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A B S T R A C T

A continuous process combining the supercritical water gasification (SCWG) of ethanol with the subsequent 
steam reforming (SR) of the product gas was investigated. An experimental study was conducted that involved 
the operating parameters in the SR reactor, the ethanol concentration, and a comparison of two commercial 
catalysts for SR. With ethanol as a biomass model compound, complete gasification in the SCWG reactor was 
achieved. Regarding the SR reactor, high pressures, i.e., 20–40 bar, required a temperature of 750 ◦C to achieve 
methane conversion higher than 90% at a constant gas hourly space velocity of 63500 h− 1. The increase in EtOH 
concentration significantly decreased the steam/carbon ratio of the SCWG product and increased the content of 
CH4, C2+ hydrocarbons, and CO. This in turn resulted in a decrease in H2 yield in the SR reactor from 98.6% to 
58.3%, as the EtOH concentration increased from 5 wt% to 20 wt% at a temperature of 730 ◦C, pressure of 30 
bar, and a space velocity of 47877 h− 1. Under atmospheric pressure, both catalysts showed similar CH₄ con
version. However, at higher pressures (30–40 bar), the catalyst with the higher Ni loading exhibited greater 
activity in SR.

1. Introduction

In order to address climate change, recent global policies are 
encouraging a shift from fossil fuels to sustainable energy sources and 
the capture and use of CO2 as a carbon resource [1–3]. Hydrogen pro
duction has become one of the most important means to this end, with 
hydrogen serving both as an energy carrier [4–6] and as a raw material, 
together with the CO2, for the petrochemical, chemical, and the metal 
industry [7,8].

The conventional technology for the production of hydrogen in in
dustrial scale is the steam reforming of natural gas. There, the Steam 
Methane Reforming (SMR) reaction takes place at high temperatures 
(800–900 ◦C), pressures in the range of 20–30 bar, and H2O/CH4 ratios 
of 2.5–3 [7,9,10], producing H2 and CO. 

CH4 +H2O ↔ 3H2 +CO,ΔH298K =206
kJ
mol

(1) 

If heavier hydrocarbons are present in the feed, they are also 

reformed in a catalytic reactor installed upstream of the main reformer, 
called pre-reformer (according to equation (2)) [11,12]. 

CnHm +H2O → CO+
(m

2
+ n

)
H2 (2) 

(ΔН298K ≈ 150n + 50 kJ mol− 1 for linear hydrocarbons [11]). The 
product from the reformer is driven to two shift reactors, where CO 
reacts with H2O to produce CO2 and H2, according to the Water Gas Shift 
(WGS) reaction (equation (3)). 

CO+H2O ↔ H2 +CO2,ΔH298K = − 41
kJ
mol

(3) 

However, this process has a very high carbon footprint unless a CO2 
capture facility is integrated into it, producing what is known as blue 
hydrogen [7]. Other biofuels, such as ethanol, methanol, or glycerol, can 
be reformed with steam in thermochemical recuperation systems 
[13–15]. In this way, the steam reforming process can become a more 
sustainable technology. However, the steam reforming of biofuels is 
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constrained by the limited availability of suitable feedstocks, as it cannot 
effectively process more complex biomass-based materials. In the future, 
the primary production technology of hydrogen will be water electrol
ysis [16,17], but a disadvantage of this technology which remains yet to 
be solved is its high energy demand [18,19]. An alternative sustainable 
solution is the gasification of waste biomass. The gasification of biomass 
can be achieved via steam, air, or supercritical water [20]. Using su
percritical water for biomass gasification is particularly effective for 
processing waste biomass with high water content, as it eliminates the 
need for feed pre-drying [21], unlike the gasification technologies that 
use other gasifying agents. The product from this process contains a 
relatively high molar fraction of hydrogen, allowing thus an easier 
separation from the rest of the product gases [20].

Under supercritical conditions (T > 374 ◦C, P > 221 bar), water faces 
a dramatic decrease in its density, viscosity, and dielectric constant, 
being able to dissolve non-polar organic substances, and facilitate their 
hydrolysis, turning them to their monomers [18,22]. These monomers 
react then with water to generate H2, CO, and CO2 [21] (equations (4) 
and (5)). Carbon monoxide reacts with H2 to form CH4 via the reverse 
SMR reaction and with steam via the WGS reaction [23]. Methane can 
also be formed by other reactions, such as by decarboxylation of acetic 
acid or by decarbonylation of acetaldehyde [24]. 

CxHyOz +(2x − z)H2O → xCO+
(

x − z+
y
2

)
H2 (4) 

CxHyOz +(2x − z)H2O → xCO2 +
(

2x − z+
y
2

)
H2 (5) 

Depending on the operating conditions of SCWG, the catalysts, and 
the biomass structure, additional chemical reactions may occur, which 
generate coke, tars, and heavier hydrocarbons [18,25–27].

A recent review on the catalytic supercritical water gasification 
(SCWG) of actual biomass and model compounds revealed that, in most 
instances, a substantial portion of the hydrogen produced (approxi
mately 30%) was bound to hydrocarbons, primarily methane [28]. The 
hydrocarbons can be converted to H2 and carbon oxides in a down
stream steam reforming (SR) reactor [26,29].

To date, several studies have worked on developing and simulating 
processes that combine biomass SCWG with SR of the product gas 
[30–33] or even methane dry reforming, for increased hydrogen pro
duction [34,35]. However, to the best of the authors knowledge, there 
has not been any experimental work on combining these two processes.

Recently, the authors of this work demonstrated a continuous 
laboratory-scale process for the combined SCWG of ethanol (EtOH) 
acting as a biomass model compound, with subsequent steam reforming 
of the resulting hydrocarbons in the presence of a Ni-based catalyst (18 
wt% NiO) supported on a CaK2Al22O34 support [28]. The gasification of 
8 wt% EtOH (in water) was conducted at 600 ◦C and 250 bar. The SCWG 
product gas, after decompression to pressures ranging from 1 to 40 bar, 
together with the remaining steam from the gasification, entered the 
second reactor, where SR of the produced hydrocarbons was conducted 
on a commercial Ni-based catalyst. It was found that the integration of 
the reformer, operating under atmospheric pressure, 600 ◦C and with a 
gas hourly space velocity (GHSV) of 14850 h− 1, increased the hydrogen 
yield based on the EtOH in the feed from 27.4% (only with SCWG) to 
98%. The excess steam resulted in very high steam/carbon (S/C) ratios, 
inhibiting carbon formation on the catalyst but accelerating the sinter
ing of the active metal. Other similar experimental studies could not be 
found in the literature.

The purpose of this work was to further investigate the effect of 
various parameters on the hydrogen yield and the conversion of hy
drocarbons to elemental hydrogen. More specifically, the influence of 
temperature, pressure and space velocity were investigated by applying 
a new catalyst to the reformer, a Ni-based one with a support of 
CaAl12O9 and with a loading of 14 wt% NiO. The new catalyst was then 
compared with the catalyst applied in the previous study. Furthermore, 

a new parameter investigated was the concentration of EtOH in the feed 
and how this affects the intermediate SCWG gas product and the final 
one following the tandem steam reforming step. Compared to the pre
vious publication [28], the focus in the present work was on temperature 
and pressure in the second reactor that are relevant to those applied on 
an industrial scale for hydrocarbons steam reforming.

