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HIGHLIGHTS

e Ethanol supercritical water gasifi
cation followed by steam reform
ing of product gas.

e Increasing temperature,
decreasing space velocity
increased H, yield and CH,
conversion.

e CH, conversion was decreased
more at low (1 20 bar) than high
(20 40) pressures.

e Excessive steam prevented carbon
formation but caused sintering of
the active metal.

e Integration of steam reforming
reactor increased significantly the
total hydrogen yield.
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Direct steam reforming of the product gas from ethanol gasification
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ABSTRACT

A continuous process for producing hydrogen from the gasification of ethanol with su
percritical water (SCWG) is investigated, which involves a fixed bed steam methane
reforming (SMR) reactor downstream of the SCWG reactor. Increasing temperature and
decreasing space velocity in the SMR reactor resulted in increased hydrogen concentration
and methane conversion. The catalyst activity was more affected at low than high pres
sures, presumably due to the kinetics of the SMR reaction. The significant increase in total
hydrogen yield based on ethanol in the feed showed the importance of installing the
reformer after gasification. The excessive steam from the SCWG reactor helped to prevent
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Abbreviations
SCWG  Supercritical water gasification
SMR Steam methane reforming/reformer
TOS Time on stream
PR Pre reformer/pre reforming
WGS Water gas shift

GHSV  Gas hourly space velocity
BPR Back pressure regulator
TOC Total organic carbon

CGE Carbon gasification efficiency

BET Brunauer Emmett Teller

XRD X ray diffraction

TPR Temperature programmed reduction

TGA MS Thermogravimetric analysis coupled with mass
spectrometry

XAS X ray absorption spectroscopy
EXAFS X ray absorption fine structure
XANES X ray absorption near edge structure

1. Introduction

The transition from fossil fuels towards sustainable energy
resources relies on the exploitation of technologies that pro
duce hydrogen. The increasing amount of hydrogen needed to
achieve net zero emissions by 2050 must come from several
efficient production pathways [1-3].

The industrial production of hydrogen was based mainly
on the steam reforming of natural gas. The chemical reactions
that govern this process are the steam reforming of methane
(SMR, reaction 1.1) and the water gas shift (WGS) reaction
(reaction 1.2) [4]:
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These two reactions combined give the global reforming
reaction, known also as GRM [5]:
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carbon formation, but it might have resulted in the sintering of the active metal. A long
time experiment proved the stability of the catalyst up to 49 h of time on stream (TOS)
with a minor decrease in methane conversion from 84% to 78%.

In this process, side reactions that lead to the formation of
coke take place as well. These are the CH, decomposition (1.4),
the CO reduction (1.5) and the Boudouard (1.6):
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The natural gas can contain heavier hydrocarbons that
also decompose under the conditions of steam methane
reforming [6]:

CoHm—nC + %HQ (1.7)

These hydrocarbons can also undergo steam reforming
(1.8) and this is done industrially in an adiabatic reactor
installed upstream of the main SMR reactor, called pre
reformer (PR) [7—9]. There, apart from the steam reforming,
the formation of methane via ethane hydrogenolysis takes
place (1.9):

CuHp 4+ nH,0—nCO + (n T EHZ) AP =150n 1+ 50 5
2 mol
(1.8)
C,Hg + H, <> 2CH,, AH?®K 187 K (1.9)
2116 2 4y m01

An alternative process for hydrogen production based
on sustainable resources is the gasification of biomass with
supercritical water (SCWG). Under supercritical conditions
(T > 374 °C, p > 221 bar) the physicochemical properties of
water are drastically altered, i.e., dramatic decrease of its
density, viscosity, ion dissociation constant and dielectric
constant, making the supercritical water an ideal solvent
for non polar organic substances [10]. Under the conditions
of supercritical water, the biomass long chain molecules
break down to their monomers via hydrolysis. This process
can be catalysed by homogeneous or heterogeneous cata
lysts [11].

Several chemical reactions take place during the SCWG of
biomass. First, the biomass monomers react with the super
critical water to form hydrogen and carbon oxides [10]:

CH,0, +(2x 2)H;0-xCO, + (2% 2 +¥)H2 (1.10)



CiH,O, +(x  2)H;0—xCO+ (x z+X)H2

5 (1.11)

Then, the product gases react with each other to form
mainly methane via methanation of CO (reverse reaction of
1.1) and further hydrogen and carbon dioxide via the WGS
reaction (reaction 1.2). Reactions that lead to coke take place
as well. These are the 1.4—1.7 but also the decomposition of
intermediates (1.12),

CxH,0O, — Coke (1.12)

The SCWG of biomass generates a product gas that consists
of Hy, CHy, CO,, CO and other hydrocarbons (mainly C,—Cs)
[12,13]. In many cases, a significant amount of the produced
hydrogen from SCWG is bound in the hydrocarbons formed.
To maximize pure hydrogen gas, a downstream upgrading
process is necessary (SMR), which will transform the bound
hydrogen into molecular H, [14]. Several authors have stated
the importance of implementing a secondary reactor for the
steam reforming of the hydrocarbons into further hydrogen
production [13—15].

Most of the studies dealing with the upgrading of the
product produced by gasification of biomass focussed on
experimentally exploring the subsequent steam reforming of
tar produced by biomass gasification [16—21]. However, the
gasification in all studies was under atmospheric pressure.
Gramms et al. [22] investigated the steam reforming of
biomass pyrolysis vapors with a Ni based zeolite catalyst. Sun
et al. [23] used a Ni based volcanic rock catalyst for steam and
dry reforming of a gas mixture produced from gasification of
pine nutshell.

There has been considerable work in literature regarding
the simulation of processes that combine the SCWG of
biomass resources with steam methane reforming. Rahbari
et al. [24] carried out a simulation and techno economic
analysis of the integration of a steam reformer into a micro
algae SCWG process with heat provided by solar energy. Ruya
et al. [25] simulated and studied the exergy loss for the SCWG
of empty fruit branch and palm oil mill with an integrated
steam methane reformer. Zhang et al. [26] considered a
sorption enhanced gasification of biomass utilizing the
captured CO, for dry methane reforming. Recently, Hantoko
et al. [27] designed a process that combined glycerol SCWG
and a SMR reactor, which operated at the same pressure with
the SCWG reactor (250 bar). From their simulation, they found
that the implementation of a steam reformer resulted in
increased H, yield and syngas production.

