose [9].

The bio-oil obtained from the liquefaction processes of these solid biomass components, performed
at 160 °C and 90 min, such as described by Mateus et al. [6], has several advantages, like its utilization
as fuel, in engines and, in other combustion units, such as, boilers, furnaces, etc., as auxiliary fuel
or, can be converted into high quality chemical products, through several processes, like, catalytic
cracking, hydrogenation or steam reforming [10].

Regarding electrolysis process, the main four technologies developed are, alkaline electrolysis,
Proton-exchange membrane (PEM), Solid Oxide Electrolysis (SOE) [11,12] and, finally, Polymeric
Anion Exchange Membrane (AEM) processes [13].

The syngas applications are several, not only related with synthetic biofuels production, but also,
in the added-value chemical products, such as, formic acid, ethylene, but also, methyl acetate, acetic
acid, formaldehyde and polyolefins (these last four produced from biomethanol) [14]. In the field
of synthetic biofuels production, syngas can be converted into biomethanol [15,16], bio-DME [17],
biomethane (synthetic natural gas) through the Sabatier process [18,19], but also, into biodiesel,
bio-gasoline, bio-naphtha, etc., through the Fischer-Tropsch process [20,21].

This paper describes a further new approach on a new technology, previously reported by the
authors [22] capable of producing syngas in a single step, without separation of the elementary gases,
produced during the water alkaline electrolysis. It is called co-electrolysis of water, under the alkaline
process, using a carbon source to directly produce the syngas mixture, at low temperatures and
pressures, thus requiring significatively less amounts of energy inputs [11,23]. This previous approach,
uses graphite electrodes, as a source of carbon, that is further oxidized, during the electrolysis process,
to carbon monoxide and carbon dioxide which are present in the generated gas mixture (syngas), and,
efficiently converts electricity from renewable sources (mainly wind or solar, or when this electricity is in
excess in the electrical grid, or in off peak hours). Thus, this new technology is able to convert electricity
into syngas, which is an intermediate for the generation of synthetic 2nd G biofuels, which was already
demonstrated [24]. The main drawback is the (small) consumption of the graphite electrodes and its
relatively high cost, which could be avoided if steel electrodes are used together with an additional
carbon source, such as, liquefied biomass, to be added in the electrolyser. Concerning the use of
liquefied biomass, some results from preliminary trials have been recently published elsewhere [25],
and points out that, the process needs enhancement, such as, the use of solid catalysts. In this new
process, the gas obtained from electrolysis is not separated into its components and, it’s introduced
into a reactor together with a specific content of a previous mixture of cork/eucalyptus bark liquefied
biomass, at normal pressure and different temperatures. The gas is released upon contact with the
biomass, thus resulting into syngas, which is a mixture consisting essentially of carbon monoxide,
hydrogen, carbon dioxide and some unreacted oxygen. In this work, the behaviour of operational
parameters such as biomass content and type, temperature and the use of different amounts of acidified
zeolite (z.) HY catalyst were investigated. In the performed tests, it was found that, in addition to the
syngas, methane was also produced, with significant content. The purpose of use samples of different
kinds of liquified biomass (described in Section 2.1) of cork and/or eucalyptus bark, with and without
the correspondent sugars solubilized in aqueous solvent, was to investigate if, there was significant
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influence in the output syngas/methane produced, at the methanation reactor, as well, the influence
of temperature and catalyst content in this process. The temperatures range choose for this study
must be significantly lower than the typical temperatures used in the gasification process (700-800 °C).
The advantage of this technology is located, precisely, in the utilization of lower/medium temperatures,
when compared with the coal/biomass gasification and steam reforming processes, which produces,
also, syngas. The utilization of lower temperatures will lead to significant input energy savings to the
process and, as consequence, lower operating costs. On the other hand, the influence of using lower
catalyst contents in the methanation process in this study;, is to see if the methane concentration will
increase in these temperatures, with and without catalyst.

2. Materials and Methods

2.1. Chemicals

The chemicals used in this research work were, sodium hydroxide (pellets) from VWR Chemicals
Prolabo (Fontenay-sous-Bois, France), Y powdered zeolite in the basic form (NaY), from Sigma-Aldrich
(Darmstad, Germany) and ammonium nitrate from Merck (Darmstad, Germany). The biomass
liquified samples employed were four, one was a mixture of cork and eucalyptus bark with the
correspondent sugars (Al), other obtained from the liquefaction process of only cork biomass, with
the correspondent sugars (A2), other obtained from the liquefaction process of only eucalyptus bark,
without the correspondent sugars and solvents previously removed (A3), and, finally, the last one,
similar to A3 but with the correspondent sugars and a significant quantity of solvent (A4). These
liquified biomass samples were obtained through a hydro-liquefaction process, with an organic solvent
and, also, with an acid homogeneous catalyst, in a range of temperatures between 160-200 °C.

