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Abstract: Compared to steam reforming, methanol aqueous-phase reforming (APR) converts methanol
to hydrogen and carbon dioxide at lower temperatures, but also displays lower conversion rates.
Herein, methanol APR is studied over the active Pt/ Al,Oj3 catalyst under different operating condi-
tions. Studies were conducted at different temperatures, pressures, methanol mass fractions, and
residence times. APR performance was evaluated in terms of methanol conversion, hydrogen pro-
duction rate, hydrogen selectivity, and by-product formation. The results revealed that an increase
in operating pressure and methanol mass fraction had an adverse effect on the APR performance.
Conversely, it was found that hydrogen selectivity was unaffected by the operating pressure and
residence time for the methanol feed mass fraction of 5%. For the methanol feed mass fraction of 55%,
hydrogen selectivity was improved by operating pressure and residence time. The alumina support
phase change to boehmite as well as sintering and leaching of the catalytic particles were observed
during catalyst stability experiments. Additionally, a comparison between methanol steam reforming
(MSR) and APR was also performed.

Keywords: aqueous-phase reforming; methanol; catalyst; hydrogen production; Pt/Al,O3

1. Introduction

Climate change, greenhouse gas emission, and the energy crisis have recently become
major global concerns. The integration of carbon-neutral technologies, renewable energy
resources, and reducing the usage of fossil fuels have become a priority [1,2]. For this
energy transition, hydrogen has received a lot of attention, interest, and commitment from
both the industrial and academic sectors. Hydrogen has been pushed forward for energy
decarbonization, to mitigate the energy crisis pressed by geo-political conflicts, and to reach
the “Paris agreement” [3,4].

The advantages of hydrogen are linked to its usability in a wide range of applications.
For instance, hydrogen can be used directly as a fuel or as a raw material for the production
of synthetic fuels and organic substances [5]. Yet, the main issues related to the use of
hydrogen are related to its safe and efficient transportation and storage [6]. Even though
the gravimetric energy density of hydrogen is excellent, the volumetric density is too
low [5]. Hence, in situ hydrogen production has been suggested as an attractive approach,
especially for systems with a demand for continuous hydrogen supply.

For in situ hydrogen production, there are different technologies, such as reforming and
electrolysis [7,8]. Today, 96% of the world’s hydrogen is still produced from fossil fuels, namely
natural gas and coal [8,9]. To improve the sustainability of hydrogen production, interest
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has been focused on the development of more environmentally friendly technologies. Apart
from electrolysis, one interesting pathway is the use of renewable liquid fuels as feedstock
for hydrogen production [10,11]. Biomass-derived organic waste streams containing alcohols
have been investigated as potential bio-based feedstocks [12,13]. Compared to hydrogen,
oxygenated hydrocarbons have a higher boiling point and, hence, have higher gravimetric
density and are easier to transport and store [14]. In addition to its environmental merits,
converting waste streams to value-added products is economically efficient.

There already exist mature reforming technologies of oxygenated hydrocarbons, such
as the steam reforming of methanol (MSR) or ethanol [12,15]. The challenges with these
technologies are related to the selectivity of the reaction, mainly to avoid the production
of CO, in addition to the high amounts of energy necessary for vaporizing the reactants.
The aqueous-phase reforming (APR) emerged then to address these challenges as a simpler
and more energy-efficient technology [16,17]. The APR allows for converting the feeding
fuel to hydrogen and CO; in a single-step catalytic process at temperatures lower than the
well-established MSR. In APR, reactants are in the liquid phase and the reaction products
are in the gas phase [18,19].

The APR of oxygenated hydrocarbons is often performed in a temperature range of
200-250 °C. To improve the overall efficiency of the APR system, the use of waste heat from
other processes would be beneficial. The APR system should work with pressures above the
bubble point pressure of the feedstock mixture to keep it in the aqueous phase. Bubble point
pressure depends on the composition of the feedstock mixture and the selected operating
temperature. In general, the working pressure should be between 1.5 and 5.0 MPa [14].

Mainly heterogeneous catalysts have been considered for the APR of oxygenated
hydrocarbons [20]. Three phases exist in APR systems: solid (the catalyst), liquid (the
feedstock), and gas (the evolved hydrogen and CO,). This leads to mass transfer limitations,
since the evolving gas bubbles may block the active sites of catalysts and decrease the
hydrogen production rate [21]. To improve the reaction rate, it has been proposed to use
an inert sweeping gas. The sweeping gas drives the evolved gas bubbles of hydrogen and
CO; out of the catalyst active sites, improving the reaction performance of the APR [13,22].