The scope of this work is to explore the potential of the
combined process of biomass SCWG and steam reforming of
the product gas experimentally with a target to maximize
hydrogen yield. Since this work is a proof of concept, no real
biomass was used but a substance that models biomass
waste with high water content, i.e., ethanol dissolved in
water. This process combines the SCWG of aqueous ethanol
solutions with a subsequent downstream steam reforming
fixed bed reactor for the conversion of methane and any
traces of heavier hydrocarbons produced in the SCWG
reactor, like a pre reformer. The feed is directly fed to the
second reactor, which utilizes all the water left from SCWG
to steam reform the dry product gas. This excess steam may

differentiate the operation from that of conventional steam
methane reforming (SMR) processes. For instance, carbon
formation is expected to be minimized, as the excess amount
of steam leads to high steam to carbon (S/C) ratios compared
to the typical range. This, in turn, allows for lower temper

atures to achieve complete methane reforming. Thus, the
current study incorporated also lower reforming tempera

tures, as low as 450 °C, which is close to the lowest value of
400 °C found in the literature [8,28—31]. This work aims to
investigate how the primary operating parameters, including
temperature, pressure, and residence time in the SMR
reactor, affect the performance of this reactor, in terms of
product composition and specifically methane conversion
and hydrogen yield. Furthermore, the heterogeneous cata

lyst used in the process is characterized to identify any
morphological and structural changes that may occur during
the reaction.

2. Materials and methods
2.1. Experimental setup

The feeding system consists of a vessel containing an ethanol/
water solution, a scale and an HPLC pump (Bischoff Model
2250). A capillary tubing connects the pump outlet with the
entrance of the SCWG reactor. The reactor (I: SCWG) is made
from nickel based alloy 625. It is 1000 mm long, with an inner
diameter of 8 mm. Heat is provided to reactor I through three
heating coils in spiral form, located in series at the outer wall
of the reactor. The temperature across the reactor is moni
tored and regulated by six thermocouples. The pressure in this
reactor is regulated by a back pressure regulator capable of
operating at temperatures as high as 500 °C (Equilibar, ULHT
Series Precision, Pressure Control Solutions) and is set at
250 bar. Temperature losses in the small lab scale layout are
very high, thus several heating devices are necessary to avoid
cooling of tubes and back pressure regulator below 380 °C. A
heating coil is installed to the bottom of the back pressure
regulator. Another heating coil is used to heat the pipe be
tween the SCWG reactor and the pressure regulator and keep
its temperature around 500 °C so that the condensation of
water does not occur.

The second reactor (II) is installed on top of the back
pressure regulator and is connected to the outlet port of it so
that the product gas from the first reactor is directly led into
the second reactor. This reactor is also made from nickel
based alloy, its length is 800 mm, and its inner diameter is
8 mm. For its heating, three heating coils are used. A ther
mocouple is placed vertically in the center of the reactor to
measure the temperature of the catalytic bed.

The catalytic bed consists of the catalyst particles
(250—500 pm), and it is supported by a metallic net and quartz
wool. The catalyst used is the ReforMax 210 LDP, a commer
cially available one (purchased from C&CS catalysts and
chemicals specialties GmbH) based on NiO (18 wt%) and sup
ported on a CaK,Al,,034 support. The quantity of the catalyst
is adjusted according to the desired Gas Hourly Space Velocity
(GHSV in h 1) of each experiment. The GHSV is calculated
from the following equation:
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The volumetric flow of the reactants, Qeactants, iS the
volumetric flow of the SCWG product under ambient condi
tions. The volume of the catalytic bed, Veat. bed, is defined as
the quotient of the mass of the catalyst, mc., to its apparent
density dcat:

m
Vcat. bed d cat (22)
cat.

The apparent density of the catalyst was measured to be
equal to 0.915 g/mL.

The product stream exiting the second reactor, is driven to
a gas sampling bulb, a liquid gas separator, and a gas meter
(type TGO.5/7, provided by Ritter). The liquid condensate is
separated from the product gas and is collected in the phase
separator, where its weight is also measured by a scale. Fig. 1
depicts the system described above. An intermediate gas
sampling point consisting of three valves (V02, V03, V04) and a
gas bulb are installed for measuring the product gas compo
sition from the first reactor.

2.2. Experimental procedure

Initially, a mixture of H, (20 vol%)/N, gas, which acts as a
reducing agent for the active metal phase, is introduced to
the catalyst bed for 2 h with a flow of 50—60 mL/min, at 700 °C
and ambient pressure. While the reduction of the catalyst is
conducted, the first reactor is heated up at 600 °C (desired
value for SCWG). Next, water is added to the system with a
flow of 1 mL/min, until the pressure in the first part of the

i mol
S H,0 outlet T

. . . . . mol
nCH4.outIet + nCO4Aoutlet + Nco outlet +2- nczHe Loutlet +3- nC3Hg.outIet T

system reaches its desired value of 250 bar. After this step,
feed is introduced to the system with a volumetric flow rate
of 1.6 mL/min. The ethanol concentration in the feed was
8 wt%. The operating temperature of the reactor I was set at
600 °C in all experiments. Different temperatures in the
catalytic bed reactor II were studied, from 450 °C to 700 °C
with an increment of 50 °C. Different pressures in the second
reactor were also studied, in the range 1—40 bar. This range
corresponds to that applied in industry for hydrogen and
syngas production [32—34]. The GHSV received the following
values: 14852 h *,22234h *,29665h *, 44557 h ', 59331 h *
and 74163 h .

During each experiment, every half hour, a gas sample was
taken for analysis in a Gas Chromatograph (Hewlett Packard
Series II 5890 Plus model) equipped with a thermal conduc
tivity and flame ionization detectors and a silica capillary
column (Carboxen 1010 PLOT 30 m, SUPELCO). Samples from
the feed and from the liquid effluent are analyzed in a

DIMATOC 2100 (DIMATEC), so that the total organic carbon
(TOC) content of both can be determined.

Prior to the experiments combining the two reactors,
several experiments with only the SCWG system were con
ducted, to define the input to the pre reforming reactor. The
conditions of those experiments were: p 250 bar and
T 600 °C. Ethanol with an 8 wt% concentration was used
with a volumetric flow of 1.6 mL/min. It should be noted here
that the first reactor was previously used for the same appli
cation but with 50 ppm K" by adding KHCOs. This was done in
order to study its effect on ethanol gasification. However, in
this experimental study, no K™ addition was performed. In
section 3.1, the effect of K* is explained in more detail, and
why it is necessary to refer to it. Although the reactor has a
total length of 1000 mm, the heated part accounts for 650 mm,;
thus, only this length was considered for the residence time
calculation. The value of the latter parameter at experimental
conditions (600 °C, 250 bar) was thus steady at 1.51 min. The
TOC content of the liquid effluent is determined here as well.