2.2. Syngas and Methane Production Equipment

The production of syngas was carried out on a laboratory apparatus, schematically shown in
Figure 1, consisting of: (i) a cylindrical storage tank feeding electrolyte to the solution; (ii) a second
storage for the electrolyte solution; (iii) a column containing molecular sieve, in order to adsorb the
humidity of the produced gas, and finally, (iv) an electrolyser, where the various electrochemical
reactions take place to produce synthesis gas. The electrolyser has a total of seven steel electrodes,
each one with a diameter of 5 cm and, a thickness of 0.2 cm, thus resulting an area of 20 cm? by
electrode, forming disks with two holes each, thus creating electrolyte circulation channels. One
channel is connected to the electrolyser input, while the other is connected to its output, thus allowing
the out flow of produced gases. The electrodes are spaced from each other 0.3 cm, thus creating in the
electrolyser, 8 electrolytic cells. The body of the vessel is made of methyl methacrylate polymer, with
a basis of stainless steel, to withstand pressure. To prevent heat losses from the electrolyser and the
electrolyte circulation tank, the components are insulated with rockwool. The methanation reactor
(v) used is made of glass and consists of an inlet pipe that extends into the reactor where the gas will
bubble and an outlet pipe for the produced gas (syngas) that goes to a condenser (vi) with a coupled
tank where the resulting condensation and the final gas for analysis are collected. This reactor has
approximately 7.6 cm of diameter and 5.7 cm of high (Figure 2). During operation, the electrolyte is
admitted through the inlet valves, thus filling up the electrolyser. Then, electric terminals connect
the electrodes to the power supply source and the electrolysis process takes place. The produced
gas composition is measured by specific sensors (CLEVER CY-12C oxygen analyser from CLEVER,
Beijing, China, carbon dioxide and carbon monoxide analysers, both from KELISAIKE (Beijing, China),
and a methane analyser from Exibd R (Beijing, China), previously calibrated and validated by gas
chromatography and, the total flow rate of gases were measured by a volume displacement device. In
this study, liquefied biomass from cork wastes was used, obtained as described elsewhere [6]. In order
to improve the composition of the produced syngas, a solid catalyst was used, which was prepared
from a powdered Y zeolite in basic form, that was acidified using ammonium nitrate, by a traditional
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technique [26]. Figure 3, shows, on the left, the electrolyser unit and, on the right, the used steel
electrodes prepared, like described above.
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Figure 1. Experimental set-up.
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Figure 2. Glass reactor used with liquified biomass to produce methane.

Figure 3. Electrolyser (left) and, steel electrodes used in the electrolyser unit (right).

The measures of pH and conductivity of the electrolyte solutions in the electrolyser in the
beginning and the end of each experiment, were conducted, respectively, with a HANNA Instruments
(Woonsocket, RI, USA) portable device and, with a GLP32 conductimeter (Crison. Barcelona, Spain).
A PB 3002 balance (Mettler Toledo, Columbus, OH, USA) with a precision of 0.01 mg was also used to
weigh the solid samples and, also, an oven and a furnace, from Nabertherm (Lilienthal, Germany),
were used to dry and calcinate, respectively, the solid catalytic samples.
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2.3. Solid and Liquid Samples Characterization

Regarding catalyst characterisation, zeolite Y acidified was characterised by Scanning Electronic
Microscopy with Electron Diffraction Spectroscopy (SEM-EDS) and, liquid samples obtained
(condensate and liquified biomass) were analysed through Fourier Transformed InfraRed Spectroscopy
(FTIR). The SEM microscope used was a model JSM-7001F (JEOL, Tokyo, Japan), where the solid
samples were previously conducted through an gold alloy and, the FTIR spectrometer used was one
from Agilent Technologies (Santa Clara, CA, USA), where the correspondent spectra were acquired in

a range of wavenumber between 650 cm™! and 4000 cm™~!, with a resolution of 32 scans.min™!.

2.4. Preparation of the Different Electrolytes (NaOH Concentration and Biomass Content)

Several electrolytes were prepared with two different concentrations of sodium hydroxide (0.4 and
1.2 M) in demineralized aqueous solution, without any liquified biomass content. After that, four
electrolytes were prepared, all of them with 1.2 M of sodium hydroxide concentration, but with
different liquified biomass weight contents (5, 10, 12 and 15%), for a total volume of water and biomass
in each experiment, equal to 100 mL. For all of these experiments, the different electrolytes were placed
in the electrolyte admission tank and it was open the valve with connects the tank to the electrolyser, to
filling it. Then, it was plugged the terminals of the electric feed supply to the electrolyser. All of these
experiments were conducted for 2 hours, measuring in each 15 minutes, the electrolyte temperature
(T), voltage applied (V), current intensity (I), gas volumetric flow and, its volumetric composition.
In the beginning and in the end of each experiment, it was measured the pH and conductivity of the
correspondent electrolyte.

2.5. Preparation of Acidified Heterogeneous Catalyst

Since the Y zeolite catalyst was supplied in basic form (NaY), it was necessary to convert it in
acidic form (HY), using ionic exchange with a 2 M aqueous solution of ammonium nitrate, for 6 h in an
oil heating bath, with stirring, at 80 °C, to convert first, into the ammonium form (NH,Y). After this
time, the final solution was filtered under vacuum filtration and the collected solid was dried in an
oven, overnight (14 hours approximately), at 90 °C. In the next day, the dried solid was placed in a
furnace oven, at 500 °C for 8 hours, with a gradient heat of 5 °C-min~! releasing ammonia gas and
adsorbed water, converting the zeolite from the ammonium form (NH,Y) to the acidic form (HY).

2.6. Experiments in the Syngas/Methane Reactor

First, in order to estimate the liquified biomass apparent density or bulk density, which is a
property of powders, granules, and other “divided” solids, or any other masses of corpuscular or
particulate matter. It is defined as the mass of many particles of the material divided by the total volume
they occupy. The total volume includes particle volume, inter-particle void volume, and internal pore
volume [27]. This bulk density was quantified in the liquified biomass sample (A2) collected after the
liquefaction process, supplied by one of our research partners. It was placed it in the reactor, 100 mL,
and then, sealed the reactor inlet and placed it in an oil heating bath with magnetic stirring, for 4 hours,
at different temperatures. The outlet reactor was connected to a condenser in order to collect the release
condensate at liquid state, which was collected in a cylindrical tank. After 4 h, the liquified biomass
was then weighted, to compare with its initial mass, before the correspondent experience.