Methanol has been used as a model compound in APR studies due to the absence of
strong C-C bonds [22]. Methanol is a common by-product of chemical and biochemical
processes and it has been pointed out as a very attractive green energy vector, which makes
it cheap and readily available [23]. The overall APR reaction equation is given below,
Equation (1):

CH30H (1) + H,O (1) = 3H; (g) + CO; (g) (1)

The methanol APR is based on two main reactions [24]: methanol dehydrogenation
[Equation (2)] and WGS reaction [Equation (3)]. In the methanol dehydrogenation reaction,
a methoxy intermediate is formed due to the split of the O-H bond of methanol [22].
Next, hydrogen atoms bonded to carbon in the methoxy intermediate are activated, which
causes the decomposition of methoxy into hydrogen and carbon monoxide. Methanol
dehydrogenation is followed by WGS, in which cleavage of O-H bonds of water leads
to the formation of O~ ion and hydrogen. Extremely active O?>~ ion reacts with carbon
monoxide forming carbon dioxide [22].

CH;O0H (1) = 2 H; (g) + CO (g) (2)

CO (g) + H2O (1) = Ha (g) + CO2 (g) 3)

The APR usually displays a high selectivity; only trace amounts of hydrogenated
by-products are produced [Equations (4)—(6)]:

CO (g) +3Hz (g) = CHy (g) + H20 (g) (4)

CO; (g) +4Ha (g) = CHy (g) +2H0 (g) (5)
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2CO (g) +5H; (g) = CoHg (g) +2 H2O (g) (6)

With the careful selection of the catalyst and operating conditions, these hydrogenated
by-products can be mostly avoided [24].

The methanol APR research has been mostly focused on finding suitable catalysts
that promote the reforming reactions at temperatures as low as possible and inhibit unde-
sired reactions [14,25]. Amongst noble (Pt, Ru) and non-noble (Ni, Cu) metals, Pt-based
catalysts are the most used for methanol APR. Dumesic’s group [17,18] studied the APR
of different alcohols (e.g., methanol and ethylene glycol) with Pt supported on alumina
(Pt/AlyO3). Specifically for methanol, their study was conducted at temperatures/pressures
of 210 °C/2.24 MPa and 225 °C/2.96 MPa, on a Pt/ Al;O3 catalyst with a Pt mass fraction of
0.59%, and with a feed aqueous solution with methanol mass fractions of 1%, 4%, and 10%.
All the experiments were conducted with a feed flow rate of 0.30 mL/min, in order to keep
the conversion below 3%. Their results showed that the reaction is weakly inhibited by
hydrogen, which could be caused by the surface sites blocked by adsorbed hydrogen atoms
and, in addition, by decreasing the surface concentrations of reactive intermediates formed
from dehydrogenation of the methanol. They also found that the liquid-phase environment
favors the water—gas shift reaction, mitigating the potential blocking of surface sites by
adsorbed CO species. Since then, Pt-based catalysts for methanol APR have been improved,
mostly concerning the catalyst support, where molybdenum carbide (MoC) [26], NiAl,O4
spinel [27], and zeolite [28] supports were reported. Ni-based catalysts have also been
explored for the methanol APR as they favor the WGS reaction [14] and are inexpensive
compared to noble metal-based catalysts. However, Ni-based catalysts suffer from lower
stability (especially since they are more sensitive to oxidation under APR operating con-
ditions) and lower hydrogen selectivity. These catalysts were studied mostly by Stekrova
et al. [24] and Coronado et al. [13,22].

The present work studies the methanol APR reaction kinetics on Pt/Al,Os. The
performance of the catalyst, with a nominal mass fraction of 5%, was investigated for the
temperatures of 190 °C, 210 °C and 230 °C. The effect on the catalyst performance of the
methanol mass fraction in the feed aqueous solution was studied as well, using a low
value of 5% and a high value of 55%. The operating pressures used were above the bubble
point of the corresponding feed stream, a minimum of 3.2 MPa for the low methanol mass
fraction feed and a minimum of 5.2 MPa for the high methanol mass fraction feed. The
performance of Pt/ Al,Os was characterized in terms of methanol conversion, hydrogen
production rate, and hydrogen selectivity for a wide range of weight hourly space velocity
(WHSYV) values.

2. Results and Discussion
2.1. Physicochemical Characterization of the Catalyst

The H,-TPR of a 5 wt.% Pt/Al,O3 sample is displayed in Figure 1; it exhibits the
presence of a single sharp peak at ca. 300 °C, starting at ca. 250 °C and ending at ca. 325 °C.
The presence of this single peak indicates that only one type of active metal is present in
the catalyst. This TPR result is in good agreement with the XRD of the catalyst, showing
only Pt and alumina—discussed in the following.

The information regarding the reducibility of Pt/ Al,O3 was used to activate the catalyst
in situ before the APR tests. Controlling the reduction temperature is important since the
catalyst reduction (activation process) is an exothermic process that influences the catalyst’s
ability to perform the reforming reaction. Since small catalyst particle sizes are more prone to
sintering, the reduction process was performed using diluted hydrogen at 300 °C.