The parameters used for the evaluation of the performance
of the SCWG process are the Carbon Gasification Efficiency
(CGE):

Nc in product gas

CGE(%) -
jee

(2.2.3)

and the yield of product gases:

v, ( mol >
mOIethanol

The steam to carbon ratio (S/C) of the SCWG product was
calculated with the following equation:

n;(mol)
Nethanol in feed (MOD

s i H,,CH,4,C0O,,CO and Coy

(2.2.4)

(2.2.8)

The hydrocarbons higher than methane that are expect to
be produced are C,Hg and C3Hg. The parameters that are used
for studying the performance of the pre reforming catalyst are
the conversion of methane and the yield of hydrogen. The CH,
conversion is defined as:

CH4.inlet CHALoutlet (mOI)
CH4,inIet (MOI)

CH, conversion (%) (2.2.5)

The yield of H, according to the Global reforming reaction
of methane (GRM) (1.3) is also used for the evaluation of the
performance of the steam reforming reaction:

HZ.outIet Hz,inlet (mOI)
4 CH4.inIet (mOI)

H, yield (%) (2.2.6)
where, H outier and Hj inler denote the moles of hydrogen in the
product and in the reactant of the second reactor,
respectively.
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Fig. 1 — Experimental layout. “BPR” is an abbreviation of “Back-pressure regulator’. The gray areas identify the parts of the
layout which are not part of the main function of the installation but belong to ancillary equipment.

Three equations are used to compare the yield of H, from
SCWG to the additional respective yield from steam reform
ing. The first (2.2.8) is the yield from SCWG, the second (2.2.9)
from steam reforming, and the total yield (2.2.10) is the third
one, which accounts for the total hydrogen produced based on
ethanol, according to reaction 2.2.7 [35]:

kJ

C,HsOH + 3H,0 < 6H, + 2C0,, AH*®*¢ 1735 o (2.2.7)
. mol
NH, scwG w
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where Fgmano is the amount of ethanol in the feed to the sys
tem, ny, scwe is the amount of H, produced from SCWG and
Ny, wta the total amount of H, produced from the whole pro
cess, which can be calculated by the flow of gas coming from
the reformer.

Before studying the effect of a parameter in the reformer,
at least one experiment was carried out, which involved the
SCWG of 8 wt% ethanol. This was done to observe any changes
in the SCWG system that affect the CGE, the yield and the

composition of the product gases. The mass and carbon bal
ances were also taken into consideration for every experi
ment, not only for the SCWG experiments, but also for the
experiments of SCWG and subsequent steam reforming. The
mass balances ranged from 93% to 101%, while the range of
the carbon balances was 95—107%.

2.3. Characterization of fresh and used catalysts

The Brunauer Emmett Teller (BET) surface area and porosity
of both fresh and reduced samples of the catalyst were
determined by N, physisorption at 77 K with an Autosorb 1
(Quantachrome, Florida, UK) flow apparatus, installed in the
Chemical Process & Energy Resources Institute (CPERI) of
Center of Research and Technology Hellas.

A gas flow system equipped with a quadrupole mass
analyzer (OMNIStarTM, PFEIFFER, Germany) was used for the
H, temperature programmed reduction (TPR). 0.15 g of cata
lyst were placed in a U shaped quartz reactor and treated with
He gas at 250 °C for 0.5 h, followed by cooling to room tem
perature. The temperature was raised afterwards from room
temperature to 800 °C at a rate of 10 °C/min in a gas mixture
containing 10% H,/He. During the experiment, the following
mass to charge ratios were recorded: He 4, H, 2, and
H,O 18. All measurements were carried out with an auto
mated flow unit located in the Laboratory of Petrochemical
Technology, at the Chemical Engineering Department, AUTh.
The unit is equipped with Genie Advantech software that
controls all functions and has two identical groups of gas inlet
lines, each with four lines and an equal number of electronic
flow controllers (Brooks Smart).



Powder diffractograms of the catalyst were obtained with a
PANalytical X'Pert Pro diffractometer using Cu K, radiation
and a Ni filter. The data was recorded in a step size of 0.033°
with 26 ranging from 5 to 120°. The full width at half
maximum of the 111 reflection of nickel (44.5°) was deter
mined by peak fitting with Origin2019. The FWHM was used to
estimate the domain size using the Scherrer equation and
LaBg as reference.

For thermogravimetric analysis coupled with mass spec
trometry (TGA MS), about 40 mg of the sample were filled into
a small crucible. The sample was flushed with 80 mL of Ar
containing 10% O, for approximately 8 h. Afterwards the
sample was heated with 5 °C/min to 1100 °C in the same flow.
The gas concentration was monitored with a Netzsch QMS 403
D Aeolos. Background correction with an empty crucible was
performed. The data were analyzed with Origin2019. For the
measurements a Netzsch STA 449 F? Jupiter was used.

X ray absorption spectroscopy (XAS) of the fresh and spent
catalyst, as well as Ni foil reference were conducted at the P65
beamline at PETRA III (Deutsches Elektronen Synchrotron,
Hamburg) at Ni K edge (24.35 keV). They were performed in
transmission mode using ionization chambers. The radiation
came from an 11 period undulator. The energy was selected
using a Si(111) double crystal monochromator. A pair of plane
Si mirrors rejected higher harmonics. The beam size was
1.5 x 0.3 mm for all samples. Powder samples were measured
as pellets diluted with cellulose. The data analysis was carried
out using Athena from the Demeter software package (version
0.9.26).

3. Results and discussion
3.1 Determining the product from the SCWG reactor

As mentioned in section 2.2, the composition of product from
the SCWG reactor was first determined. The average values of
the dry product gas composition and the yields of product
gases from the SCWG of an 8 wt% ethanol water solution are
given in Table 1. This table shows that the most abundant gas
is H,, and the second is CH,. The content of carbon monoxide
was found equal to around 6 vol%. The hydrocarbons higher
than methane account for approximately 1 vol% of the dry
product gas. These hydrocarbons consist mainly of ethane. On
average, 16.6 L/h of dry gas is produced. The aqueous effluent
is in the range of 4.5-5.0 mol/h. The carbon found in the
aqueous effluent is 90—160 ppm. Practically, all the carbon
content in the feed is gasified, i.e., the CGE was in the range of

Table 1 — Dry gas composition and yields of the product

gases from the SCWG of 8 wt% ethanol at 600 °C and
250 bar.