The characterization and quantification of the syngas composition was conducted in a second
round of experiences, namely the methane gas produced and the oxygen content after the reaction
with the liquified biomass, with and without HY zeolite solid catalyst. In all of these experiments,
it was used 100 mL of liquified biomass in the reactor, and also, it was used in the electrolyser, 0.4 M
of sodium hydroxide aqueous solution. In the experiments, different weight percentages of catalyst
were used, together with the liquified biomass, in the methane reactor. 1 g, 2 g and 4 g of HY zeolite
were weighted and then mixed with the 100 mL of liquified biomass in this reactor, which corresponds,
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respectively, to, approximately, 0.9%, 1.8% and 3.6% of mass catalyst concentration, at four different
temperatures (150, 200, 250 and 300 °C). All these experiments were carried out at 4 hours, measuring
several parameters each 30 minutes, such as, temperature in the electrolyser, (T), voltage applied (V),
current intensity (I), gas produced volumetric flow and its volumetric composition, at the outlet reactor,
quantifying also, the condensate volume produced and, in the end of each experiment, the volume of
liquified biomass, to compare it with the initial one.

3. Results and Discussion

3.1. Characterisation of the Supplied Different Biomass Samples

The solid biomass used as raw-material in the liquefaction process, supplied by a pulp industry
Portuguese Company was cork and eucalyptus bark, with a typical elemental composition show
in Table 1. It’s possible to see that, those values are in accordance with similar ones published
elsewhere [28].

Table 1. Elemental composition, humidity and heating values of cork/eucalyptus bark solid
biomass samples.

Component Used (% (w/w)) @ From Literature (Ligneous Biomass, % (w/w)) [28]
C 46.0-49.0 44.0-53.0 Cellulose 30.0-50.0
H 5.30-5.70 5.50-6.50 Hemicellulose 15.0-35.0
@) 42.0-47.5@ 38.0-49.0 Lignin 20.0-35.0
N 1.00-2.00 0.00-2.00 Ashes 0.20-8.00
S 0.08-1.00 0.05-1.00
Cl 0.05-0.25 -
Total humidity 44.0-67.0 Variable
HHV (MJ/kg) 17.5-19.5 15.0-19.0
LHV (MJ/kg) 16.5-18.5 -

(1)—Obtained before entering in the hydro liquefaction process used, after several measures performed;
(2)—Estimated by difference from total weight composition.

After the liquefaction process of these biomass samples, they were analyzed, through the
quantification of its elemental composition, water content, the low heating value (LHV) and the high
heating value (HHV). This analysis was performed in one of our research partners, a cement kiln
producer and, the correspondent results are shown in Table 2.

Table 2. Elemental composition, humidity and heating values of cork/eucalyptus liquified
biomass samples.

Component % (wfw) Component % (w/w)
C 60.0-70.0 S <0.50
H 12.0-13.0 Total humidity 2.00-4.00
(@) 14.5-255 1 HHV (MJ/kg) 31.5-39.0
N <2.50 LHV (MJ/kg) 29.0-36.0

(1)—estimated by difference from total weight composition.

Table 2 shows elemental composition of liquified cork/eucalyptus bark biomass samples, after the
hydro liquefaction process performed, in our research partner, as well, the final humidity content and
the heating values (HHV and LHV).

As reported in several references, biomass solid samples shows higher H/C and O/C ratios
then fossil fuels, like coal [28], which enhances hydrogen composition in the syngas production,
in thermochemical process, like gasification [28]. In this electrochemical process, the increase in
the hydrogen composition of syngas produced will enhance the production of biofuels, like in the
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methanation processes. Besides that, less carbon contents will decrease carbon dioxide emissions
(GHG) to the atmosphere [28].

3.2. Preparation of the Different Electrolytes (NaOH Concentration and Biomass Content)

Table 3 shows the experimental results achieved regarding the first round of experiences in the
electrolyser, with and without different liquified biomass contents, for two sodium hydroxide electrolyte
concentrations. The parameters measured for each experiment were, the electrolyte temperature in
the electrolyser (T), the input voltage (V), the current intensity (I), the final volumetric flow of gas
produced, the initial and final pH (pHi and pHf), as well, the initial and final conductivity (Ki and Kf).
All the values pointed in the table are averages values calculated from 4-5 experiences performed for
each case, at the end of 120 min.

Table 3. Experimental results achieved regarding the experiences performed in the electrolyser.

o F 3 APH K; Kf AK
Electrolyte O vm L&) (mL.min1) PH; PH; (%) (mS.cm™!)  (mS.cm™1) (%)
NaOH 0.4 M 76.9 28.5 3.64 98.80 14.2 14.1 0.70 76.70 68.13 11.2
NaOH 1.2M 53.2 28.5 2.50 103.0 14.2 142 0.00 198.8 194.9 1.96
(o
NaOH 1.2 M 5% 53.1 28.5 1.24 50.28 14.2 11.1 21.8 182.5 56.67 70.0
(w/w) biom.
0,
NaOH 1.2 M +10% 45.8 28.5 0.96 48.79 14.2 10.9 23.2 136.4 48.73 64.3
(w/w) biom
0,
NaOH 1.2 M +12% 43.2 28.5 0.86 39.15 14.2 12.7 10.6 124.6 44.70 64.1
(w/w) biom
0,
NaOH 12 M +15% 46.4 28.5 1.09 50.76 14.3 13.0 9.09 116.3 38.57 66.8

(w/w) biom

This table also shows the calculated correspondent relative variations of pH (ApH) and conductivity
(AK). Through these results, it is possible to conclude that, with the exception of the 15% (w/w) of
biomass content experiment, the increase in the liquified biomass in the electrolyte decreases the final
temperature in the electrolyser and, also, the current intensity, as well, the produced gas volumetric
flow, since, both parameters are related. The justification is directly related with the electrolysis
conversion and the gas flow observed, which are proportional to the current intensity and, also, to
the heat produced in the electrolyser, through Joule’s effect. For the same electrolyte quantity, less
current intensity will decrease the heat released and the electrolyser temperature. It’s possible to see,
also, that, the presence of organic compounds, such as, the liquified biomass, mixed in the electrolyte,
decreases significantly the conductivity values. It's well known that, organic compounds have very low
electrical conductivity values, thus affecting negatively the electrolysis conversion process, decreasing
the electrolyte final conductivity, when compared with the sodium hydroxide conductivity values.
This is confirmed by these results, which affected also, the final pH of the electrolyte, decreasing it.