XRD patterns of fresh and spent Pt/ Al,O3 samples are shown in Figure 2. The spent
catalyst was subjected to methanol APR for 7.5 h at 230 °C and 3.2 MPa using a 5 wt.%
methanol aqueous solution supplied at 0.3 h~! WHSV. Comparing fresh and spent catalysts,
the XRD diffractogram of the spent sample shows that alumina support underwent phase
change and Pt metal was sintered and leached.
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Figure 1. H,-TPR of a 5 wt.% Pt/ Al,O3 catalyst sample.
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Figure 2. XRD diffractograms of fresh (blue line) and spent (red line) Pt/ AlO3 samples.

In both fresh and spent catalysts, characteristic Pt metallic peaks were detected at
20 =39.8°, 46.5°, and 67.8° (JCPDS 01-1190) [29]. However, these peaks are broader for
the fresh catalyst compared to the spent catalyst. These could be due to poor crystallinity,
overlapping with some of the alumina peaks [30], or smaller crystallite size. The calculated Pt
crystallite size was estimated to be ca. 5 nm in the fresh catalyst sample, as shown in Table 1.

Table 1. Pt crystallize size and mass fraction for fresh and spent catalysts.

Fresh Catalyst Spent Catalyst
Pt Crystallite Size (nm)
5(£2) 12 (£1)
Fresh Catalyst Spent Catalyst

Pt mass Fraction (%)
4.5 (£0.5) 3.1 (£1)
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The spent catalyst has a Pt crystallite size of ca. 12 nm, indicating that Pt particles
were sintered under the APR reaction conditions. The calculated amount of Pt in the fresh
catalyst was ca. 4.5 wt.%, which is according to the value reported by the catalyst supplier.
However, the spent catalyst showed approximately 3 wt.% of Pt mass, suggesting that
leaching of Pt occurred during the APR reaction. Moreover, the spent catalysts showed
peaks related to boehmite, while fresh catalyst only showed peaks for 8-alumina. The
presence of this crystalline structure shows that alumina was transformed in boehmite,
which is a thermodynamically more stable phase under high humidity levels, such as under
APR reaction conditions [31].

The N, adsorption—desorption isotherm for the catalyst Pt/ Al,O3 is shown in Figure 3
and the BET surface area, average pore size, and pore volume are listed in Table 2.

According to IUPAC classification, Pt/ Al,O3 has a type (IV) isotherm which indicates
the mesoporous structure of the catalyst with the pore size wider than 4 nm. The catalyst also
showed an H3-type hysteresis loop. This is usually observed for the irregular pore system
with agglomerated particles that are slit-shaped pores of irregular sizes or shapes [32].

Adsorbed volume (cc/g)

Ll T T 1

0.2 0.4 0.6 0.8 1
Relative pressure (P/P?)

(=]

Figure 3. Nitrogen adsorption—desorption isotherm of Pt/Al,O3.

Table 2. Physicochemical properties of Pt/ Al,Os.

BET Surface Area (m?/g) Pore Volume (cc/g)  Pore Diameter (nm)

205.9 0.87 13.1

Pt/ALO;

2.2. Kinetic Characterization

The methanol-water vapor pressure was obtained for temperatures of 190 °C, 210 °C,
and 230 °C using the Aspen Technology software. The plot of the bubble pressure versus
methanol mole fraction at the three different temperatures is shown in Figure 4. This plot is
fundamental to assure that the kinetic characterization of methanol APR using the Pt/ Al,O3
catalyst is properly carried out at all experimental conditions, i.e., with the feed methanol
water mixture in liquid phase. As the methanol concentration increases, the required
pressure to keep the mixture in a liquid state increases as well. In the literature, most
experiments were performed using a 5 wt.% methanol aqueous solution, yet commercial
HT-PEMEFC systems that use methanol reformers for in situ hydrogen production typically
run using 55 wt.% methanol aqueous solutions [33,34].

For a 55 wt.% methanol aqueous solution at 230 °C, it is required to keep the system
at >5.1 MPa. On the other hand, for a 5 wt.% methanol aqueous solution, >3.1 MPa is
sufficient for the same temperature.
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Figure 4. The bubble point pressures of binary methanol-water mixture for the different mole fractions
of methanol for temperatures of 190 °C, 210 °C, and 230 °C were predicted using Aspen Technology.