Concentration (vol%)

Yield (mol/molethanol)

H, 43 1.64
CH, 28 1.06
co 6 0.23
co, 22 0.82

@ 1 0.04

99.6—99.9%. From Eqn 2.2.8 the Yy, scwc is equal to 27.4%. The
S/C ratio of the feed to the second reactor is 11.28—13.50. This
composition, together with the average S/C ratio ( 12.39) and
the average molar flows of the gases and steam are considered
as feed to the second reactor.

These data must be interpreted cautiously because, in the
initial phase of the experiments, the gasification was conducted
by adding 50 ppm K*, by adding KHCO;. K* acts as a homoge
neous catalystin SCWG of organic substances by promoting the
WGS reaction [36]. Thus, with the addition of K*, in the product
gas from the SCWG of 8 wt% ethanol, the CO concentration was
around 1.4 vol%. During these initial experiments the concen
tration of the C,, hydorcarbons was around 5 vol%. After
around 70 h of operation with K*, the concentration of C,, hy
drocarbons decreased to 0.5—1 vol% and was steady afterwards.
After performing experiments without adding KHCOs;, the
concentration of C,, hydrocarbons was constant at the afore
mentioned levels. These findings suggest that the surface of the
SCWGreactor's inner walls was altered permanently. In a study
that aimed to determine the effect of potassium salts in SC
water on aNi based alloy 625, Habichtetal. [37] found that these
salts can corrode the surface of this metal and result in the
formation of areas on reactor's surface rich in NiO. During
SCWG of ethanol, H, can reduce NiO and form metallic Ni,
active in steam reforming of C,, hydrocarbons.

3.2. Characterization of fresh catalyst

The BET surface area of the fresh and reduced catalyst is given
in Table 2. The reduced one had higher surface area, pore
volume, and diameter than the fresh one. However, the sur
face area of the reduced catalyst is still considered low due to
the low surface area of the support used [38].

The reduction pattern of the fresh catalyst was studied
over a temperature range of 50—800 °C. The volumetric flow of
hydrogen over the catalyst sample as a function of tempera
ture is given in Fig. 2. The drop in the flow of H, is due to its
consumption in the reducing reaction of NiO to form Ni°, as
the XRD patterns of the fresh and reduced catalyst depicted (in
Fig. 3). In the temperature range 400—590 °C, the H, flow begins
to decrease and is minimized around 508 °C. A small con
sumption is still around 615 °C before the flow returns to pre
consumption levels. These temperatures agree with those
from the literature [29,38—41], leading to the conclusion that
this catalyst is easily reduced. This fact can be attributed to
the weak interaction between the active metal and the sup
port [38,41]. By calculating the theoretical and the experi
mental consumption of Hy, it is estimated that approximately
98.7% of Ni?" is reduced.

Table 2 — Physicochemical properties of fresh and
reduced catalyst.

BET surface  Pore Volume Pore
area (m%/g) (cm?/g) diameter
(nm)
Fresh catalyst 3.8 0.025 9
Reduced catalyst 14.6 0.039 12
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Fig. 3 — XRD graphs of the fresh and reduced catalyst.

The X Ray diffractograms of the fresh and reduced catalyst
are presented in Fig. 3. Both samples consisted of CaAl,0; and
Kj.6Al>1.800339 crystal phases, the former in significantly
higher intensity implying that it is the main support compo
nent. The similarity in the intensity of the reflections of the
support crystal phase between the fresh and the reduced
samples ensures that they have not undergone any structural
changes due to the reduction of the active metal. Regarding
the Ni phases, the fresh sample shows diffraction peaks of
NiO, while the reduced one shows only those corresponding to
metallic Ni. This indicates that the reduction conditions were
sufficient for converting Ni** to Ni® The size of the Ni crys
tallites in the reduced catalyst was calculated by the Scherrer
equation and was found to equal 35.8 nm. This value is later
compared with the respective size of the Ni crystallites after
the reaction to examine whether Ni sintering had taken place.

3.3.  Thermodynamic equilibrium
The catalytic performance of the pre reforming catalyst is

compared with the dry gas composition at thermodynamic
equilibrium. The latter composition is calculated from the

Aspen HYSYS V11, with an RGibbs reactor chosen to minimize
the Gibb's free energy of the system [42]. The selected property
package was the PRSV, which employs the Peng Robinson
equation. The product gas composition and CH, conversion
were determined under varying temperatures of 450—700 °C
and atmospheric pressure (Fig. 4a), as well as under a pressure
range of 1-41 bar and a constant temperature of 600 °C
(Fig. 4b). The product composition from the SCWG of an 8 wt%
ethanol solution, as shown in Table 1, was used as feed for the
thermodynamic equilibrium calculations.

The effect of temperature on dry gas equilibrium compo
sition is illustrated in Fig. 4a. The concentration of hydrogen
increased while that of methane decreased due to the pro
motion of the SMR reaction [8,27]. Conversely, WGS was pro
moted at lower temperatures, as shown by the lower carbon
monoxide concentration because of its consumption towards
CO, and H,. At 700 °C, almost complete CH4 conversion was
calculated, and H, reached its highest concentration of
73.5 vol%. The determined conversion of C,, hydrocarbons
was complete across all temperature and pressure ranges.

Pressure as expected has a strong inverse effect on CH,
conversion due to the promotion of the methanation reaction,
which inhibits the formation of CO and Hj, (Fig. 4). At 20 bar the
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conversion is less than 60%. As WGS reaction is a reaction
with no volume change, it is not affected by pressure. The
variation seen mostly in H, concentration is due to the
steadily increasing CH4 concentration.

3.4. Effect of temperature on the steam reforming
product

The experimental study first includes the effect of tempera

ture on the dry product gas composition and the catalyst's
performance in terms of CH4 conversion and H, yield. Fig. 5
depicts the concentration of the product gases as a function
of catalyst bed temperature and the corresponding composi

tion at thermodynamic equilibrium. It can be seen that H,
concentration is increasing with temperature, from 57 vol% at
450 °C to almost 70 vol% at 700 °C. Respectively, the concen

tration of CH, decreased from 22 vol% to 7 vol%. The CO
concentration was minimized at 450 °C, where it was 0.05 vol
% but increased up to 3.2 vol% approximately, at 700 °C. This
trend shows the strong effect of temperature on the reactions
of SMR and WGS. The WGS reaction is promoted at low tem

peratures since it is exothermic, whereas higher temperatures
forward its reverse reaction [43]. Therefore, with a tempera

ture increase, the content of CO is increased. On the other
hand, the endothermic SMR reaction is shifted towards the
generation of H, and CO when the temperature rises, whereas
it is shifted towards CH4 and H,0 when the temperature de

creases. At 450 °C, the C,, hydrocarbons made up 0.6% of the
dry product gas, while at 700 °C they accounted for only 0.03%.
Although they were present in small amounts, there was a
noticeable pattern of increasing conversion as the tempera

ture increased, as demonstrated in Fig. 5.