In order to understand the evolution of the oxygen concentration in the electrolyser, over time, for
different tested electrolytes (with and without liquified biomass), Figure 4 shows those evolutions. It is
possible to notice that, higher biomass content mixed with the 1.2 M NaOH electrolyte will increase the
oxygen consumption, due to its reaction with the carbon from biomass, thus producing CO and CO,.
It is the co-electrolysis processes, like reported elsewhere, by Guerra et al. [24,25]. It is, also, interesting
to see that, A4 liquified biomass samples shows the same behavior as the 1.2 M NaOH aqueous
electrolyte without any biomass content. This is due to the presence in this sample A4, of a large
amount of solvent, mainly, water, ascribable to the high solubilization of the sugars compounds. On the
contrary, the remaining biomass samples tested (A2) shows a strong oxygen conversion, because this
sample only has a little portion of solvent, since it was previously removed in the liquefaction process.

For A2 experiments, it was also observed, a maximum oxygen conversion between 30 and 45 min,
although the final oxygen content in the gas produced from the electrolyser, at 120 min, is higher, when
compared with the observed at 30-45 min. This difference is due to the non-steady state process, which
occurs until it finishes, 10-15 min after the 2 h of each experience performed.
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Figure 4. Evolution of the oxygen concentration in the electrolyser, over time, for different tested
electrolytes (average values).

3.3. Experiments in the Syngas/Methane Reactor

Regarding the production of syngas, Table 4 shows the results obtained with complementary
experiences in the methane glass reactor, where this gaseous mixture is produced, with the methane
generation, through the reaction between the electrolysis gas and, the liquified biomass. The results
achieved and calculated were: the volumetric yields production of solid, liquid and gas phases,
respectively, the remaining biomass collected in the reactor (Yield jiqbiom.)) after the time experience
considered, at different temperatures, the condensate (Yield(cong.)) and, also, the gas mixture produced
(Yield(gas)).

Table 4. Experimental results obtained with complementary experiences in the syngas/methane reactor.

Liquified o P Vf(ig.biom. Yieldiq.biom. V(cond. M(cond. X ) Yieldcond. Yield gas)
Biomass (O tomin)  T{Epem A S S S e A N
100 60 98 98.0 - - - - 2.0
150 60 96 97.0 - - - - 3.0
A2 30 - - 18.5 18.2 0.98 18.5 -
200 60 72 74.0 23.5 22.8 0.97 235 25
240 74 72.0 24.5 23.5 0.96 24.5 3.5

(*)—estimated considering the initial volume of 100 mL of liquified biomass minus the volumes of final liquified
biomass and condensate produced.

The apparent density of the liquid condensate (pap. (cond.)) Was also calculated. The apparent
density of the liquified biomass sample (A2) was previously calculated, giving an average value of
1.14 g-cm™3. From these data, it is possible to conclude that, as expected, the increase of temperature will
increase, at shorter times, the volume of produced condensate, thus decreasing the volumetric yield in
the remaining liquified biomass. The calculated apparent density of the condensate is decreasing with
the increase of the reactor temperature and, those values are similar with the water density, although,
as explain more ahead, this condensate has, also, organic compounds, at minor concentrations.

Different operational parameters were studied in the syngas/methane reactor, such as the
volumetric flow rate of gas produced over time (QyRrnormalized), the volumetric percentage of oxygen
produced (%0O,) and reacted over time (Qyro2consum) and, the volumetric percentage of methane
produced (%CHy). These tests were carried out with different weight contents of zeolite HY catalyst and
different temperatures, like described in Section 2.6. The obtained results are presented in Figures 5-8.
All these experimental rounds took place with the following fixed experimental conditions in the
electrolyser: 22.4 V of applied voltage, 2.5 A of current intensity, 160 mL/min of electrolyser gas
produced (H; + O,), electrolyte of NaOH 0.4 M aqueous solution and, with 4 h in each experience.
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Table 5 shows, at the end of 4 hours experience, the correspondent final output values of the gas
volumetric flow, as well, the oxygen and methane volumetric contents in the produced gas mixture,
for different reaction temperatures and different weight content (z. HY catalyst). To compare with
another Y zeolite already prepared, ultra-stabilized with nickel (z. USY), it were also performed,
two more experiments with this catalyst, which was supplied from another Portuguese university.
The results achieved with USY zeolite doesn’t show any significant improvement, mainly in the %CHy
content, when compared with the acidified HY zeolite catalyst.

Table 5. Experimental results in the methanation reactor, for different reaction temperatures and
different weight content catalyst.