2.2.1. Effect of Temperature

The effect of temperature on methanol APR conversion is depicted in Figure 5 for
the temperatures 190 °C, 210 °C, and 230 °C. Thermodynamically and kinetically, either
the desirable reforming or undesirable side reactions are favored by higher temperatures.
On the other hand, a WGS reaction is disfavored at higher temperatures, though it is
also favored kinetically with the temperature. An increase in the experimental methanol
conversion was observed at higher temperatures. At the low temperature (190 °C), the
methanol conversion does not go above 15%, even at a very low WHSV. Compared with
the MSR, the performance of methanol APR at low temperatures is usually much lower;
for example, even considering a different catalyst, at a WHSV of 1 h~! and at 190 °C, the
methanol conversion is ca. 75% for MSR in a Cu based catalyst [35], while for APR is
less than 5% in the present work, Figure 5A. WHSV is defined as the weight of methanol
in the feed stream normalized by the weight of the catalyst and time. Therefore, the
methanol conversion should be similar for the same WHSV, independently of the methanol
concentration, making negligible the effect of the methanol feed dilution on conversion.
However, for the same WHSYV, a change in the feed mass fraction of the aqueous methanol
solution from 5 wt.% to 55 wt.% leads to an equivalent decrease of the feed flow rate for
the same ratio, which may have some adverse influence in the conversion, for example, in
the rate of adsorbed reaction products from the catalyst surface.
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Figure 5. Methanol conversion in aqueous-phase reforming of (A) 5 wt.% and (B) 55 wt.% aqueous
methanol solution over 5 wt.% Pt/ Al,O3, N, co-feeding of 30 mL-min~! and operating temperatures
of 190 °C, 210 °C, and 230 °C as a function of WHSV. Operating pressure of 3.2 MPa (A) and
6.0 MPa (B). All values were obtained after achieving steady-state reaction conditions.
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H, Production Rate

The APR has the potential to be integrated with an HT-PEMFC system due to its
higher energy efficiency and simple recycling of unreacted reagents; this allows the APR to
operate at conversions lower than 100% without significantly affecting the system efficiency.
Moreover, HT-PEMFCs have a high tolerance to reforming contaminants (up to 3% [36,37]).

For 55 wt.% methanol feed aqueous solution, the maximum hydrogen production rate was
ca. 500 pmol-min~1-g !, As depicted in Figure 6, the hydrogen production rate as a function
of the WHSV peaks at WHSV ~ 13 h~1, especially for 210 °C and 230 °C, decreases slightly
afterward. At higher methanol concentrations and for the same feed flow rate, the contact time
between reactants and catalyst decreases, which adversely affects hydrogen production [17].

700 .
= —®-190°C
£600 1 -m-210°C
G500 | -+-230 c—/‘_‘~~k
E 400 ,,'A— e
53004 *
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£ 200 - -
[ m---4--" R---a
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0 T T T
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Figure 6. Hydrogen production rate in aqueous-phase reforming of 55 wt.% methanol feed aqueous
solution over 5 wt.% Pt/ Al,O3, N, co-feeding of 30 mL-min~! and operating temperatures of 190 °C,
210 °C, and 230 °C at various WHSV. Operating pressure 6.0 MPa. All values were obtained after
achieving steady-state reaction conditions.

By-Product Formation

Undesirable side reactions, such as methanation, are thermodynamically favored at
higher temperatures and pressures. During the APR experiments, only by-products CHy
and CO were detected at the GC analyzer. The low concentrations of by-products CHy
and CO, inferior to 0.5%, as illustrated in the GC chromatogram of Figure 7, indicate high
selectivity for the APR reaction.

Products N2
mixture CHq
co
3 A
L % ‘
B' Time (min)
2
] CO,; Hs
L]
\
Ll |1, B
0 2 4 6 8 10 12
Time (min)

Figure 7. Gas chromatograph obtained from a 55 wt.% methanol aqueous-phase reforming on a
5 wt.% Pt/ Al,O3 catalyst, with a N co-feeding of 30 mL-min~!, operating conditions of 230 °C,
3.2MPa, and 21.2 h~! WHSV.
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Figure 8 shows the CH,4 production rate as a function of WHSV for 190 °C, 210 °C,
230 °C, and 55 wt.% methanol aqueous solution. CHy production can follow two paths,
via cleavage of C-O bonds of methanol followed by hydrogenation (by an acid-catalyzed
pathway), or via methanation, which is the hydrogenation of carbon monoxide/carbon
dioxide (COx) [17]. Both paths are independent of methanol conversion since hydrogen is
required to perform the hydrogenation step; therefore, CH, formation occurs as a parallel
reaction [17]. It is noticeable that the CH,4 formation increases with temperature (Figure 8),
while it shows a more complex pattern with WHSV.

5
i - ® - 190°C
I
£4 - ® -210°C
o - & -230°C
E3
£ vreE bt
° ~
E 2 ik,
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12 e e |
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Figure 8. Methane production rate in aqueous-phase reforming fed with a 55 wt.% methanol aqueous
solution, with an N, co-feeding of 30 mL-min~?, operating at 190 °C, 210 °C, and 230 °C and at 6.0 MPa,
as a function of the WHSV. All values were obtained after achieving steady-state reaction conditions.