As shown in Fig. 5a), a significant deviation from the
thermodynamic equilibrium exists, especially at lower tem
peratures. For high temperatures, the actual product gas
composition reaches closer to the equilibrium. A significant
deviation from the equilibrium is found for CH4 concentration.
Even at 450 °C, the CH, decreases drastically under thermo
dynamic equilibrium, reaching approximately 4.3 vol%, due to
the very high S/C ratio that drives the reactions of SMR and
WGS to the side of H, formation. However, no significant in
crease in CH, conversion was found experimentally at 450 °C.
The reaction rate of the SMR reaction is influenced strongly by
the temperature, due to the high activation energy of this re
action. Xu et al. [44] for example, found an activation energy of
240.1 kJ/mol for a Ni/MgAl,0, catalyst, while Obradovic et al.
[45] found a slightly higher value (247.3 kJ/mol) for a structured
plate type Pt/Ni/Al,O5 catalyst. Abbas et al. [46] calculated the
activation energy of a NiO(18 wt%)/Al,03 to be equal to 257 kJ/
mol.

Consequently, the conversion of CH, and the yields of H,
and CO were also expected to have a strong temperature
dependence. Fig. 5b) reveals that there has been a gradual
increase in the conversion of CH, from around 13.8% at
450°C to 63.3% at 700 °C. A similar trend was found for the H,
yield (2.2.6), where it was around 18.2% at the lowest tem
perature, reaching approx. 59% at the highest temperature,
respectively. The conversion of higher hydrocarbons in
creases with temperature as well, from around 32% at 450 °C
to 95% at 700 °C. Both graphs show that at low and moderate
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Fig. 5 — a) Dry product gas composition with temperature
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thermodynamic equilibrium, b) Conversion of
hydrocarbons and hydrogen yield with temperature. The
pressure was atmospheric, the feed was the gas from
SCWG of 8 wt% ethanol (see Table 1), and GHSV was
around 74163 h ™.

temperatures the activity of the catalyst increases slightly
with temperature, whereas at temperatures higher than
600 °C, the total increase in activity is remarkably steeper.
Similar results were found by Yang et al. [47], who reported a
3 fold increase in CH,4 conversion from 550 °C to 650 °C, for
SMR with an S/C ratio of 3 and CH, space velocity of 10*h !
over a Ni—Ce/Al catalyst. Other researchers found a gradual
noteworthy increase in H, yield from 500 °C to 700 °C, higher
than the one of this study, probably due to the lower GHSV
applied [48] and/or the higher activity of the catalyst used
[29].

The yield of hydrogen from the SCWG (Y2 scwa) is calcu
lated from Eqn 2.2.8 to equal 27.4% and is considered steady
during the variation of temperature in the second reactor,
since no changes occurred in the first reactor. At the lowest
applied reforming temperature, i.e. 450 °C, the Yo sg ~ 18.9%,
while the Yota1 Was 46.3%. At the highest temperature, i.e. 700
°C, the total hydrogen yield increased to 76.6% due to the in
crease in the Yy sg t0 49.2%. At low temperatures, the Yy, sg is
lower than the Yuy,scwc but increases significantly with
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temperature. At temperatures of 600 °C and higher, the

Yuo,sr > YH2,scwe-
3.5. Effect of GHSV

In a previous section, it was observed that a substantial de

viation from thermodynamic equilibrium occurred at a GHSV
of 74163 h !, even at high temperatures (T > 600 °C). The
actual methane conversion was found to be only 32%,
whereas the theoretical value was almost 100%. Conse

quently, the effect of GHSV needed to be investigated further,
and a temperature of 600 °C was selected for this purpose. The
feed was the product gas from the SCWG of 8 wt% ethanol.
The values from Table 1 were used to describe the feed to the
second reactor, regarding the SCWG product gas composition,
the S/C ratio and the molar flows of all components.

The impact of GHSV on the product gas composition is
shown in Fig. 6. The concentration of H, reaches almost its
equilibrium value at the lowest GHSV, i.e., 73.4 vol%. Higher
GHSVs as expected, cause a deviation from the equilibrium.

Additionally, the concentration of CH, increases with GHSV,
reaching its lowest value of 1.48 vol% at a GHSV of 14852 h .
The concentration of CO, remains constant and slightly lower
than the equilibrium value. However, the concentration of CO
was 3.36 vol% and 4.68 vol% at GHSVs of 22234 h ' and 14852
h !, respectively, while the equilibrium CO concentration is
around 2.43 vol%. It is possible that with increase in GHSV, the
reverse WGS reaction is promoted [41,49]. The level of C,,
hydrocarbons remained steady at approximately 0.2 vol%
when the GHSV was between 44557 and 74163 h !, but then
their concentration dropped below 0.02 vol%, and at the
lowest GHSV, they were not detectable. No signs of catalyst
deactivation were observed throughout the studied range of
GHSVs. Similarly, the CH4 conversion shows a dramatic in
crease at lower GHSVs. Its highest value was approx. 90.4%, at
GHSV of 14852 h . The respective value of the H, yield (2.2.6)
was 80.5%.

The GHSV is an essential parameter for the performance
of this process [30]. At the studied temperature of 600 °C, the
CH, conversion and H, yield (Eqn 2.2.6) were considerably
dependent to the GHSV, consistent with the observations of
previous researchers [50]. The GHSV is inversely related to
the residence time. Higher GHSVs result in lower residence
times, i.e., shorter contact times between the reactants and
the catalyst, negatively affecting the conversion of CH, and
the H, yield [46]. Apart from that, high GHSVs can result in
more rapid activity losses, as Zhai et al. [51] demonstrated.
Additionally, there are critical residence time values, above
which thermodynamics controls the outcome of the pro
cess, whereas lower values lead to control by reaction ki
netics [52].

Here, at the lowest GHSV, the hydrogen yield based on
reforming of the intermediate stream (Eqn 2.2.9) is
Yuasr 70.6% while total H, yield based on the ethanol fed to
the reactor (Eqn 2.2.10) approaches 98%. Through the entire
range of applied space velocities, the Yy, sg was higher than
Yu2,scwa, Which was considered stable at 27.4%.