2. Experimental methods

2.1. Experimental setup

The feeding system comprises a scale, a vessel with an EtOH/water 
solution, and an HPLC pump (Bischoff Model 2250). A capillary tubing 
connects the pump outlet to the SCWG reactor entrance. The SCWG 
reactor (I) is made of nickel-based alloy 625, measuring 1000 mm in 
length and 8 mm in inner diameter. Heat is supplied to reactor I through 
three spiral heating coils on the outer wall. Six thermocouples monitor 
and regulate the temperature across the reactor’s outlet. The heated part 
of this reactor was 650 mm long. The pressure is controlled by a back- 
pressure regulator (Equilibar, ULHT Series Precision, Pressure Control 
Solutions) capable of operating at temperatures up to 500 ◦C, set at 265 
bar. A heating coil maintains the temperature around 500 ◦C in the pipe 
between the SCWG reactor and the pressure regulator, preventing phase 
separation.

The pre-heater (II) is positioned downstream of the back-pressure 
regulator, connected to its outlet port. This nickel-based alloy 625 rod 
is 800 mm long with an 8 mm inner diameter. It is equipped with three 
heating coils.

After the pre-heater, the SCWG product gas is driven to the SMR 
reactor (Reactor II). The SMR has a length of 880 mm and an 8 mm inner 
diameter and is a Ni-based alloy 602. A heating coil welded on the outer 
surface of the reactor keeps the reactor heated at temperatures up to 
800 ◦C. The fixed catalytic bed is located in the center of the reactor. A 
thermocouple coming from the entrance of the reactor via a t-piece 
connection measures the temperature of the catalytic bed. The catalytic 
bed consists of the catalyst particles (250–500 μm) supported by a 
metallic net and quartz wool. The catalysts used are the commercially 
available ReforMax 330 LDP and ReforMax 210 LDP (R330 and R210, 
respectively), purchased from C&CS catalysts and chemicals specialties 
GmbH. The nominal NiO content of R330 is 14 wt% and the rest is a 
CaAl12O9 support, while the R210 has 18 wt% NiO supported on 
CaK2Al22O34.

The product stream from the SMR passes through a gas sampling 
bulb, a liquid-gas separator, and a gas meter (type TG0.5/7, provided by 
Ritter), after depressurization by a Tescom back-pressure regulator. The 
liquid condensate is collected in the phase separator and its weight is 
measured by a scale. Fig. 1 depicts the system described above. An in
termediate gas sampling point consisting of three valves (V02, V03, 
V04) and a gas bulb are installed for measuring the product gas 
composition from the first reactor.

2.2. Experimental procedure

Before the experiments, an H2(20 vol%)/N2 gas was introduced to 
the catalyst bed for 2 h with a flow of 50 ml min− 1 at 700 ◦C and ambient 
pressure. While the catalyst reduction was conducted, the first reactor 
was heated at 600 ◦C. Next, water was added to the system with a flow of 
1 ml min− 1 until the pressure in the first part of the system reached its 
desired value of 265 bar. After this step, the liquid feed was introduced 
to the system with a volumetric flow rate of 1.6 ml min− 1. The EtOH 
concentration in the feed varied between 5 wt% and 20 wt%. The 
temperature and pressure of reactor I were set at 600 ◦C and 265 bar in 
all experiments. The mean residence time in this reactor was 1.5 min 
(calculated at experimental conditions), with deviations from this value 
due to the change in EtOH concentration being very small (standard 
deviation was 0.025 min). The temperature of the reactor II ranged from 

A.A. Vadarlis et al.                                                                                                                                                                                                                             



International Journal of Hydrogen Energy 111 (2025) 567–580

569

700 ◦C to 800 ◦C and its pressure from 1 bar to 40 bar.
Gas samples were taken for analysis every half hour in a Gas Chro

matograph (Hewlett-Packard Series II 5890 Plus model) equipped with a 
thermal conductivity and flame ionisation detectors and a silica capil
lary 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.

For investigating the effect of operating conditions in the SMR 
reactor (temperature, pressure, and space velocity) and for the com
parison between the two reforming catalysts the feed to the system was 
an EtOH/water solution with 8 wt% EtOH. For those experiments the 
SCWG of EtOH was non-catalytic, i.e., neither heterogeneous nor ho
mogeneous catalyst was used.

The effect of the EtOH concentration on the product gas was 
explored, using five different concentrations from 5 wt% to 20 wt%. For 
this final set of experiments, in order to be sure that the system would 
operate with high gasification efficiency even under high EtOH con
centration, 100 ppm of potassium in the form of KHCO3 salt was added 
to each feed solution, acting as a homogeneous catalyst. The differences 
in the gasification product, due to the KHCO3 addition, are discussed in 
section 3.2. The mass and carbon balances were calculated in every 
experiment. The mass balances ranged from 99% to 102%, while the 
range of the carbon balances was 95–105%.

The experimental data are compared with the thermodynamic 
equilibrium. The equilibrium values were calculated with the Aspen 
HYSYS V14 software. There, an RGibbs reactor was selected for simu
lating the SR of the SCWG product gas at various temperatures and 
pressures. The property package that was chosen for the calculations 
was the PRSV, which uses the Peng-Robinson equation of state.

Technical problems, such as leaks and clogging, prevented the sys
tem from operating with increased pressure in the second reactor at the 
beginning of the experiment. Usually, the problems were solved during 
the experiment gradually and by first checking the operation of the 
second reactor under atmospheric pressure. The same problems also 
prevented the continuous overnight operation of the process, with no 

effective solution so far. For this reason, the time on stream (TOS) for all 
experiments was 4 h. For the experiments comparing the activity of the 
two catalysts under different pressures, each catalyst was first subjected 
to atmospheric pressure for 4 h and then to an elevated value again for 4 
h.

The effect of the gas hourly space velocity (GHSV) on hydrocarbon 
conversion and SR product gas composition was studied by varying the 
catalyst mass in the SR reactor. The GHSV is the ratio of the volumetric 
flow rate of the SCWG product at ambient conditions to the volume of 
the catalyst [28]. For the calculation of the catalyst bed volume, the 
apparent densities of the catalysts were used. The apparent density of 
the R210 was equal to 0.915 g ml− 1 and that of the R330 was 1.01 g 
ml− 1. The parameters used for the evaluation of the performance of the 
SCWG process are the Carbon Gasification Efficiency (CGE, eq. (6)) and 
the yield of product gases (eq. (2.2)): 

CGE(%)=
nC in product gas(mol)

nC,feed(mol)
(6) 

and the yield of product gases: 

Yi

(
mol

molethanol

)

=
ni(mol)

nethanol in feed(mol)
, i=H2,CH4,CO2,CO and C2+ (7) 

The S/C ratio of the SCWG product was calculated via equation (8): 

S
C
=

ṅH2OSCWG

(
mol
h

)

ṅCH4,SCWG + ṅCO2,SCWG + ṅCOSCWG + 2 • ṅC2H6,SCWG + 3 • ṅC3H8,SCWG

(
mol
h

) (8) 

where, ṅH2OSCWG , ṅCH4,SCWG , ṅCO2,SCWG , ṅCOSCWG , ṅC2H6,SCWG , and ṅC3H8,SCWG are the 
molar flow rates of the products from the SCWG reactor.