2.2.2. Effect of Pressure

It is important to study the influence of the reaction pressure on APR performance
since APR is a multiphase system with a reaction often occurring in a mass transfer-limited
regime. Figure 9 shows the effects of operating pressure on methanol conversion at 230 °C.
For a methanol feed mass fraction of 5 wt.%, the methanol conversion decreases from
25% at 3.2 MPa to 13% at 4.0 MPa (Figure 9A) and then it keeps more or less constant for
higher pressures. For a methanol feed mass fraction of 55 wt.%, the methanol conversion is
considerably lower and mostly constant with the reaction pressure, around 2% (Figure 9B).
However, there is an apparent small increase in the conversion in the operating pressure
region in the liquid phase. It should be emphasized, also, that a smaller conversion for a
higher mass fraction of methanol in the feed stream does not necessarily lead to a lower
hydrogen productivity, because of the higher amount of methanol feed to the reactor.

Performing the methanol-reforming reaction below the bubble point pressure (gaseous
methanol reforming) for the methanol feed mass fraction of 55% did not yield conversions
higher than those observed for methanol APR. This apparent discrepancy deserves further
study in the future.

In multiphase systems, pressure affects density, bubble size distribution [38,39], and
catalyst-wetting efficiency [40]. While the wetting efficiency increases with pressure [40],
which is crucial for multiphase systems, increasing the operating pressure increases the
hydrogen partial pressure, which negatively affects the reaction rate [17]. Hydrogen has very
low solubility in water and methanol and diffuses slowly from the catalyst active site where
it is formed to the bulk [18]; moreover, higher pressures reduce the bubble size, reducing
the bubble disengaging rate. In this sense, the catalyst surface active sites are occupied for a
longer time [17,18]. In addition, the hydrogen availability near an active site can promote the
hydrogenation of intermediate species, leading to a loss in selectivity [18,41]. Since nitrogen
(carrier gas) is also not soluble in the liquid reaction phase, it should leave the reactor mixed
with hydrogen and CO,, besides water and methanol vapors.
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Figure 9. Methanol conversion as a function of pressure for (A) 5 wt.% and (B) 55 wt.% methanol
aqueous solution over 5 wt.% Pt/Al,O3 catalyst. Operating temperature of 230 °C, WHSV of
(A) 0.7 h~!and (B) 12.7h~!. All values were obtained after achieving steady-state reaction conditions.

2.2.3. Selectivity of Methanol APR to Hydrogen

A high-methanol APR selectivity to hydrogen leads to a higher energy conversion
efficiency from methanol to hydrogen and allows for directly feeding the reformate to
an HT-PEMEFC system. Apart from the nature of the catalyst (metal and support), the
selectivity to hydrogen depends on the operating conditions [14]. Figure 10 shows the
selectivity to hydrogen as a function of WHSV for different operating pressures.
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Figure 10. Hj selectivity in aqueous-phase reforming of (A) 5 wt.% and (B) 55 wt.% methanol aqueous
solution on a 5 wt.% Pt/Al,O3 catalyst, with a N, co-feeding of 30 mL-min~! and at 230 °C, for
various pressures and as a function of WHSV. All values were obtained after achieving steady-state
reaction conditions.

For the methanol feed aqueous solution with a mass fraction of 5%, Figure 10A, the
maximum change in the selectivity to hydrogen is of around 2%, either as a function of the
operating pressure for a given WHSV, or as a function of the WHSV for a given operating
pressure. For the methanol feed aqueous solution with a mass fraction of 50%, Figure 10B,
the effect of the operating pressure for a given WHSV is also small; on the contrary, the
influence of the WHSV for all three operating pressures is clearly more accentuated. For
low-WHSYV values (methanol mass fraction of 5%), the selectivity to hydrogen is mostly
independent of the methanol conversion. Therefore, it may be concluded that hydrogen
production over Pt/ Al,Oj3 is not restricted by the hydrogenation of CO/CO,. The selectivity
to hydrogen is clearly above 75% for all experiments (Figure 10A,B), indicating that the
H, /CO; ratio for these experiments stayed above a factor of 3.

Apart from the nature of the catalyst (both metal and support) and operating condi-
tions, the dependence of the selectivity to hydrogen with the reactor design has also been
studied. It was reported that, by using a microchannel reactor instead of a fixed-bed reactor,
the selectivity to hydrogen becomes higher by a factor of two, regardless of the feedstock
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conversion [42]. The selectivity to hydrogen in a microchannel reactor should increase
because of a better catalyst wettability, making the mass transfer of hydrogen from the
catalyst site to the gas phase faster [42]. Table 3 below summarizes the APR performance
results (in terms of selectivity to CO,, CO, CHy) at various WHSVs and operating pressures.