Liquified % o .1 o o

Biomass (Weat/Wiiqbiom.) T (°Q) F (mL-min-1) %Oy %CHy

150 1429 335 0.19

. 200 150.0 32,0 0.45

250 138.5 333 0.45

300 138.5 32,0 2.08

150 1452 33.8 0.25

. 200 1342 325 1.84

A2 z. HY, 2% 250 1452 322 416

300 157.9 30.2 12.8

150 1452 33.9 0.28

. 200 1452 325 3.98

z. HY, 4% 250 1342 30.0 5.02

300 138.5 22 33.9

2. USY, 1% 200 125.0 33.1 0.17

2. USY, 2% 200 1324 33.1 0.26

A3 — 200 1452 323 0.16

Ad 2. HY, 4% 200 133.6 322 3.81

3.3.1. Flow of Produced Gases

Analyzing Figure 5, the observed flows exhibit the same general behavior. An exception is the
flow rate for the test with 2% of HY catalyst at 300 °C, which was constant, due to a leak in the system.
This leak did not affect the test at all, but only the flow measurement.

QuRnormalizad - 150°C (t) QvRnormalizad - - 200°C (t)
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Figure 5. Comparison of the behavior of the volumetric flow rate of gases produced over the test
time for the synthesis gas production tests for different amounts of catalyst and temperature (average
values).
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Nevertheless, the final gas flow measurements are basically constant, in all experiments, after
120-150 min of reaction time, when it was reached the steady state, with little differences (<10 mL-min~')
between them, when it was reached the 4 hours of reaction time.

3.3.2. Oxygen Concentration in the Outlet Gas Mixture

In Figure 6, it can be seen that, the increase in temperature and the increase in the catalyst
weight content affect the percentage of oxygen, i.e., for the temperatures of 250 and 300 °C and with
4% (W catalyst/Wiigbiom.) Of catalyst, it is possible to notice an appreciable decreasing on the oxygen
concentration, in the syngas mixture, is more noticeable, after 210 min of reaction time.

At lower temperatures of 150 and 200 °C, the oxygen content only shows slight variations between
32.5 and 33.8% (v/v). It seems that, for temperatures above 250 °C and, with 4% of zeolite HY
heterogeneous catalyst, the production of methane gas is enhanced, in the syngas mixture, because the
activation energy boundary is being decreased. In all these experiments, slightly concentrations of CO
and CO, were detected, which means that, the gas compound with more and significant concentration
is the hydrogen.
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Figure 6. Comparison of the behavior of the percentage of oxygen in the gas produced over the test
time for the synthesis gas production tests for different amounts of catalyst and temperatures (average
values).

3.3.3. Oxygen Flow Rate Consumed

The oxygen consumption evolution is shown in Figure 7, where it is possible to observe the
increase in the reacted oxygen volumetric flow with the increase of temperature, mainly at 250 and 300
°C and, with 4% of z. HY catalyst. At 150 °C, this consumption does not exceed 6 mL-min~}, and, at
200 °C, this consumption has already reached 12 mL-min~!. At 250 °C, this consumption increased to
14 mL-min~!, and, at 300 °C, this consumption is even higher, reaching 28 mL-min~?, for the test with
4% of z. HY catalyst. The decreasing on the oxygen content in the syngas mixture, will increase the
reacted oxygen to produce, mainly, methane gas. These conditions are enhanced with the increase of
reaction temperature above 250 °C and, also, with 4% of weighted z. HY catalyst, for the same reasons
pointed out above.
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Figure 7. Comparison of the behavior of the volumetric flow rate of oxygen consumed over the test
time for the synthesis gas production tests for different amounts of catalyst and temperatures (average

values).

3.3.4. Methane Concentration

Figure 8 shows the production of methane through time, for different temperatures and different
contents of zeolite HY catalyst, in the syngas/methanation reactor. At 150 °C, the methane concentration
is very low, even with the use of the solid catalyst. Increasing the temperature and the amount of
catalyst shows that, the methane production increases, with a maximum of 35%, obtained in the 300 °C
test with 4% (w/w) of that catalyst. The reasons to explain this behavior of the methane production
were explained above in this article, since the production of this fuel gas is directly related with the
consumption of oxygen in this reactor, enhanced by the increase of temperature and, with, at least,
4% (w/w) of catalyst.

Best conditions which maximized methane concentration (300 °C, 4% (w/w)) were replicated
three times and, the same behavior were observed, since, at the end of the 4 hour reaction time, final
methane concentration achieved (yield) was 33% and 34% (twice), which gives an overage value of
34%, although, it was achieved also, a maximum concentration of 35% in all replicate experiments.
The remaining gas compositions measured were basically the same. After these three replications,
z. HY catalyst was calcinated again, to eliminate coal deposition in surface catalyst, to reactivate it,
because coal deposition covered the catalyst active sites.

Another experiment with the same best operating conditions was performed, after catalyst
recalcination in the same operating conditions and, the achieved results were the same of the previous
ones, again with 34% of methane final concentration, at the end of 4 h of reaction time. After recalcination,
catalyst acquire the same aspect as used in the first experiments.
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Figure 8. Comparison of the behavior of the percentage of methane in the gas produced over the test
time for the synthesis gas production tests for different amounts of catalyst and temperature (average
values).

In comparison with other similar studies, for instance, with Guerra et al. [24], it was reached a
methane volumetric content of 25.7% of the syngas mixture produced in the 1 kW SYM electrochemical
reactor, combined with a follow fixed bed catalytic reactor, under atmospheric pressure and, at 125 °C,
using graphite electrodes in the electrolyser and, a Ni/(CaO-Al,O3) heterogeneous catalyst. These
conditions give a methane gas selectivity of 96.5%, a CO, conversion of 44.2% and, residual
concentrations of CO. In another study performed also, by the same authors, Guerra et al. [25]
they achieved volumetric CO, concentration values of between 2.00-2.50% at 2 bar and 70 °C, but with
residual values of methane gas and, with 25% of CO. In this last case, it isn't occurred any significant
production of methane gas, which means, it doesn’t show any relevant processual advantages when
compared with the current study. No more similar studies were found in the literature, regarding the
electrolytical production of syngas. Besides these two references, only pyrolysis/gasification process
shows significant volumetric syngas and methane gas concentrations but, achieved with significant
higher temperatures, higher than 400 °C and, in the case of pure syngas, only higher than 700 °C,
in gasification process. These higher temperatures will need higher energy inputs for the syngas
production, when compared with the electrochemical processes.