In order to study the performance of the SMR catalyst the conversion 
of CH4 (eq. (9)) and higher hydrocarbons (eq. (10)) were used. 

CH4 conversion (%)=
nCH4,inlet − nCH4,outlet

nCH4,inlet

(9) 

Fig. 1. Experimental layout. The auxiliary parts of the equipment are highlighted in grey. BPR: Back-pressure regulator.
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C2+ conversion (%)=
ṅC2+,inlet − ṅC2+,outlet

ṅC2+,inlet

(10) 

In addition to those equations, one more was used to assess the H2 
yield (eq. (12)), according to the stoichiometric reaction of EtOH steam 
reforming (eq. (11)): 

C2H5OH+3H2O → 6H2 +2CO2,ΔH298K =173.5
kJ
mol

(11) 

YH2 ,SR(%)=

ṅH2 ,total

(
mol
h

)

6 • ṅEthanol

(
mol
h

) (12) 

2.3. Characterization of fresh and used catalysts

Inductively coupled plasma-optical emission spectrometry (ICP- 
OES) was used for determining the actual composition of the catalysts. 
Digestion of the catalysts for ICP-OES was carried out in a mixture of 6 
ml conc. H2O2, 2 ml conc. HNO3 and 4 ml conc. HCl. Microwave irra
diation of 600 W was applied for 90 min. The solution was diluted to a 
volume of 25 ml before being measured in an Agilent 725 spectrometer 
with a plasma excitation of 49 MHz and 2 kW.

The Brunauer-Emmett-Teller (BET) surface area and porosity of both 
fresh and reduced catalyst samples were determined by N2 physisorption 
at 77 K with an Autosorb-1 (Quantachrome) flow apparatus.

Powder diffractograms of the catalyst were acquired with a PAN
alytical X’Pert Pro diffractometer using Cu-Kα radiation and a Ni-filter. 
The data were recorded in a step size of 0.033◦ with 2θ ranging from 
5 to 120◦. The full width at half maximum (FWHM) of the 111 reflection 
of nickel (44.5◦) was determined by peak fitting with Origin2019. The 
FWHM was used to estimate the domain size using the Scherrer equation 
and LaB6 as reference.

For thermogravimetric analysis coupled with mass spectrometry 
(TGA-MS), about 40 mg of the sample were loaded into a small crucible. 
The sample was flushed with 80 ml min− 1 of Ar containing 10% O2 for 
approximately 8 h. Afterwards the sample was heated with 5 ◦C min− 1 to 
1100 ◦C in the same flow. The gas concentration was monitored with a 
Netzsch QMS 403 D Aëolos mass spectrometer. Background correction 
with an empty crucible was performed. The data were analyzed with 
Origin2019. For the measurements a Netzsch STA 449 F3 Jupiter was 
used.

The H2 temperature programmed reduction (TPR) was carried out in 
an Altamira AMI-300 device. A sample of 0.0808 g of catalyst was placed 
in a U-shaped quartz reactor and first dried with Ar at 200 ◦C (flow 30 
ml min− 1, temperature ramp 10 K min− 1 then 15 min at 200 ◦C) fol
lowed by cooling down to room temperature under Ar (20 K min− 1). The 
temperature was raised afterwards from room temperature to 950 ◦C at a 
rate of 5 ◦C min− 1 (950 ◦C held for 10 min), in a gas mixture containing 
10% H2/Ar (flow 30 ml min− 1).

3. Results and discussion

3.1. Characterization of fresh catalysts

Table 1 presents the determined composition of the two catalysts 
from the ICP-OES measurements. The Ni-content of the R210 is 13.2 wt 

% while that of R330 is 9.6 wt%. Another difference between the two 
samples is the content in K, which is higher in R210. The physico
chemical properties of the two fresh catalysts are presented in Table 2. 
Both catalysts had very low surface area due to the low surface area of 
the support [36,37], with the R330 having almost double the surface 
area of the R210.

Fig. 2 presents the X-ray diffractograms of the fresh and reduced 
catalysts. The main support crystal phases of the R330 were CaAl4O7 and 
CaAl12O9, while the crystal phases of the R210 were the CaAl4O7 and the 
K2.6Al21.83O33.9. Both fresh catalysts consisted of NiO, which was suffi
ciently reduced to Ni0, as the profiles of the reduced samples show. 
Traces of NiAl2O4 could be present since the TPR profile (Fig. 3) of both 
of them showed peaks at temperatures higher than 700 ◦C, but NiO and 
metallic Ni probably overlapped them. The sizes of the Ni crystallites in 
the reduced catalysts were calculated by the Scherrer equation to equal 
40.3 nm for R330 and 35.8 nm for R210.

The TPR profile of the fresh NiO(14 wt%)/CaAl12O9 (R330) catalyst 
is given in Fig. 3, where it is shown that the main reduction peak centers 
at around 475 ◦C, followed by three shoulder peaks at 545 ◦C, 699 ◦C 
and 823 ◦C. The profile of the R210 catalyst is characterized by a main 
peak at 466 ◦C, a second one at 692 ◦C, and a third one at 782 ◦C. The 
peaks of the R210 were close to the ones of the R330 but shifted to 
slightly lower temperatures indicating the slightly enhanced reducibility 
of the R210. Both catalysts presented the most intense peaks at relatively 
low temperatures, which are ascribed to free NiO species closely con
nected with the support [38,39]. The last two peaks correspond to 
structures characterized by strong interaction between the Ni and the 
support and thus, are difficult to reduce, such as NiAl2O4 [39–43].

3.2. Assessing the product from the SCWG reactor

The investigation of the effect of temperature, pressure, and space 
velocity on the product gas from the second reactor (reformer) was 
carried out with an 8 wt% EtOH solution fed in the first reactor. Pre
liminary experiments addressed only the gasification in the first reactor, 
to determine its product. The average concentration of the dry product 
gas and the average yields of the products based on EtOH are given in 
Table 3. Hydrogen was the dominant component in terms of volumetric 
percentage, followed by CH4. The average flow rate of the product gas 
was 13.4 NL h− 1, while the S/C ratio of the total product was 15.2. The 
average values of the carbon gasification efficiency (CGE) CGE and 
YH2 ,SCWG were 99.2% and 28.8%, respectively.

The effect of EtOH concentration (5–20 wt%) on the SCWG product 
composition was investigated first. In all tests the ethanol conversion 
was complete. Fig. 4 illustrates the composition of the dry product gas 
and how it varied with EtOH concentration. A decrease in H2 concen
tration from around 52.5 vol% to 38.5 vol%, was observed when the 
EtOH concentration increased from 5 wt% to 20 wt%. The concentra
tions of CH4 and C2+ hydrocarbons followed the opposite trend with 
gradual increase from 16 vol% to 24.6 vol%, and from 4.2 vol% to 8.7 
vol%, respectively, while that of CO2 showed a decrease from 26.9 vol% 
to 23.6 vol%. The hydrocarbons higher than CH4 contain mostly C2H6. A 
notable upward shift in CO concentration was also observed, being more 
profound at higher EtOH concentrations than at lower ones, i.e., from 
0.4 vol% at 5 wt% EtOH, it rose to 2.2 and 4.6 vol%, at 15 and 20 wt%, 
respectively.