3.6. Effect of pressure

The effect of the pressure (1—40 bar) on the dry product gas
composition (Fig. 7a), CH4 conversion and H, yield (Eqn 2.2.6)
(Fig. 7 b) in the downstream steam reforming reactor was also
investigated. It strongly affects CH, concentration which rises
gradually, from 4.13 vol% at 1 atm, to 12.3 vol% at 40 bars and
H, which is reduced from 70.5 vol% at atmospheric pressure,
to 61 vol% at 40 bar. Similarly, CO decreases from 4.26 vol% to
1.7 vol%. A slight increase in CO, concentration, from 21 vol%
at1atm, to 24.9 vol% at 40 bar is also observed. The increase in
pressure forwards the reverse SMR reaction, resulting in
higher CH,4 concentration and lower CO and H, concentrations
[50]. Although the CO, concentration rose slightly with pres
sure, the overall effect of pressure on the WGS reaction was
small compared to the SMR reaction. The WGS has equal
amount of moles on its both sides, and when it reaches
equilibrium is not affected by pressure [46,50,53]. In this case,
the SMR is inhibited with pressure and so this excess amount
of steam reacts further with the CO, driving the slight rise in
CO, concentration.
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As expected, CH4 conversion was decreased with pressure,
showing a sharper drop at lower pressures than at higher
ones, i.e., in the range 25—40 bar, the CH, conversion dropped
from 27.2% to 25.6%, respectively. A similar trend is observed
for the H, yield (Eqn 2.2.6). This behavior might be ascribed to
the kinetics of the SMR reaction under the high pressure
conditions [52,54]. There was a discrepancy between H, yield
and CH,4 conversion, with the first being higher than the sec
ond, at every pressure. This discrepancy was constantly
minimized with lower pressure. This behaviour indicates the
inhibiting effect of pressure to the SMR and not to WGS which
is unaffected. Concerning the concentration of C,, hydrocar
bons, there was no notable alteration in their level, with an
average value of 0.02 vol%, up to a pressure of 20 bar, and their
corresponding conversion rate remained steady at about 92%.
Nonetheless, at higher pressures, their conversion rate
declined and reached a minimum of roughly 78% with a cor
responding concentration of 0.06 vol%. This behaviour could
have derived from the favored reverse reaction of ethane
hydrogenolysis [55]:

187 M

C,Hg + H, <2 CH,, AHZ®K
oHe + Hy < 4, mol

(3.6.1)

The significance of pressure for the SMR process has
already been studied in the literature. Many have used mod
erate temperature (600 °C) and a pressure up to 15 bar
[46,50,56,57]. Others have applied higher temperatures (900 °C)
and a maximum pressure of 20 bar [52].

Mosayebi and Nasabi [50] observed a decrease in CH,
conversion from 57% at 1 bar to 45% at 15 bar using a LaNiOs
perovskite type oxide catalyst for SMR at 600 °C, S/C 1, and
GHSV of 900 h . In this study, the CH,4 conversion dropped
from 70.3% at 1 bar to 45.5% at 15 bar. The higher steam
concentration, in this case, likely contributed to the increased
CH, conversion compared to Mosayebi and Nasabi's equi
molar reaction.

Katheria et al. [S7] utilized a Ni(15 wt%)/MgAl,0, catalyst
for SMR at 600 °C with an S/C ratio of 5, reporting CH, con
version of approximately 50% at 1 bar, decreasing to about 40%
at 10 bar. Jaiswar et al. [56] studied SMR at 600 °C, S/C 5,
atmospheric pressure, and 10 bar, using a Ni(15 wt%)/MgAl,04
catalyst promoted with Pt. They achieved the highest CHy
conversion of around 65% at 1 bar with 1 wt% Pt doping, which
decreased to approximately 50% at 10 bar. Both studies used a
catalyst mass/inlet molar flow of methane ratio of 0.34 g..ch/
mol, while ours was 14.38 g.,th/mol. The results of this work
align more closely with Jaiswar et al. [56], likely due to the
excess steam and Pt promotion.

Zhang et al. [52] investigated pressure effects (5—20 bar) in
a microchannel reactor at 900 °C. At high GHSV
(160000—240000 h 1), increasing pressure led to higher CH,
conversion due to increased contact time between reactants
and catalyst. For low GHSVs (40000—80000 h ') and low pres
sures (5—10 bar), the higher contact time approached ther
modynamic equilibrium, causing a decrease in CH,
conversion with pressure, following Le Chatelier's principle.
However, at the highest GHSV, increasing pressure from 15 to
20 bar did not provide a sufficient contact time increase to
reach equilibrium, resulting in decreased CH4 conversion.

Direct comparison between our study and the literature
references is challenging due to different catalyst properties,
loading of active metal, and experimental conditions. Never
theless, all aforementioned studies, and this one, indicate a
significant effect of pressure on CH, conversion.

3.7. Characterization of used catalysts

The TGA MS measurements of the fresh and used catalyst
were conducted to examine if any carbon was formed on the
catalyst surface. The weight loss of the samples was
measured as a function of temperature and is presented in
Fig. 8 a). Figure 8 b) shows the gas species detected during the
thermal decomposition of the samples. In the temperature
range of 100—300 °C, both samples exhibited a decrease in
weight, which can be attributed to the release of water vapor
[58]. The used catalyst demonstrated more significant weight
loss than the fresh catalyst, with three distinct peaks corre
sponding to water. The first two peaks were observed be
tween temperatures of 100-200 °C and 200-230 °C,
respectively, and were related to physisorbed water. The
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Fig. 8 — a) TGA of the fresh and used catalyst samples and
b) respective MS signals of water vapor and carbon oxides.
The used catalyst sample had undergone steam reforming
of the product gas from SCWG of 8 wt% ethanol. The
conditions of steam reforming were 600 °C and 1 atm, with
a GHSV of 44557 h ™.

third peak and the most intense peak, observed in the tem
perature range of 260—280 °C, corresponded to water that
was either chemisorbed [59,60] or located in inner catalyst
layers [61]. No weight gain was observed in the used catalyst
due to re oxidation of Ni atoms, which might be due to par
tial reoxidation of the catalyst or limited reduction of Ni
during reaction [62]. In the temperature range 260—300 °C,
two small peaks for CO, ad CO were found. As Angeli et al. [8]
reported those peaks can be attributed to reactive carbon
species. At temperatures between 640 and 700 °C, a slight
mass loss of around 1.4% was observed in the used catalyst
and was identified as CO, and CO. Generally, in this tem
perature range, the carbon oxides can be formed from the
oxidation of filamentous carbon [63]. By analyzing the carbon
deposits on the surface of the catalyst, it was calculated that
43.7 mg of carbon had been deposited as coke. This accounts
for roughly 0.85% of the total carbon in the feed and corre
sponds to 17.27 mg of carbon per gram of catalyst (or 17.27
mgc/geat)-