3.4. Stoichiometric Analysis

Due to the existence of methane in the final gas produced, it is apparent that the following main
reactions occur [24,25], between carbon from biomass and the oxygen and hydrogen produced in the
alkaline electrolyser. In the electrolyser itself, it occurs, both at the same time, the following reactions:

Anode:
Water alkaline oxidation:

_)
40H™ 2H,0 + 4de” 1
OH™ 45 _55)oc 2H0+4¢ + Oz )

Cathode:
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Water alkaline reduction:

4H,0 + 4e” 40H™ + 2H, @)

_)
(45 - 55) °C

In the syngas/methane glass reactor, with the presence of the liquified biomass, attending the
production of methane gas, the follow reactions seems to take place, according with [19,24,25]:

Partial carbon oxidation:

-

1 _ -1
C—i—EOz (100 — 300) °C CO AHr = -222kJ-mol 3)
Total carbon oxidation:
C+0 - CO, AHr = -394 kJ-mol™! @)
2 (100 -300) °C ~ 2 -

After the production of CO and CO, gases, in the same methanation reactor, it will be produced
methane gas, according with the following reactions, described elsewhere [19], which is enhanced by
temperature and catalyst increases:

Sabatier reaction:

cat.,(200-300)

CO + 3H, SCH, +H,0 AHr — —206 kj-mol™! ®)

Water-gas shift reaction:

cat.,(200-300) °

C
CO, +H, CO+H,O AHr = +41kJ-mol™! (6)

The overall reaction from these two (reactions (5) and (6)) leads to the following one:

L2030 € oy L 9,0 AHr = —165 kJ-mol ™! @)

CO, +4H;

This means that, in the methanation reactor, the above reactions took placed in the follow order:
first, the reactions (3) and (4), simultaneously, then the reactions (5) and (6), which, together, leads to
the reaction (7), where, the standard specific enthalpy reaction is equal to — 206 + 41 = —=165 k].mol ™.

According to the stoichiometry of these reactions, it is possible to obtain some outputs such as:
molar flow at the outlet of the electrolyser, molar flow of oxygen and hydrogen at the outlet of the
electrolyser, molar flow at the exit of the syngas reactor, molar flow of oxygen, methane, hydrogen,
carbon dioxide and carbon monoxide at the exit of these reactor, as well, the molar flow rate of oxygen,
methane and hydrogen consumed. From these outputs, in the 300 °C test with 4% of z. HY catalyst,
where there is a higher percentage of methane produced, and, since there is a portion of the flow
produced that is not justified by the stoichiometry of these reactions, it means that, there are compounds
formed in addition to those mentioned before, at the same time, in the reactor. These compounds
may be hydrocarbons resulting from cracking processes of biomass itself, enhancing the methane
production [29]. As reported in the literature, the propagation step mechanism of cracking paraffins
leads, inevitably, to the co-production of methane gas [29].

On the other hand, the very low contents of CO and CO; observed, suggests that, through the
temperature reaction and heterogeneous catalyst used conditions, these gases were basically consumed
to produce methane, through the Sabatier process. Besides that, the most part of the liquified biomass
in the reactor, was converted to liquid condensate.



Energies 2019, 12, 3787 14 of 21

In the same test with 300 °C and 4% (w/w) of z. HY catalyst, it was also observed, after the 240
min of reaction time, the deposition of small black particles, thus covering the catalyst surface, which
could be ascribable to the deposition of coke particles, resulting most probably from the follow reaction
(Equation (8)), which typically occurs on the methane conversion processes in the presence of steam
water and/or oxygen, as well, in the gasification of coal and biomass [15]:

., — °C _
00 Cn | o, AHr = ~173 K-mol™! @®)

2CO

Although the global process is exothermic, due to the negative values of reaction enthalpies, it’s
necessary supply heat in order to achieve the desired temperature. The same procedure occurs in the
thermochemical processes of syngas/methane production, like pyrolysis and gasification. Pyrolysis
process starts at 400 °C and, syngas production in the gasification process normally occurs from
temperatures higher than 700 °C. In order to calculate the theoretical supply heat to the correspondent

process (EIT), it’s necessary to calculate the calorific values of syngas and methane produced in both
cases (electrochemical/Sabatier combined process and, both thermochemical processes mentioned
above), for the 300 °C achieved in this study and, for 400 °C and 700 °C, which normally occurs in the
pyrolysis and in the gasification processes, respectively. To perform this task, it’s necessary to apply
the following expression (Equation (9)):

AH = CpAT )

where Cp is the mean specific calorific capacity between 25 °C and the temperature (T) used, AT is the
difference of temperature between 25 °C (room temperature) and the operating one (T). The product
Cp-AT corresponds to the specific calorific heat which is needed to supply for the process.

To calculate Cp values, is need, in first place, calculate each Cp for the correspondent component,
between 25 °C and the operating temperature. With Equation (10), it’s possible to calculate each (Cp;)
value, through the thermodynamic values of (a), (b), (c) and (d), which were collected in this study,
from the literature (Himmelblau, [30]). These values are showed in Table 6. Equation (11) calculate the
overall specific calorific capacity (Cp) for the syngas/methane mixture at the reactor outlet, where (x;)
represents the correspondent volumetric composition of each gas component:

_ froc(a+bT +¢T2 +d18)dT

Cpi (T—25)

(10)
Cp= Z; x;-Cpj (11)

Table 6. Thermodynamic values (a,b,c,d) expressed in J-mol~1 °C1, of gas components, for application
in equation 10 [30].