The increase in C2+ hydrocarbons with the increase in EtOH con
centration may result from the reaction of EtOH dehydration, forming 

Table 1 
Composition of the two catalysts employed for SR.

Catalyst Ni content (wt. 
%)

K content (wt. 
%)

Ca content (wt. 
%)

Al content (wt. 
%)

R210 13.2 1.5 8.8 30.7
R330 9.6 0.2 9.5 30.8

Table 2 
Physicochemical properties of the fresh catalysts.

Catalyst BET surface area (m2 

g− 1)
Pore volume (cm3 

g− 1)
Pore diameter 
(nm)

R210 3.8 0.025 9.2
R330 7.4 0.028 6.7
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ethylene (eq. (13)), which reacts subsequently with a H2 molecule to 
form ethane (eq. (14)) [44,45]: 

C2H5OH → C2H4 +H2O,ΔH◦ =45.8
kJ
mol

(13) 

C2H4 +H2 ↔ C2H6,ΔH◦ = − 136.3
kJ
mol

(14) 

By comparing the concentration of CO in Table 3 and Fig. 4, for 8 wt 
% EtOH a significant drop in its concentration can be observed owing to 
the addition of KHCO3. It has been reported by several studies that po
tassium can act as a catalyst, increasing gasification efficiency, pro
moting the WGS reaction and minimizing coke formation [46–50].

Table 4 presents the S/C ratio, the CGE, the amount of gas produced, 
and the YH2 ,SCWG of the SCWG product at different EtOH concentrations. 
The CGE was ≥97%, indicating almost complete gasification of EtOH, 
even at high organic feed concentrations. The factors that led to high 
CGEs, were the applied temperature of 600 ◦C [18], the long residence 
time of 1.5 min [51,52], and the addition of K+. The S/C ratio as ex
pected decreases drastically with increasing EtOH concentration. This 
parameter is very important for the operation of the SMR reactor, as it 
plays an important role in the conversion of hydrocarbons and the 

Fig. 2. a) XRD graphs of the fresh and reduced R330 and b) R210 catalysts.

Fig. 3. H2-TPR profile of the fresh catalysts.

Table 3 
Concentrations and yield of the product gas species from 8 wt% EtOH SCWG at 
600 ◦C and 265 bar.

Product gas Dry gas composition [vol%] Products’ yield [mol molEtOH
− 1 ]

H2 48.6 1.7
CO 10.6 0.4
CH4 22.7 0.8
CO2 14.6 0.5
C2+ 3.7 0.1

Fig. 4. Composition of the dry SCWG-product gas with concentration of EtOH 
in the inlet to the SCWG reactor.

Table 4 
Main features of EtOH SCWG for different feed concentrations.

EtOH 
concentration (wt. 
%)

S/C ratio 
(molH2O 

molC− 1)

Amount of 
product gas (L 
gEtOH
− 1 )

YH2 ,SCWG (mol 
molEtOH

− 1 )
CGE 
(%)

5 22.0 2.02 0.37 99.6
8 12.9 1.90 0.32 99.6
11 7.8 1.94 0.31 99.4
15 6.3 1.62 0.24 97.9
20 4.5 1.48 0.20 97.0
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hydrogen yield. This is because of the effect on the equilibrium of the 
SMR and WGS reactions [53], but also on formation of coke [54]. It has 
been reported that in steam reforming of CH4 and other hydrocarbons, 
or mixtures thereof, there are critical S/C ratios, at given temperature 
and pressure, above which the carbon formation is inhibited [55,56]. 
Generally, with an increase in the carbon content, the S/C ratio should 
also increase to avoid the formation and deposition of carbon on the 
catalyst [12]. As the EtOH concentration increases, the amount of steam 
decreases while the amount of carbonate species increases. Therefore, 
after a certain concentration of EtOH, the remaining steam will not be 
enough to prevent carbon formation and deposition. Additionally, the 
YH2 ,SCWG decreases with EtOH concentration as does the percentage of 
hydrogen in the dry product gas.

3.3. Effect of temperature and pressure on the products of the steam 
reformer

To study the effect of temperature and pressure on the conversion of 
CH4 and the composition of the product gas in the steam reformer, an 8 
wt% EtOH solution was used as feed to the SCWG reactor and the 
catalyst in the steam reformer was the R330. Fig. S1 in the Supporting 
Information depicts the conversion of CH4 with temperature and pres
sure at thermodynamic equilibrium, and Fig. S2 shows the respective 
dry product gas composition. From Fig. S1, it is evident that increasing 
temperature has a positive effect on CH4 conversion, whereas increasing 
pressure has a negative effect. More specifically, under thermodynamic 
equilibrium, CH4 conversion drops from almost 100%–86% at 700 ◦C 

when the pressure increases from 1 to 40 bar. At 750 ◦C, the corre
sponding CH4 conversion at 40 bar is 94.6%. Similarly, the concentra
tion of hydrogen produced at equilibrium falls from 75.5 vol% at 700 ◦C 
and 1 bar to 74 vol% at 700 ◦C and 40 bar. At 750 ◦C, the concentration 
of H2 at equilibrium ranges from 75.4 vol% at 1 bar to 74.9 vol% at 40 
bar. The CH4 concentration was found to increase with pressure and 
decrease with temperature. At atmospheric pressure, CH₄ levels 
remained close to zero across all temperatures tested. Under conditions 
of 700 ◦C and 40 bar, the CH₄ concentration reached 1.6 vol%, whereas 
at 750 ◦C and the same pressure, it only reached 0.6 vol%. Additionally, 
an increase in temperature resulted in a slight rise in CO concentration: 
at 700 ◦C and 30 bar, CO was at 2.6 vol%, while at 750 ◦C and 30 bar, it 
increased to 3.3 vol%. Conversely, increasing pressure had a minor 
negative impact on CO levels. In contrast, CO₂ concentration was higher 
at lower temperatures, due to the WGS reaction [30]. Specifically, at 
700 ◦C and 40 bar, CO₂ concentration was 21.8 vol%, which dropped to 
21.3 vol% at 750 ◦C under the same pressure. Overall, within the studied 
range of pressures and temperatures for the product gas from 8 wt% 
EtOH in SCWG (at 600 ◦C and 265 bar), the effect of temperature and 
pressure on CH4, H2, CO, and CO2 concentrations remains relatively 
minor.

Fig. 5 depicts the experimental CH4 conversion as a function of 
pressure in the second reactor, for different temperatures. By comparing 
the results from Fig. 5 to those in Fig. S1, a close agreement between the 
experimental results and the equilibrium values can be observed at 
pressures close to 1 bar, where CH4 conversion is almost complete. As 
pressure increases, the deviation from thermodynamic equilibrium also 

Fig. 5. a) Conversion of CH4 versus pressure for different temperatures in the SR reactor, b) Concentration of H2 and CO2 in the SR dry product gas versus pressure 
for different temperatures in the SR, and c) Concentration of CH4 and CO respectively (SCWG with 8 wt% EtOH at 600 ◦C and 265 bar; GHSV in SR reactor =
63500 h− 1).
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increases. However, increasing temperature counteracts this deviation, 
reducing it. At 700 and 720 ◦C, the difference between the experimental 
results and equilibrium values is already significant at 20 bar. For 
example, the experimental CH4 conversion at 720 ◦C and 20 bar was 
93%, while the equilibrium value was 97%. This is not the case at 
750 ◦C, where the largest difference between the experiments and 
equilibrium occurs at 40 bar, with the experimental CH4 conversion at 
90%, compared to the equilibrium value of 94.6%.