The low carbon formation could be attributed, on the one
hand, to the composition of the catalyst, which incorporated

potassium (K). The addition of K has been proven not only to
accelerate the rate of the gasification of carbonaceous species
but also to prevent their formation [9,64,65]. However, the
ample supply of steam during the reaction should be the main
factor in avoiding carbon formation. At given temperature and
pressure, in an SMR system, the decrease in S/C ratio drives
the thermodynamic equilibrium towards carbon formation
[28]. Generally, when the steam is in excess it can oxidize the
deposited carbon, especially the polymeric species, while it
can also inhibit the formation of filamentous carbon [66].
When the carbon content increases so should the S/C ratio
otherwise the carbon deposition on the catalyst might in
crease [6,8]. Choi et al. [67] demonstrated that at medium
reforming temperatures (450—500 °C), an S/C ratio >3 can
convert almost completely the C,, hydrocarbons in an asso
ciated gas with a CH,/C,, ratio of approx. 4.2, on a Ni—Ru/CGO
catalyst. Their long term experiments showed that their
catalyst could operate for 900 h under 450 °C and 8.5 bar.
Sperle et al. [6] determined the critical S/C ratio for net carbon
formation for different mixtures of hydrocarbons with
methane, at 500 °C. This value was increasing as the carbon
atoms increased from 0.75 with only CH,4 to around 2.8 for
CH,/C3Hg/C3He. They also studied the effect of H, addition to a
CH,/C3Hg/C3Hg feed. Increasing the H,/C ratio from 2.7 to 13.4,
lower critical S/C ratios were needed. At a H,/C of 2.7, the
critical S/C ratio at 510 °C and 20 bar was 3.5. In the SCWG SMR
system of this study, the S/C ratio of the feed to the SMR
reactor is above 10 and the respective H,/C is around 2.38, thus
minimizing carbon formation. Nevertheless, the extensive
increase in steam may lead to partial deactivation due to
sintering of the active metal [68]. Therefore, it was crucial to
investigate whether the high amount of steam used in the
current process led to the aforementioned phenomena.

Fig. 9 illustrates the XRD patterns of the reduced and used
catalyst after steam reforming (at 600 °C, 1 atm, and 5 h on
stream) of the product gas from SCWG of 8 wt% ethanol. The
patterns of both the reduced and the used catalyst exhibited
the same two peaks at 44.5° and 51.8°, which corresponded to
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Fig. 9 — XRD graphs of reduced and used catalyst. The used
one corresponds to an experiment of steam reforming of
the product gas from SCWG of 8 wt% ethanol, at 600 °C,

1 atm and GHSV 44557 h *.



the (111) and (200) planes of metallic Ni, respectively [69,70]. In
the used catalyst, the reduced nickel structure was retained
without the appearance of nickel oxides. This outcome can be
attributed to the presence of H, in the feed of the SMR reactor,
which reduces any NiO species formed during the reaction
[71,72]. The peaks corresponding to the structure of the sup
port that were identified for the fresh and reduced catalysts in
Fig. 3 were not present in the XRD pattern of the used catalyst.
Nevertheless, under 5 h of TOS, the catalyst did not show any
signs of deactivation.

Furthermore, the XRD peaks of the used catalyst were
sharper, suggesting some degree of Ni sintering. Notably, the
average size of the Ni crystallites in the used catalyst was
estimated to be 53 nm using the Scherrer equation, whereas
the size of the reduced catalyst was 35.8 nm. Several factors
may lead to sintering, but here an attempt is made to deter
mine only the factors that might have played a role in this
case. Temperature is a critical factor in sintering, and
increasing the temperature typically results in a higher sin
tering rate [73—75]. As Christensen et al. [76] reported, the
interaction between the active metal and the support also
strongly affects the sintering rate of Ni particles via the par
ticle migration mechanism (coalescence). The TPR profile of
the catalyst in this study suggests that the metal support
interaction is weak, which may have contributed to the sin
tering of the metal particles. Another factor that can enhance
sintering is steam [68,73,76,77]. In this case, the large amount
of steam fed to the SMR reactor may have accelerated the
sintering rate of the metal particles. However, during the ex
periments, no deactivation was observed. According to
Sehested [73], Ni sintering is a rapid process and quickly rea
ches a stable state, thereby suggesting that the sintering had
taken place before the first measurement of the product gas
sample and the recording of the results.

To gain a better understanding of how the reaction affects
the oxidation state of Ni, ex situ X ray absorption spectros
copy (XAS) at the Ni K edge was used to measure the fresh and
used catalysts (shown in Fig. 10). The normalized X ray ab
sorption near edge structure (XANES) spectra, depicted in
Fig. 10 a), give the fingerprint of the oxidation state [78,79]. By
comparison of the sample spectrum with Ni foil, NiO and
NiAl,O,4 references, the fresh catalyst showed similarities with
the NiO reference. This proves the presence of NiO in the
initial catalyst, which agrees with the XRD data. The extended
X ray absorption fine structure (EXAFS) spectrum (Fig. 10 b)
showed Ni—O and Ni—Ni interaction in a radial distance cor
responding to NiO. The spent catalyst after steam reforming
had similarities with metallic Ni. However, a slight increase in
the normalized absorbance in the range 8340—8360 eV was
visible, which might be ascribed to surface NiO. The linear
combination fitting (LCF) gave a fraction of 86% metallic Ni
and a fraction of 14% NiO. In the EXAFS spectrum, a peak at a
radial distance of 2.2 A was observed, which is assigned to first
shell Ni—Ni contribution, giving evidence for the predomi
nantly metallic state of the catalyst after the reaction.