Table 3. Selectivity of the CO,, CHy, and CO in methanol APR experiments at various operating
pressures and for different WHSVs.

Product Methanol Concentration WHSYV (h-1) Selectivity (%)
3.2 MPa 4.0 MPa 5.2 MPa 5.5 MPa 6.0 MPa
0.7 19.7 208 19.1
5 wiel 1.1 202 21 19.4
wt.% 1.9 19.4 212 202
42 185 20 209
CO, 42 21.6 21.6 21.5
8.4 213 21.0 21
55 wt.% 12.7 20.7 205 187
16.9 19.9 19.6 18
212 18.8 17.7 17.2
0.7 0.1 0.1 02
. 1.1 n/a 0.08 0.1
5 wt.% 1.9 0.2 0.05 0.1
42 03 0.19 0.1
CHy 42 03 0.9 0.6
8.4 03 0.9 0.4
55 wt.% 12.7 03 0.7 03
16.9 0.4 0.6 02
212 0.4 05 0.2
0.7 0.05 0.02 0.02
— 1.1 0.07 0.05
wt.% 1.9 0.04 0.01 0.05
42 0.01 0.03 0.05
co 42 0.1 0.6 0.05
8.4 0.1 0.2 0.04
55 wt.% 12.7 0.1 02 0.04
16.9 0.1 02 0.1
212 0.1 0.1 0.1

Long-Term Stability Test

The long-term stability of methanol APR was performed to study the effects on catalyst
performance and methanol conversion. Figure 11 shows the methanol conversion as a
function of time for a 5 wt.% methanol feed aqueous solution. Steady-state performance
was achieved for >7 h.

The catalytic activity increased at the beginning and then slowly decreased until
reaching a steady state. The decrease in the catalytic activity (methanol conversion) may be
assigned to the phase change of the support alumina into boehmite, metal phase sintering,
and Pt leaching, as discussed before.
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Figure 11. Methanol conversion as a function of time on stream for 5 wt.% methanol aqueous solution
over 5 wt.% Pt/Al,O3 at 230 °C and 3.3 MPa and 0.3 h~! WHSV.

2.3. Methanol Steam Reforming Versus Aqueous-Phase Reforming

Methanol has the potential to make hydrogen dispatchable, which is critical for the
development of the so-called hydrogen economy. MSR is an established pathway to
produce in situ hydrogen, with extensive research performed on catalysts, reactors, and
purification of the produced hydrogen. Most MSR employs Cu-based catalysts due to
their low cost, high hydrogen yield, and low CO production [43-45]. Methanol APR, on
the other hand, is a relatively new technology where the catalyst development is still
underdeveloped. Pt-based catalysts are widely used in APR due to their stability and
moderate performance [25,43]. Figure 12 illustrates the interest in these two reforming
processes measured by the number of publications during the last two decades.

160
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Figure 12. The number of scientific publications on methanol steam reforming and methanol aqueous-
phase reforming (information retrieved from Scopus database).

Methanol APR in Pt/ Al,O3 suffers from low stability and displays low yields, which
reduces its potential interest to industrial applications.

However, the possibility of running the reforming reaction in the liquid phase and
then saving the vaporization energy is still driving the research community for developing
better-performing catalysts. To use HT-PEMFCs in mobile applications, which require high
power output, there are certain operating condition requirements for methanol reforming
that should be fulfilled: compact reforming systems, operation close to the stoichiometric
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concentration of methanol-water and at a temperature which allows its thermal integration
with an HT-PEMEFC [46-48].

At around 100 °C, the methanol steam reforming (MSR) produces just hydrogen and
COy; the CO concentration is negligible. However, above 150 °C, there is the onset produc-
tion of CO whose concentration in the product stream increases with the temperature [35,49].
Yu et al. [49] reported that the CO concentration in the product stream was 511 ppm, when
the MSR reactor was run at 190 °C, for a contact time (W /F) of 180 kgcat-(mol-s~1)~! (al-
most full conversion of the methanol). For 230 °C, it was 2184 ppm. Ribeirinha et al. [35]
reported a CO concentration of 600 ppm at the product stream when the MSR reactor
was run at 180 °C, on a CuO/Zn0O/Ga;0Oj3 catalyst, and for a W/F of 60 kgcat'(mols_l)_1
(ca. 80% of methanol conversion).

From the present work, we report CO production between 100 ppm (190 °C) and
1990 ppm (230 °C) [647.1 kgcat~(mol~s_1)_l—5.5 kgcat~(mol~s_1)_l] using a commercial
Pt/ Al,Os. Although the CO concentration is lower for the methanol APR at lower temper-
atures, as the temperature increases, the CO concentration in the product becomes similar
for both types of methanol reforming. However, it should be emphasized that the CO
concentration also depends on the reactor used for the reforming.