The variations in product composition with pressure and tempera
ture are rather minimal in agreement with thermodynamic equilibrium. 
Regarding the experimental results for the concentration of CH4 
(Fig. 5c), it decreased with temperature and increased with pressure. At 
700 ◦C, the CH4 content in the dry product gas amounted for 0.2 vol% at 
1 bar, whereas at 750 ◦C it reduced to 0.02 vol%. Likewise, at 40 bar and 
700 ◦C its value was equal to 2.5 vol%, but dropped eventually to 1.1 vol 
% at 750 ◦C. At equilibrium, the CH4 concentration ranges from 0.001 
vol% at 1 bar, to 1.7 vol% at 40 bar, under 700 ◦C, but at 750 ◦C, its 
concentration is 4 • 10− 4 vol% at 1 bar, and 0.6 vol% at 750 ◦C.

These experimental findings demonstrate the profound effect of 
temperature and pressure on the reactions of SMR and WGS. The tem
perature increase promotes the forward SMR reaction and the reverse 
WGS, thereby increasing the percentage of H2 and CO, and the methane 
conversion [57,58]. Increasing pressure favors the reverse SMR reac
tion, decreasing CH4 conversion and the concentrations of H2 and CO 
[59], but it does not affect the WGS reaction, leaving the residual steam 
to react with CO, forwarding the slight increase in CO2 [28,60].

Temperatures higher than 750 ◦C were tested but rapid deactivation 
of the R330 catalyst was observed. BET analysis indicated a surface area 
loss from 7.4 m2 g− 1 to 1.7 m2 g− 1, a pore volume loss from 0.028 to 
0.014 cm3 g− 1 and a pore diameter shrinkage from 6.7 to 1.7 nm. Most 
likely the catalyst pores have been blocked during the reaction under T 
> 750 ◦C. The XRD diffraction profile of the catalysts subjected to 770 ◦C 

is given in Supporting Information (S2). All peaks that were found in the 
freshly reduced catalyst, related to the support, were found here too. No 
NiO peaks were found, only metallic Ni, with a crystallite size of 45.7 
nm, calculated by the Scherrer equation. However, as will be seen in the 
following sections (3.5 and 3.6), sintering was comparable to values of 
other samples that did not show dramatic deactivation. No carbon was 
found on the used catalyst via TGA-MS (see S2). A possible reason for 
deactivation might be the collapse of the porous structure of the support 
[61,62].

3.4. Effect of space velocity on the SR product

The effect of the GHSV and its effect on the product gas from the 
reformer was also studied. The temperature of the catalytic bed was 
730 ◦C and measurements were performed for two different pressures (1 
and 30 bar). The results regarding CH4 conversion are summarized in 
Fig. 6a. The GHSV spans from 42400 h− 1 to 127000 h− 1. Under a 
pressure of 1 bar, the deviation from the thermodynamic equilibrium 
(CH4 conversion almost 100%) is negligible for GHSVs, up to 63500 h− 1. 
As the GHSV increases to 127000 h− 1, the CH4 conversion under at
mospheric pressure deviates significantly from equilibrium as it falls to 
84.1%. At a pressure of 30 bar, the deviation of the equilibrium is 
already apparent at a GHSV of 50900 h− 1, where it falls to 89.3%, while 
the equilibrium value is around 94%. The highest GHSV of 127000 h− 1 

resulted in a CH4 conversion equal to 75%. However, a GHSV of 42400 
h− 1 was enough for the CH4 conversion to reach close to equilibrium and 
be equal to 93.7%.

Fig. 6b and 6c depict the dry product gas composition as a function of 
GHSV at 730 ◦C and for 1 and 30 bar. The percentage of H2 at 1 bar falls 
from 72.6 vol% to 70.8 vol%, from 42400 h− 1 to 127000 h− 1. Its per
centage is also reduced at 30 bar, from 71.4 vol% to 69.4 vol%, under 
42400 h− 1 and 127000 h− 1, respectively. The percentage of CO2 was 

Fig. 6. a) Conversion of CH4 with GHSV for different pressures in the SR reactor, b) Concentration of H2 and CO2 in the SR dry product gas with GHSV for different 
pressures in the SR reactor, c) Concentration of CH4 and CO respectively (SCWG with 8 wt% EtOH at 600 ◦C and 265 bar; T in the SR reactor = 730 ◦C).
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slightly increased with increasing GHSV, from 22.9 vol% to 24.3 vol%, 
at 1 bar, and from 24.5 vol% to 25.0 vol% at 30 bar. In Fig. 6b an in
crease in CH4 concentration is observed at both pressures, i.e., from 
0.05 vol% to 1.6 vol% at 1 bar, and from 0.6 vol% to 2.5 vol% at 30 bar. 
Last, the concentration of CO follows a downward trend with rising 
GHSV, from 4.5 vol% to 3.4 vol%, and from 3.5 vol% to 3.1 vol%, at 1 
bar and 30 bar respectively. No hydrocarbons higher than CH4 were 
observed in the SR product gas.

3.5. Effect of EtOH concentration on the SR product and on the catalyst

The concentration of EtOH in the SCWG reactor varied from 5 wt% to 
20 wt%. The effect of ethanol concentration on the product distribution 
exiting the supercritical gasifier was already presented in 3.2. Fig. 4
demonstrates the change in the outlet dry product gas composition from 
the SCWG reactor. Table 4 indicates how the S/C ratio, the hydrogen 
yield, and the amount of the SCWG product gas vary with the concen
tration of organic feedstock. This section investigated the effect of the 
EtOH concentration on the reformate product gas. The SR reactor 
operated at 730 ◦C, 30 bar, with a constant catalyst mass of 2.5 g. The 
catalyst used was the R330, i.e., the NiO(14 wt%)/CaAl12O9. Due to 
changes in the volumetric flow of the product gas with varying EtOH, 
the GHSV varied accordingly. However, the differences in GHSV were 
minimal, with the mean value and the standard deviation being equal to 
47877 h− 1 and 2134 h− 1, respectively. This GHSV value is near the one 
reported in the previous section (section 3.4, Fig. 6), i.e., 42400 h− 1, 
which was sufficient to drive the reactions in the SR reactor close to 
thermodynamic equilibrium.