3.8. Long-time experiment

Characterization of the used catalyst revealed that the cata
lyst remained reduced during the reaction, did not suffer from
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Fig. 10 — a) Normalized ex-situ XANES spectra of fresh and
used catalyst at room conditions, b) Fourier transformed
EXAFS spectra of the used and fresh catalyst at room
conditions. The spectra are compared with the ones of
metallic Ni, NiO and NiAl,0,.

severe carbon deposition but sintering of the active metal was
not avoided. These did not have any noticeable effect on the
catalyst activity during the short TOS of 5 h, however, a long
time experiment would provide solid evidence of any possible
deactivation. Therefore, an experiment of 75 h was conducted
at 600 °C and ambient pressure (Fig. 11). During the first 48 h
the composition of the product gas and the CH, conversion
were stable, accounting for 84.05% of converted CHg, 71.8 vol%
H,, 2.1 vol% CO, 2.4 vol% CH, and 23.7 vol% CO,. However, a
slight activity loss can be observed after 49 h of operation,
which is depicted through a gradual decrease in CH, conver
sion from 49 h to 54 h. Afterwards the CH, conversion reached
an average value of 77.5% for the rest TOS. Respectively, the
concentration of CH, increased to 3.4 vol%, CO decreased to
1.9 vol% and H, decreased to 70.6 vol%. Similarly, the con
centration of heavier hydrocarbons was found to be 0.001 vol%
during the first 49 h, whereas afterwards their concentration
increased to 0.009 vol%.

Based on the observed changes in these values, it appears
that the catalyst's activity in the steam methane reforming



—

X 100 100

S et =
7 - - |

: 80 - ey E gy L] \f. \.‘./l R .,[:—_ 80 2\’

(©] c

= S

8 60 H, |I- =~ - CH, conversion 160 &

o e CO g

£ A CH, S

O 404 v CO, 4140 ©

] =

© I

-l? 204 VYVyvVYVY YYVYVVYVYVY Vvava 777120 0

=}

©

o 0]0480600 s0000000,0000000, 8084,

m T T T T T T T T T T T T

0 2 4 6 242628 30 48505254 7375
Duration [h]

Fig. 11 — Steam reforming of the gas produced from SCWG of 8 wt% ethanol. The conditions of the SCWG were 250 bar and
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reaction has slightly deteriorated. Fig. 12 a) depicts the TGA
measurement of the catalyst, with only a small increase in
weight of 1.55% at 470 °C, possibly due to reoxidation of Ni.
This weight increase is related to around 40% of the reduced
Ni before the feed introduction, becoming reoxidized after the
reaction. Afterwards, the catalyst loses around 1.55% of its
weight again, returning to its initial weight for the rest of the
analysis. This rate of weight loss is similar to the rate found in 101.
the catalyst subjected to an experiment of 5 h (1.4% after 5 h of

TOS, Fig. 8). However, the amount of fresh catalyst and the \

total amount of carbon in the feed were different from the 5 h 100

experiment. By MS measurements, this weight loss can be , :
attributed mainly to release of CO, with a peak at 500 °C and 200; 400; Lo 800
600 °C. It was found that this amount of carbon accounted for Temperature [°C]
0.019% of the total carbon inserted into the second reactor 70 . . T .
throughout the whole long term experiment. The latter per 200 400 600 800
centage of deposited carbon is very small compared to the one Temperature [°C]

found in the short term experiment (0.85% of total carbon).
Besides, the temperature range of carbon occurrence in the ——Mr =18 g mol”
latter case is lower than that in the short term experiment. —— Mr =28 g mol”!
These differences are probably due to the different space ve —— Mr =44 g mol”’
locity used in these two experiments, in particular the long b)

duration experiment consisted of a lower space velocity,
which may have led to the inhibition of carbon formation
[80,81] and/or the variations in the rate of carbon deposition as
a function of TOS with the higher rates attained during the
first hours of operation.

The XRD profile of the used catalyst (Fig. 13) indicates the
reduced state of Ni after the reaction but also with sharper - /\
peaks, compared to the reduced catalyst from Fig.9, which ___JK ~~
accounted for an increase in Ni particle size to 75.5 nm. This ; ;
increase means that during the reaction, the Ni sintering 200 400 600 800
progressed, leading to a reduction in the surface area of the Tem perature [oc]
active metal. Since the formation of carbonaceous species on
the catalyst was so small, it is proposed that most likely the Fig. 12 — a) TGA of the catalyst used in the long-term
increased Ni sintering was responsible for the moderate loss experiment and b) respective MS signals of water vapor
of catalyst activity. and carbon oxides.
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Fig. 13 — XRD profile of the catalyst used in the long-term
experiment.

4, Conclusions

This study proposes a novel continuous process for hydrogen
production from the product of a supercritical water gasifi
cation reactor. The process involves the use of a fixed catalytic
bed reactor downstream of the SCWG reactor to carry out
steam reforming of the product gas. Ethanol was used in the
SCWG reactor, and gasification occurred at 600 °C and 250 bar.
A commercial Ni based catalyst was employed in the SMR
reactor. The primary objective of this study was the para
metric study of the steam reforming reactor to enhance the
conversion of methane and carbon monoxide into hydrogen
and carbon dioxide while minimizing heavier hydrocarbons
traces.

It was found that an increase in temperature brought the
product gas closer to thermodynamic equilibrium, with the H,
concentration reaching approximately 70 vol% and the CH,4
conversion reaching 63.3% at the highest applied temperature
of 700 °C. The gas hourly space velocity played a crucial role in
the process, with the H, concentration in the dry product gas
reaching 73.4 vol% and the CH, conversion 90.4% at the lowest
GHSV of 14852 h . At these conditions, the total hydrogen
yield based on the ethanol admitted into the system (Yus,total)
was approximately 98% with only 27.4% produced in the
SCWG reactor and the rest in the steam reformer. The effect of
pressure was more profound on CH, conversion and H, yield
at low pressures (1.013 bar—20 bar) than at high pressures,
particularly at pressures ranging from 25 bar to 40 bar, due to
the kinetics affecting the SMR reaction, under the studied
conditions. The excessive steam from the SCWG reactor hel
ped to restrain the formation of carbon with only a low
amount of coke found on the catalyst, but it resulted in the
sintering of the active metal. The latter phenomenon was
responsible for a slight activity loss during 75 h of TOS.

The operating conditions studied in the present work
reveal the potential of applying this steam reforming reactor
as a pre reforming step. That would mean applying this
reactor under mild conditions, e.g., 550—600 °C and 20—30 bar,

in order to convert any unwanted side products from the
SCWG, like C,, hydrocarbons and CO, into H, and CO,, prior to
using a steam methane reformer that would work under
higher temperatures.

Overall, this study demonstrated the feasibility of the
proposed continuous process, highlighting the importance of
the reforming reactor in increasing the hydrogen yield. It also
identified potential areas for further optimization to achieve
full hydrogen recovery. Further research could involve using
different catalysts and more complex feedstocks to better
model real wet biomass resources. The optimization could
focus on achieving thermodynamic equilibrium at relatively
low operating temperatures while minimizing sintering
effects.
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