Compound a b c d
CcoO 28.95 4.11x1073 3.55 x 107° -2.22 x 1077
CO, 36.11 4.23 x 1072 —2.89 x 107° 7.46 x 1077
0, 29.10 1.16 x 1072 —6.08 x 107 1.31 x 1077
N, 29.10 2.20x 1073 5.72 x 1073 -2.87 x107?
H, 28.84 7.65 x 107> 3.29 x 1076 -8.70 x 10710
CH, 34.31 5.47 x 1072 3.66 x 1070 -1.10 x 1078

The values of (Cp) for each case, depending of the operating temperature (T), applied in Equation (9),
gives the values of specific heats. Table 7 shows those values for the analyzed processes. N, was only
applied for outlet gases in pyrolysis and gasification processes, while O, only in the electrolytic process.
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Table 7. Calculated values of (C_p) and (ET) for different syngas/methane production processes.

o — —T
Process T (O (Cp) (J.mol-1.>C1) AH (K] - mol™1)
Electrochemical/Sabatier combination 300 34.62 10.38
Pyrolysis (with N, and without O5) 400 35.39 14.15
Gasification (with N, and without O,) 700 38.46 26.92

It’s possible to conclude, according with AH' values that, higher temperature process means
a significant increase in the input energy and, as consequence, a significant increase with the
energetic (operating) costs. Comparing the pyrolysis process (14.15 kJ-mol~!) with the combined
electrochemical/Sabatier one (10.38 kJ-mol~!) and considering the same syngas/methane flow and
the same gas composition, an decrease of 36% in the input energy was observed. By another
hand, the comparison between the same combined process (10.38 k]-mol~!) with the gasification one
(26.92 k]-mol~1), an decrease of 159% in the input energy was observed, both values applied for each
mole of syngas/methane mixture.

3.5. FTIR Analysis

Infrared spectroscopy analyzes were performed on some liquid samples obtained in the previous
experiments. These liquid samples refer to the biomass used in the tests, before and after those tests, as
well, in the condensate obtained. Analyzing Figure 9A,B, it can be seen that, the liquified biomass
spectra are identical, before and after the trials, respectively, since the absorption peaks detected were
almost the same, varying only their intensity.
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Figure 9. FTIR spectra: (A) corresponding to the initial sample of liquefied biomass, prior to any test;
(B) corresponding to the biomass sample after the test at 250 °C, without catalyst.
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It can be seen that, the most intensity peak is related with the O-H absorption peaks between 3200
and 3500 cm™1, mainly ascribable with alcohols, water and, for the case of biomass samples, are related
also with O-H bonds of the hydroxyl groups present in the several monomers of the cellulose and
hemicellulose structures [31]. Nevertheless, it’s possible to see a little decreasing in intensity of these
absorption peaks of O-H (3200-3500 cm~'), and also, at 1675 cm™! related with C=0O bonds (stretching
vibrations) of aldehydes and ketones, after the correspondent experiment, due to the evaporation of
some of these compounds to the condensate.

The spectra presented in Figure 10A,B are related with the liquid condensate samples obtained,
respectively, for the trials of 150 °C with 4% of catalyst and, at 300 °C with 2% of catalyst. The
remaining trials performed give similar condensate FTIR spectra to these two cases. For low reaction
temperatures, it’s possible to detect the O-H stretching vibrations bonds, typical in water, alcohols
and similar compounds, but also, the C=0 absorption peaks, at 1675 cm™?, typical of aldehydes and
ketones. For higher temperatures (250 and 300 °C), it is also possible to detect, besides these absorption
peaks mentioned before, other ones, mainly at, 2800-3000 cm~! and at 890 cm™!, which correspond to
the stretching and bending vibrations of the C-H bonds of the aldehydes, as well, at 1040-1100 cm™,
for stretching vibrations of the C=0 bonds of the carboxylic acids, 1200 cm~!, addressed to stretching
vibrations of the C-O bonds of the alcohols and, finally, at 1395-1440 cm™! ascribable to stretching
vibrations of the C-O-H bonds of the carboxylic acids, also.
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Figure 10. FTIR spectra: (A) corresponding to the condensate resulting from the test at 150 °C with
4%g of z. HY catalyst; (B) corresponding to the condensate resulting from the test at 300 °C with 2% of
z. HY catalyst.

When comparing the FTIR spectra of liquified biomass and condensate liquid samples, it’s possible
to verify that, the functional groups which are decreasing its intensity in the biomass samples, increase
in the condensate samples.

This fact was to be expected, since the most volatile constituents with O-H, C-O and C=O bounds
evaporate during the reaction and, therefore, are collected in condensate tank. Since the evaporation of
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the condensate previous collected was almost complete at 100 °C, suggests that the major quantity of
those alcohols, aldehydes and carboxylic acids have boiling temperatures below 100 °C, which could
be ascribable to formaldehyde, methanol, ethanol and, formic acid, since these compounds have, all,
normal boiling temperatures below than 100 °C.

3.6. SEM-EDS Analysis

By the end of the syngas production test at 300 °C, with 4 g of z. HY catalyst, a solid was
obtained, with some black particles, ascribable to coke deposition. In order to observe and characterize
morphologically, this sample, before and after the acidification and calcination processes, as well, after
the reaction at those conditions, SEM-EDS analysis was used, as shown in Figures 11 and 12 (SEM
images) and Figures 13 and 14 (EDS spectra — atomic percentages).

Figure 11. SEM images of z. HY catalyst sample collected after the methanation reaction process, at
300 °C and with 4% (w/w) of z. HY catalyst (A: 2000 x, 10 um; B: 5000 x, 1 um).