The CH4 conversion and the total H2 yield after SCWG and subse
quent SR for different EtOH concentrations are given in Fig. 7a. Fig. 7b 
depicts the respective SR product gas composition. The CH4 conversion 
falls from 97.5% with 5 wt% EtOH to 22.5% with 20 wt% EtOH. Like
wise, the H2 yield falls from 98.6% to 58.3%, as the EtOH concentration 
increases from 5 wt% to 20 wt%. The volumetric percentages of H2 and 
CO2 in the SR product gas follow a decreasing trend with EtOH con
centration increase, with the first dropping from 72.0 vol% to 62.3 vol%, 
and the second from 25.8 vol% to 21.8 vol%, from 5 wt% to 20 wt% 
EtOH, respectively. On the other hand, in this EtOH concentration 
range, the concentration of CH4 and CO increase, i.e., methane increases 
from 0.2 vol% to 9.5 vol%, and carbon monoxide from 2.1 vol% to 6.5 
vol%. It is worth noting that there were no C2+ hydrocarbons in the SR 
product, even at high EtOH concentrations. Section S4 in the Supple
mentary Material includes the corresponding results at thermodynamic 
equilibrium. The differences between the experimental values and those 
at thermodynamic equilibrium are relatively minor, with the experi
mental results following the same trend as the equilibrium values in 
terms of CH4 conversion, H2 yield, and product gas composition. The 
deviation from equilibrium in CH4 conversion becomes more significant 
at high EtOH concentrations. For example, at 20 wt% EtOH, the equi
librium CH4 conversion was 36%, while the experimental value was 
22.5%.

According to the results from Fig. 4 and Table 4, the increase in EtOH 
concentration results in an SCWG product gas with a higher CH4, C2+, 
and CO content and a significantly lower S/C ratio. At high EtOH con
centrations, the consumption of steam for the SR of the C2+ hydrocar
bons further decrease the available steam for SR of CH4. The increase in 
these components and the simultaneous decrease in the steam content in 
the gas fed to the SR reactor drive the equilibrium of the SMR reaction 
towards lower CH4 conversion [27,63,64] and the equilibrium of the 
WGS reaction towards CO production [27].

The Weisz-Prater criterion was calculated to assess mass transfer 
limitations within the catalyst pores of the steam reforming reactor [65], 
under varying EtOH concentrations in the SCWG reactor. A description 
of this criterion, along with a detailed calculation methodology and 
corresponding values at different EtOH concentrations, is provided in 
the Supplementary Material (S5, Table S3). At an EtOH concentration of 

5 wt%m the value of the criterion was 1.7 ≫ 1, indicating that diffusion 
within the catalyst pores limits the chemical reactions of steam methane 
reforming. As the EtOH concentration increased, the criterion value 
decreased substantially, reaching 0.0138 at 20 wt%, which highlights 
the absence of intra-particle diffusional limitations at higher EtOH 
concentrations. This trend correlates with the increasing amount of 
hydrocarbons, particularly CH4, in the feed to the second reactor as 
EtOH concentration rises, resulting in higher CH4 partial pressure and a 
lower S/C ratio in the SR reactor feed. In a recent study [18], Pash
chenko demonstrated that an increase in the S/C ratio during steam 
methane reforming reduces the effectiveness factor, which is the ratio of 
the reaction rate with diffusion limitations to the reaction rate without 
these limitations. Pashchenko attributed this to the decrease in CH4 
partial pressure, which reduces methane diffusion more rapidly than the 
reaction rate.

The S/C ratio dropped from 22.0 to 4.5, when the EtOH concentra
tion increased from 5 wt% to 20 wt%. An additional aim of this study 
was to investigate if this significant change in the S/C ratio would affect 
the catalyst structure. For this, two experiments were carried out, one 
with 5 wt% EtOH and one with 20 wt%. This time, however, the amount 
of catalyst was adjusted so that the parameter mcat./ ˙FHCs, with ˙FHCs being 

Fig. 7. a) Conversion of CH4 and H2 yield after SR with different EtOH con
centrations in the SCWG reactor and b) SR product gas composition with 
different EtOH concentrations in the SCWG reactor (SCWG at 600 ◦C and 265 
bar; T in the SR reactor = 730 ◦C; p in the SR reactor = 30 bar; the catalyst mass 
was constant at 2.5 g and the mean GHSV value was 47877 h− 1).
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the molar flow of the hydrocarbons generated in the SCWG reactor, to be 
the same in both cases and equal to its value when the EtOH concen
tration was 8 wt% and the catalyst mass was 2.5 g. The adjusted catalyst 
mass was thus 1.5 g at 5 wt% EtOH and 7.0 g at 20 wt% EtOH. 
[
mcat.
˙FHCs

]

5 wt.%
=

[
mcat.
˙FHCs

]

20 wt.%
=

[
mcat.
˙FHCs

]

8 wt.%
=16.7

gcat. • h
molHCs 

The overall GHSV under 5 wt% EtOH was now 84405 h− 1, and 17017 
h− 1 under 20 wt% EtOH. Fig. 8 presents the resulting CH4 conversion, 
H2 yield, and the dry product gas composition for these two cases. The 
conversion of CH4, in the case of 5 wt% EtOH, was 93.8%, while its 
respective value under equilibrium is 98.6%. Similarly, for the case of 
20 wt% EtOH, the experimental value of the CH4 conversion was 32.0% 
and its equilibrium value is 36.0%. The respective product gas compo
sitions were close with their equilibrium values. Therefore, although 
there is a difference in the overall GHSV between these two cases, both 
deviate roughly the same from their individual equilibrium. Their main 
difference still lies in the composition of the feed, i.e., S/C ratio and dry 
gas composition.

Fig. 9 presents the TGA profiles and the corresponding MS profiles of 
the catalysts exposed to the SR of product gas derived from 5 wt% and 
20 wt% EtOH and also the reduced catalyst prior to reaction. The 
catalyst subjected to the lower EtOH concentration exhibited a slight 

mass loss, reaching 98.8% in the temperature range of 100–340 ◦C, 
likely due to water vaporization, as indicated by Fig. 9b. Subsequently, 
its weight increased to 101.1%, possibly due to the reoxidation of Ni. 
The small CO2 peak observed around 635 ◦C corresponded to a negli
gible weight decrease from 101.10% to 101.08%. The catalyst subjected 
to the higher EtOH concentration showed a more significant weight loss 
at approximately 95.8% in the same temperature range of 100–340 ◦C. 
This was followed by a 1.32% weight increase possibly due to the 
reoxidation of Ni. On the contrary, the catalyst subjected at lower EtOH 
concentration had a weight gain of 2.3%, due to Ni reoxidation, aligned 
with the reduced catalyst sample. The reason for the lower weight in
crease might be ascribed to catalyst reoxidation under reaction condi
tions. A subsequent weight decrease, down to 95.7%, was observed 
between 600 ◦C and 800 ◦C. As shown in Fig. 9c, a CO2 peak at 660 ◦C 
indicated part of this weight loss was due to the oxidation of filamentous 
carbon deposited on the catalyst [66]. However, this did not cause 
deactivation during the 4-h operation.

The relatively low formation of carbon in both the 5 wt% and 20 wt% 
EtOH cases can be attributed to the excess steam, which suppresses 
carbon formation and deposition [54–56]. Additionally, the presence of 
H₂ in the feedstock for the SR reactor has been shown to inhibit carbon 
formation [55,67]. Furthermore, the basicity of the Ca–Al support 
contributes to reduced carbon formation [68,69].