2.4. Perspectives

Catalyst development remains a primary focus of research for methanol APR; Pt-based
catalysts are the best-performing catalysts. However, as seen in this work, support plays
an equally important role in the catalyst performance. Therefore, various supports other
than metal oxides should be assessed to improve the activity and stability of the catalyst.
Furthermore, the long-term stability of the catalyst should be studied to better understand
the catalyst deactivation under APR conditions.

In addition to the catalyst development, the mass transfer limitation of the reaction
products from the active sites poses one of the greatest challenges to overcome. Nitrogen
co-feeding has been employed to mitigate this issue. However, the dilution of hydrogen due
to the co-feeding of nitrogen can adversely affect the performance of HT-PEMFCs during
reformer /fuel cell integration. Therefore, novel reactor designs should be proposed and
studied to minimize the mass transport limitation to allow higher hydrogen productivity
at lower temperatures by effectively removing reaction products from the active sites.
Following, the use of a membrane reactor, selective to hydrogen, may be considered as
an alternative to a conventional fixed-bed reactor. Reactors such as coated microchannel
reactors [50] and membrane reactors facilitate the effective removal of hydrogen from the
reaction medium; for example, D “"Angelo et al. [51] have reported that using a carbon-
coated ceramic membrane reactor yielded 2.5 times higher hydrogen than a fixed-bed
reactor for APR of sorbitol.

3. Experiment
3.1. Materials

Pt/ Al,Oj5 catalyst (5 wt.% Pt loading) supplied by Sigma-Aldrich (St. Louis, MO,
USA) in powder form was used without further modification.

3.2. Physicochemical Characterization

Hydrogen-temperature-programmed reduction (H-TPR) and X-ray diffraction (XRD)
were used to determine the physicochemical properties of the Pt/ Al,O3 catalyst. Multipoint
Brunauer-Emmett-Teller (BET) provided information regarding the surface area and pore
size of the catalyst. XRD patterns were recorded at room temperature, using a Panalytical
MPD diffractometer equipped (Almelo, The Netherlands) with an X’ Celerator detector and
secondary monochromator in Bragg—Brentano geometry. CuKe; » radiation, A; = 1.5406 A,
Ay = 1.5444 A, a step size of 0.017° and 100 s/step were used. Rietveld refinements were
performed using the software PowderCell 2.4 to calculate Pt crystallite size.
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The mass fraction of Pt in the catalyst was estimated in a Thermo Scientific iCAP 7400
ICP-OES Duo instrument (Boston, MA, USA), coupled with an ASX-520 autosampler.

A ChemBET Pulsar TPR/TPD instrument (Anton Paar, Ashland, VA, USA) equipped
with a TCD was used to perform Hp-TPR experiments. Approximately 25 mg of catalyst was
placed in a U-shaped quartz tube reactor and held in place with quartz wool. The sample
was heated from 50 °C to 450 °C at a heating rate of 5 °C-min~! under constant H, /Ar (1:9)
flow. Multipoint BET surface measurements were performed on a Quantachrome Autosorb
AS-1 instrument (Anton Paar, Ashland, VA, USA) at —196 °C. Prior to the analysis, the
samples were outgassed in vacuum at 200 °C for 4 h.

3.3. Reaction Kinetic Experimental Setup

A cylindrical stainless-steel FBR (70 mm L x 7 mm ID) was used to conduct the methanol
APR experiments. A 700 mg catalyst sample and an equal amount of glass beads were mixed
and loaded into the midsection of the reactor. Glass wool and wire mesh were inserted at
both ends of the reactor to avoid dragging the catalyst and glass beads with the product’s
and reactant’s flow. The reactor was placed vertically inside a temperature-controlled oven.
Figure 13 shows a schematic representation of the laboratory scale set-up used for this work.

1 HPLC pump

2| Temperature controlled oven

3 Fixed bed reactor

Gas-liquid separator
(eondenser)

Pressure sensor

Pressure regulator

Gas chromatography

Data acquisition system

Unreacted liquid reservoir

Figure 13. Schematic representation of methanol aqueous-phase reforming experimental set-up.

Before the methanol APR tests, Pt/ Al,O3 was reduced in situ at 300 °C for 2 h in a flow-
ing Hy /N, (1:1) atmosphere. Afterward, the reactor was purged with N gas (50 mL-min~1)
for 30 min to remove the adsorbed hydrogen. For this study, methanol APR activity tests
were performed at temperatures of 190 °C, 210 °C, and 230 °C, and pressures of 3.2 MPa,
4.0 MPa, 5.2 MPa, 5.5 MPa, and 6.0 MPa with N, co-feeding (sweep gas) at 30 mL-min .
Two different methanol aqueous solutions, 5 wt.% and 55 wt.% of methanol, were tested
under the above-mentioned experimental conditions. To keep the reaction in the liquid
phase, binary equilibrium plots for the methanol-water mixture were simulated using
Aspen Plus (Aspen Technology Software V37.0) (Wilson-Ideal equation property package).
These phase diagrams were obtained for the different methanol-water mixtures at various
operating temperatures.