Figure 12. SEM images (5000 x; 1 um) of: (A) z. HY catalyst sample collected before the activation
process; (B) same catalyst sample collected after the activation process.

Analyzing the several SEM micrographics of these figures, it is possible to conclude that the solid
sample is not homogeneous in its constitution, mainly in the solid sample collected after the reaction
process, at 300 °C with 4% of weighted catalyst. The grey areas of post-reaction catalyst, according
with SEM image of Figure 11B can be ascribable to the carbonaceous residue deposited on the surface
catalyst, with a significant content, since the carbon atomic content increase significantly, from 3.4% to
68.1% and 76.2%, in two different points of the solid surface analyzed, according with Table 8.
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Figure 13. EDS spectra and respective SEM image of: (A) solid sample collected before the syngas
production test at 300 °C with 4% of z. HY catalyst and (B) solid sample collected after the syngas
production test at 300 °C with 4%g of z. HY catalyst.
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Figure 14. EDS spectra of: (A) z. HY catalyst sample collected before the activation process and (B)

same catalyst sample collected after the activation process.

Several researchers pointed out in their articles that, this coke can be eliminated to CO,,
regenerating the zeolite HY catalyst, to be active again in this reaction. The same phenomena
was also observed in this work. It is well known that, this catalyst is the same that is currently used in
the fluid catalytic cracking of heavy diesel fuels, in the crude oil refining industry [32]. The catalyst has
the same behavior, in both processes.

Besides this, when comparing SEM images and EDS analysis of atomic contents, before and after
the catalyst activation process (acidification and calcination), there aren’t significant changes in the
morphology of the catalyst surface, with a little exception in the decreasing of the sodium content,
which was expectable, due to the ionic exchange performed, where the sodium cation was leached.
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The carbon atomic content decreased also, probably due to the calcination process, where the
adsorbed CO, was released of the catalyst surface, to the atmosphere and/or, due to the decomposition
of some sodium carbonate adsorbed, which was converted to sodium oxide with CO, released.

Table 8. Atomic percent data obtained by EDS spectra for catalyst samples, before and after the
activation processes, as well, after the biomethane reaction, at 300 °C with 4% (w/w) of zeolite HY.

After Reaction
Element Before Activation After Activation Sample 1 Sample 2
(Spectrum 1) (Spectrum 2)
C 6.57 3.43 68.1 76.2
(@) 57.5 64.4 24.8 22.7
Na 5.29 2.29 0.63 -
Al 6.73 7.74 1.58 0.36
Si 24.0 221 4.74 0.77
K - - 0.18 -

4. Conclusions

From this research work, it can be concluded that it is possible to produce syngas and
methane, using this electrolysis system (electrofuel), together with a fixed bed catalytic reactor
to produce methanation (Sabatier process), with significant less energy inputs when compared with the
conventional thermochemical processes of syngas/methane production, like pyrolysis and gasification.
Comparing the combined electrochemical/Sabatier process (10.38 kJ-mol~!) with the pyrolysis one
(14.29 kJ-mol~!) and considering the same syngas/methane flow and the same gas composition,
an increase of 38% in the input energy was observed. By another hand, the comparison between the
same combined process (10.38 kJ-mol~1) with the gasification one (27.21 kJ-mol~1), an increase of 162%
in the input energy was observed, both values applied for each mole of syngas/methane mixture. With
the utilization of this combined electrochemical/Sabatier reactors, it’s possible to reduce input energy
to the system and, as consequence, reduce energetic (operating) costs.

Regarding the methane production in this reactor, the operating conditions obtained so far, which
enhanced and maximized its production was, a temperature of 300 °C and a weight heterogeneous
catalyst content of 4% of zeolite HY. However, it should be noticed that, there are compounds, in the
produced gas, that were measurable by the portable sensors. It was possible to conclude also, that, z.
HY catalyst was progressively deactivated, through the visualization of carbon particles deposition on
the surface catalyst. Nevertheless, the catalyst can be reactivated, by calcination, to be used again in
the Sabatier reaction, so it’s possible to conclude that, the use of z. HY catalyst was clearly suitable in
the Sabatier reaction (methanation process), at normal pressure and temperatures between 200-300 °C.

Besides, the use of acidified zeolite HY catalyst and higher temperatures increases methane
production, which points out for further research steps comprising the increase of catalyst mass, and, to
study the increase of pressure and temperature in a new laboratory prototype. It will also be of interest
to investigate the use of other heterogeneous catalysts which may be more active such as other zeolites,
acid clays or bimetallic catalysts, as well, study the production of other biofuels, like biomethanol,
bio-DME, etc., regarding this electrolytic system.
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Nomenclature

%CHy volumetric percentage of methane produced

%O, volumetric percentage of methane produced

AHr standard specific reaction enthalpy, at 1 atm and 25 °C

AH specific heat (specific calorific value) of syngas/methane mixture at T temperature
AT difference of temperature = T — 25

Al, A2, A3, A4 Liquified biomass samples codification

Cp mean specific calorific capacity for syngas/methane mixture

Cp; specific calorific capacity for each gas component

FTIR Fourier Transformed InfraRed Spectroscopy

GHG greenhouse gas

HHV high heating value

LHV low heating value

QvRnormalized volumetric flow rate of produced gas

QvRO2consum volumetric flow rate of oxygen consumed

SEM-EDS Scanning Electronic Microscopy with Electron Diffraction Spectroscopy
W catalyst/ Wiig.biom. Weight catalyst content regarding weight of liquified biomass employed
T temperature

z. HY acidified zeolite HY catalyst

z. USY ultra-stabilized zeolite Y catalyst
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