Fig. 10 illustrates the XRD profiles of the used catalysts under SR 
following the SCWG of 5 wt% and 20 wt% EtOH. Both used catalysts 
demonstrated the same support structure with the reduced catalyst prior 
to the reaction (see Fig. 2). The dominant phase for the Ni species in the 
bulk catalyst was still the monometallic Ni, indicating that the H2 pro
duced in the SCWG reactor maintained the reduced state of Ni in both 
cases [28,70]. The catalyst subjected to the product gas from 20 wt% 
EtOH SCWG had a Ni crystallite size of 41.7 nm, whereas the one from 5 
wt% EtOH SCWG had a Ni crystallite size of 40.9 nm. The difference in 
the Ni sizes between the two experiments is very small and both are close 
to the size of the reduced catalyst (40.3 nm). Therefore, sintering did not 
play a role in catalyst activity and overall process performance, for a 
TOS of 4 h. Long-term experiments are required in both cases in order to 
study the evolution of sintering.

The differences in the dry product gas composition and S/C ratio 
under the studied EtOH concentration range (5–20 wt%) seemed to have 
not affected the catalyst structure. Christensen et al. [71] performed 
sintering experiments on a commercial Ni/CaAl2O4 with a BET surface 
area of 5.5 m2 gcat.

− 1 . They argued that a significant change in the particle 
size or the surface area of this catalyst was difficult, since it already had a 
very small initial surface area, hindering, thus, the diffusion of Ni on it.

3.6. Comparison of the two catalysts

The catalysts R330 and R210 were tested under different pressures, 
constant temperature of 740 ◦C, constant catalyst mass of 2 g, so that the 
parameter mcat./ ˙FHCs was equal to 12.5 gcat. h molHCs

− 1 for both catalysts, 
and a TOS of 8 h. The SCWG conditions were 600 ◦C and 265 bar, with 
the EtOH concentration in the feed being 8 wt%. Fig. 11a, 11.b, and 11 
(c) depict the conversion of CH4 and the SR product gas composition for 
the two catalysts, respectively. The CH4 conversion of R330 was slightly 
higher than that of R210 for pressures in the range 1–10 bar. Specif
ically, the CH4 conversion for the R330 was 98.3% and 96.5%, under 1 
bar and 10 bar, respectively, whereas, the conversion for R210 was 
96.8% and 94.5%. However, for pressures higher than 20 bar the CH4 
conversion of the R330 had a sharper decrease and fell to lower values 
than the R210, e.g., the conversion of the R330 at 40 bar was 74.3%, 
while that of the R210 was 84.1%. Similarly, it can be seen in Fig. 11b 
that, under a pressure in the range 1–10 bar, the concentration of CH4 
for the R330 was 0.2–0.3 vol%, while for the R210 it was 0.3–0.6 vol%. 
However, the pressure increase led to higher final CH4 concentrations 
for R330 than R210, e.g., at 40 bar, the CH4 concentration was 2.4 vol% 

Fig. 8. a) Conversion of CH4 and H2 yield and b) Dry product gas composition, 
after SCWG-SR with 5 wt% and 20 wt% EtOH (SCWG at 600 ◦C and 265 bar; T 
in the SR reactor = 730 ◦C; p in the SR reactor = 30 bar; mcat./ ˙FHCs = 16.7 gcat. 
h molHCs

− 1 ).
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for R330 and 1.6 vol% for R210.
It was examined whether this difference in the activity of the two 

catalysts between low and high pressures could be attributed to the 
external and/or internal mass transfer control. For external diffusion 
control, the Mears criterion was applied [72]. 

M=
rA • ρb • R • n
kc • CA(bulk)

≪ 0.15 (15) 

where rA is the reaction rate of the limiting reactant in mol kgcat.
− 1 s− 1, ρb is 

the apparent density of the catalyst in kg m− 3, R is the radius of the 
catalyst particles in m, n the reaction order, kc the gas-particle mass 
transfer coefficient in m s− 1, and CA(bulk) the concentration of the 
limiting reactant in the bulk gas phase in mol m− 3. The Weisz-Prater 
criterion was applied for internal diffusion control [65]. 

WP=
rA • ρc • R2

Deff . • CA(surface)
≪ 1 (16) 

where ρc is the actual density of the catalyst in kg m− 3, Deff. the effective 
diffusivity in m2 s− 1, and CA(surface) the concentration of the limiting 
reactant on the catalyst surface in mol m− 3.

The values of both criteria as well as the methods for calculating 
them for both catalysts are given in Supplementary Material (S5). The 
Mears criterion is satisfied, and therefore, the effect of external mass 
transfer is not considered as likely. On the other hand, at atmospheric 
pressure, the Weisz-Prater ratio receives values higher than unity. At 
pressures higher than 20 bar, the Weisz-Prater ratio falls two orders of 
magnitude lower than unity. Thus, under low pressures (1–10 bar), there 
is a strong resistance to the chemical reaction within the catalyst pores 
due to the intraparticle diffusion. Thus, the rather unexpected perfor
mance of the catalysts under low pressures (1–10 bar) can be ascribed to 
the intraparticle diffusion.

The resistance to the reaction due to intraparticle diffusion becomes 
insignificant under high pressures (p > 20 bar), where the R210 

Fig. 9. a) TGA of the fresh, reduced, and used catalyst samples that were subjected at SR of the product gas from 5 to 20 wt% EtOH SCWG, b) MS signals of water 
vapor and carbon oxides of the used catalyst sample that was subjected at SR of the product gas from 5 wt% EtOH SCWG and c) MS signals of water vapor and carbon 
oxides of the used catalyst sample that was subjected at SR of the product gas from 20 wt% EtOH SCWG.

Fig. 10. XRD profiles of the used catalysts under SCWG and SR with 5 wt% and 
20 wt% EtOH. SCWG at 600 ◦C and 265 bar; T in the SR reactor = 730 ◦C; p in 
the SR reactor = 30 bar; mcat./ ˙FHCs = 16.7 gcat. h molHCs

− 1 .
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dominated over the R330 in terms of CH4 conversion. The higher ac
tivity in SR reaction of R210 compared to that of R330 could be 
attributed to its higher Ni content (13.2 wt% and 9.6 wt%, respectively) 
and the smaller initial Ni crystallite size (35.8 nm and 43.1 nm, 
respectively) [43,73,74]. However, as will be shown later with the XRD 
profiles of the used catalyst samples, the Ni crystallite sizes of both 
catalysts after the reaction were found to be nearly identical (59.2 nm 
and 60.0 nm), indicating that the dispersion does not play the primary 
role in the difference in activity, but rather the Ni loading. Apart from 
those two aspects that can similarly promote the WGS reaction, ac
cording to Garbarino et al. [75], the promotion of a commercial 
Ni-based catalyst with calcium aluminate as support with K2O may 
hinder the reverse WGS at high temperatures, allowing the R210 to 
reach lower CO concentrations.