The methanol aqueous solution was fed upwards using an HPLC pump (KNAUER
Smartline Manager 5050, Berlin, Germany) with a WHSV between 0.1 h~tand21.2h~!. The
output stream was cooled down in a condenser at ca. 0 °C to separate the liquid-phase and
gaseous-phase streams. The concentration of the gaseous-phase components was measured
with online gas chromatography (GC) (Shimadzu GC 2010 Plus, Kyoto, Japan) equipped
with two columns, Pora-Plot Q (Agilent, Santa Clara, CA, USA) and HP-Molesieve (Agilent),
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and a barrier ionization discharge detector (BID, Shimadzu, Kyoto, Japon). The catalytic
activity was evaluated in terms of methanol conversion (%) (Equation (7)), Hy production
rate (umol-min~1!- gcatalyst_l) (Equation (8)), CHy production rate (umol-min~? ‘gcatalyst_l)
(Equation (9)), and Hj selectivity (%) (Equation (10)).

nMeOH;, — nMeOHyt

Methanol conversion (%) = ( McOH,. ) x 100 (7)
H
H, production rate (umol'min_l-gcatalyst_l) = n(Ha) 8)
Meatalyst
H
CH4 production rate (umol-minfl-gcatalysfl) = m )
catalys
. n(Hp)
lectivit %) = 1 1
Selectivity Hydrogen (%) S GasProducise x 100 (10)

Herein, n denotes the molar flow rate, MeOHj,, means methanol in the inlet flow,
MeOH,ut means methanol in the outlet flow, and g1 is the mass of the catalyst in
grams. All values were obtained after achieving steady-state reaction conditions.

4. Conclusions

This work studies the effects of various operating conditions in methanol APR using a
commercial Pt/Al,O3. As expected, increasing operating temperature and residence time
were beneficial for APR performance. Methanol conversion was, however, below 5% while
using 55 wt.% methanol feedstock at 190 °C. Despite the low methanol conversion obtained
using high-methanol concentration feed (55 wt.%), the hydrogen production rate that was
achieved was high. As the operating pressure was increased beyond bubble point pressure,
methanol conversion dropped drastically due to the increase in mass transfer limitations.
However, increasing the operating pressure did not affect the hydrogen selectivity. It was
also concluded that alkane formation in APR also occurs due to parallel pathway reactions
in addition to hydrogenation of CO/CO, but at a minute level. Slight deactivation was
observed using 5 wt.% methanol feedstock after the long-term stability experiment due to
the alumina phase changing into boehmite and Pt sintering and leaching.

Nonetheless, APR has come up to be an encouraging technology for hydrogen produc-
tion. Several shortcomings of APR have been listed that should be researched to achieve
higher hydrogen production and increased catalyst stability.

Author Contributions: The contributions of the authors for the manuscript are the following: con-
ceptualization, A.M.; methodology, A.M.,, ].S., P.L. and PR,; investigation, P.L.; resources, A.M.;
writing—original draft preparation, P.L.; writing—review and editing, A.M., ].S., PR.,, WH. and ].T,;
supervision, A.M., ].S. and PR.; project administration, A.M. and P.R; funding acquisition, W.H. and
J.T. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by: (i) Fuel Cells and Hydrogen 2 Joint Undertaking (JU)
under grant agreement number 875081. The JU receives support from the European Union’s
Horizon 2020 research and innovation programme and Finland, Denmark, Sweden, Portugal;
(ii) H2Driven Green Agenda, number C644923817-00000037, investment project number 50, fi-
nanced by the Recovery and Resilience Plan (PRR) and by European Union—Next Generation
EU; and (iii) LEPABE, UIDB/00511 /2020 (DOI: 10.54499/UIDB/00511/2020) and UIDP/00511/2020
(DOI: 10.54499/UIDP/00511/2020) and ALiCE, LA /P/0045/2020 (DOI: 10.54499/LA /P /0045/2020).

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conlflicts of Interest: Authors Werneri Huhtinen and Johan Tallgren were employed by the company
VTT Technical Research Centre of Finland Ltd. The remaining authors declare that the research was
conducted in the absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.



Catalysts 2024, 14, 741 15 0f 17

Abbreviations

APR Aqueous-phase reforming

FBR Fixed-bed reactor

GC Gas chromatography

HPLC  High-performance liquid chromatography
MSR Methanol steam reforming

PR Production rate
TPD Temperature-programmed desorption
TPR Temperature-programmed reduction

WGS Water—gas shift
WHSV  Weight hourly space velocity
XRD X-ray diffraction
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