The catalysts exposed to 30 bar pressure were characterized using 
TGA-MS and XRD. Fig. 12a shows the TGA profiles, and Fig. 12b and 12c 
displays the corresponding MS profiles for the two catalysts. Both cat
alysts began to lose weight around 120 ◦C, attributed to water evapo
ration. This weight loss due to water release continued at approximately 
200 ◦C and 278 ◦C, corresponding to the desorption of chemisorbed 
water [73]. Between 260 ◦C and 300 ◦C, both catalysts exhibited small 
peaks of CO2 and CO, related to reactive carbon species [76]. At 400 ◦C, 
the weight of R210 decreased to 84.5%, while R330 reached 81.5%. 
Since the intensity of the water-related peaks was much higher than that 
of the carbon oxides, it can be implied that the primary cause of the 
weight loss is due to water desorption. R210 also showed a slight CO2 
release at around 340 ◦C. However, the overall weight loss for R330 was 
higher, suggesting that the carbon oxide peaks observed between 200 ◦C 
and 400 ◦C were of minor significance. Beyond 400 ◦C, a further weight 
decrease, likely due to water adsorbed in the inner layers of the catalyst, 

was observed. R210 showed a small CO2 peak at 664 ◦C, resulting in a 
negligible weight loss of 0.3%. Similarly, R330 experienced a loss of 
0.3% due to CO2 release at a higher temperature (720 ◦C). In both cases, 
the CO2 formation could be attributed to the oxidation of carbon fila
ments [66]. Additionally, both catalysts exhibited minor weight loss 
with small CO2 peaks in the 890 ◦C–940 ◦C range, likely due to the 
oxidation of graphitic carbon [69,77]. R210 showed a decrease of 0.3%, 
and R330 a decrease of 0.5%.

The XRD profiles of R210 and R330 are given in Fig. 13. Both used 
catalysts depicted peaks at 44.5◦ and 51.8◦, which resembled metallic Ni 
[78]. Unlike the R330, the R210 showed no peaks related to its support 
structure without however indicating signs of deactivation. The Ni 
particle sizes of the used catalysts were calculated by the Scherrer 
equation and were found to be almost similar. The Ni particle size of 
R210 was equal to 59.2 nm, accounting for a 65.4% increase compared 
to the initial size in the reduced state of the catalyst, while the respective 
one of R330 was 60 nm, and its relevant increase was 48.9%. It is thus 
apparent that the Ni crystallites on the R210 were more prone to sin
tering than the ones on the R330. Sehested et al. [61] showed that under 
31 bar and a feed consisting of an H2O:H2 ratio of 10, the carrier’s 
promotion with potassium accelerated the sintering of nickel crystallites 
compared to an unpromoted catalyst. The amorphization that the R210 
underwent, without any loss in its activity, was also evident in our 
former publication, where the catalyst was also used for the SR (600 ◦C, 
1 atm, GHSV = 44557 h− 1) of the SCWG product gas from 8 wt% EtOH 
gasification [28].

The loss in activity due to sintering could not be identified, because 
both samples were subjected at first to 1 bar and then, after 4 h, to 30 
bar. Thus, any deactivation that would occur due to sintering was 
overlapped by the changes induced by the pressure increase. Longer TOS 

Fig. 11. a) CH4 conversion for R330 and R210 after SR at 740 ◦C with a constant catalyst mass of 2 g, under varied pressure, b) respective concentration of H2 and 
CO2 for both catalysts in the SR products, and c) respective concentration of CO and CH4 for both catalysts in the SR products (SCWG conditions: 600 ◦C, 265 bar, 
EtOH in the feed was 8 wt%).
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are required to depict the effect of sintering on the stability of both 
catalysts. Future research will address this by also aiming to overcome 
any technical hurdles associated with the continuous operation of the 
process.

4. Conclusions

A continuous process combining the SCWG of EtOH with the sub
sequent steam reforming of the product gas is demonstrated through an 
experimental study that involved the operating parameters in the SR 
reactor, the EtOH concentration, and a comparison of two commercial 
Ni-based catalysts for the SR of the SCWG product gas. The SCWG was 
carried out at 600 ◦C and 265 bar with ethanol as a model compound 
with concentrations ranging from 5 wt% to 20 wt%.

The effects of temperature, pressure, and space velocity of the SR 
reactor on the hydrocarbons’ conversion and hydrogen yield were 
investigated. High SR pressures, i.e., 20–40 bar, required a temperature 
of 750 ◦C to achieve methane conversion higher than 90%. The GHSV 
significantly affected the performance of the reforming reactor, espe
cially at high pressures, e.g., at 30 bar, where a GHSV in the range of 
40000–50000 h− 1 was needed to keep the methane conversion close to 
equilibrium. The concentration of EtOH had a crucial role in the product 
gas of the combined SCWG-SR process. The increase in EtOH concen
tration affected the SCWG product by significantly decreasing its S/C 
ratio, but also increasing the content of CH4, C2+ hydrocarbons, and CO. 
As a result, SMR and WGS were shifted towards their reactants’ side, 

Fig. 12. a) TGA profiles of the used catalyst samples of R210 and R330 after SR of the gas produced from 8 wt% EtOH SCWG at 740 ◦C with a constant catalyst mass 
of 2 g and 30 bar, b) MS signals of water vapor and carbon oxides of the R210 used catalyst sample and b) MS signals of water vapor and carbon oxides of the R330 
used catalyst.

Fig. 13. X-ray diffractograms of used catalysts at SR with 740 ◦C, catalyst mass 
of 2 g, and a pressure of 30 bar (SCWG conditions: 600 ◦C, 265 bar, EtOH in the 
feed was 8 wt%).
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decreasing CH4 conversion from 97.5% to 22.5% and H2 yield from 
98.6% to 58.3%, as the EtOH concentration increased from 5 wt% to 20 
wt%. Despite the significant decrease in the S/C ratio and the change in 
the SCWG product gas composition, between 5 wt% and 20 wt% EtOH, 
there was a minor carbon formation on both catalysts and not any 
considerable difference in the Ni sintering rate, under short TOS. Two 
different commercial catalysts were tested, a NiO(14 wt%)/CaAl12O9 
(R330) and a NiO(18 wt%)/CaK2Al22O34 (R210). Both catalysts were 
under diffusion control at atmospheric pressure, demonstrating almost 
the same CH4 conversion. At high SR pressures (30–40 bar), where both 
catalysts were under kinetic control, the catalyst with the higher Ni 
loading (R210) showed higher activity. The NiO(18 wt%)/CaK2Al22O34 
catalyst resulted in higher sintering rate than the NiO(14 wt 
%)/CaAl12O9 but the final Ni crystallite size after testing was almost 
similar for both catalysts. Nevertheless, the former catalyst remained 
more active than the latter because of the higher Ni loading. The very 
low coke deposition over both catalysts even under high pressure 
revealed the resistance to coking mostly due to the excess steam and the 
high basicity of their supports.

This study verified the possibility of obtaining high hydrogen yields 
from the SCWG product gas by coupling it with a downstream steam 
reforming process. Out of the two tested catalysts, the NiO(18 wt 
%)/CaK2Al22O34 showed to be a suitable catalyst for this specific SR 
process. Still, its long-term stability has to be further studied and 
compared with the R330 and other suitable catalysts that offer strong 
resistance to active metal sintering. Optimizing existing catalyst for
mulations to enhance their activity and stability in this process will be an 
important direction for future research. Moreover, future work should 
prioritize the exploration of alternative feedstocks, focusing on more 
complex waste biomass model compounds or, ideally, actual waste 
biomass.
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