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total oxidation, decomposition, dehydrogenation, steam reforming and acetaldehyde post-
reforming) was tuned to accurately describe ethanol/O, and ethanol/H,0 reacting systems.
© 2023 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

The study of Catalytic Partial Oxidation (CPO), Steam
Reforming (SR) and catalytic cracking of sustainable energy
vectors is of particular interest in the perspective of a future
H,-driven economy. Efforts are focused on the development of
efficient catalytic processes, able to convert liquid fuels and
H,-vectors into H,-rich streams. In this context, synthetic
green carriers (e.g. e-NH3) and biomass-derived fuels repre-
sent the most promising candidates for the distributed pro-
duction of zero- or low-C hydrogen.

The consolidated role of bioethanol in the transportation
sector makes it an interesting choice for stationary and on-
board applications, because of its abundant availability from
inedible biomass such as energy crops, agricultural or forest
waste and residues. In this view, some of the authors have
recently studied ethanol CPO and SR on Rh/Al,0; catalyst [1]:
the combination of catalytic testing, Raman spectroscopy,
operando FTIR and TPO analyses allowed to reveal the full
complexity of this reacting system, composed of multiple re-
action pathways; herein H, production routes are hindered by
the strong adsorption of surface C-species at temperatures
below 500 °C, but above this threshold surface reactions gain a
high temperature sensitivity and H, production becomes
highly selective.

Previous studies have addressed the development of het-
erogeneous kinetic schemes of ethanol partial oxidation or
steam reforming on noble metal-based catalysts like Rh/Al,O3,
that are preferred candidates for process intensification and
on-board applications due to their higher activity when
compared to transition metals; additionally, noble metals have
shown a higher resistance to C-deposition, a key property when
oxygenates are involved [2]. Vaidya et al. studied ethanol
reforming on a commercial Ru/Al,O;3 in a traditional fixed bed
reactor over a narrow temperature range (600—700 °C), esti-
mating an apparent activation energy of 96 kj/mol [3]. Gorke
and co-authors carried out their investigation on ethanol
reforming in a microreactor and were able to extend the tem-
perature window of analysis (350—660 °C) [4]; they used Rh/
Ce0,, a catalyst characterized by a low acidity that inhibited the
onset of coking. Graschinsky et al. showed that the rate-
determining step (RDS) of ethanol steam reforming on Rh(1%)
MgAl,04/Al,05 involves two sites of the same type [5].
Furthermore, it was seen that in the presence of O, co-feed,
oxidation reactions prevail in the inlet part of the reactor and
atlow temperatures [6]; as a general consequence, the increase
in oxygen-to-ethanol ratio in the feed lowers the selectivity to
H, and CO in favour of CO, [7]. An equivalent behaviour was
observed in Ref. [8], where a detailed reaction mechanism for
ethanol CPO on Pt—Rh supported catalysts is proposed.

Surprisingly, in-depth studies on the effect of C-poisoning
on ethanol reaction kinetics remain extremely scarce.

Moreover, literature studies do not account for the possible
ignition of homogeneous reactions, that can occur in the high
temperature range and can compete with catalytic pathways.

Several detailed homogenous kinetic mechanisms are
available in literature. Nowadays, it is recognized that the
information contained in detailed chemistry is necessary to
guarantee the accuracy of large-scale simulations [9]. Yet, it is
often not applicable “as such” in multidimensional simulation
tools due to the number of species to be transported. Most of
the CPU time in the integration of the ordinary differential
equations (ODEs) describing a reacting systems is spent in the
factorization of the associated Jacobian matrix [10]: the time
complexity of this step scales with n?, with n being the number
of equations, and p = 3 for several adopted algorithms [11]. For
this reason, mechanism reduction is a suitable approach to
facilitate practical simulations using realistic chemistry with
modern computational tools, as it reduces the number of
species to be transported, thus the resulting size of the
Jacobian.

Starting from this background, the main objective of the
present manuscript is to develop both a reduced homoge-
neous and a lumped heterogeneous kinetic scheme of the
ethanol conversion routes on Rh, thus setting the engineering
tools necessary for the design of catalytic reactors and the
development of ethanol-to-H, technologies. In view of a
dedicated modelling analysis for the optimization of H, pro-
duction from ethanol in an autothermal reformer (presently
ongoing), the necessity to combine the description of both
solid and gas phase reactivities appears essential, being the
latter of utmost importance in the typical operating temper-
atures of the fuel processor [12]. At this scope, an experi-
mental campaign in annular microreactor was focused on the
obtainment of kinetically relevant data in a wide operating
field.

Experimental methods
Catalyst preparation

Catalytic experiments were performed on 2 wt% Rh/a-Al,O3
catalysts, which were prepared following a procedure devel-
oped in previous works [13—15]. «-Al,O; powders were ob-
tained by calcining commercial y-Al,0; (SASOL PURALOX
SCFa 140 or SBa 200) in air at 1100 °C for 10 h; in this way, a
support stable at the operating temperatures typical of an
autothermal fuel processor (above 800 °C) was obtained.
Rhodium was added via incipient wetness impregnation,
using an aqueous solution of Rh(NOs); and then catalytic
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powders were dried in oven at 120 °C for 3 h. Superficial area of
8 m?/g and pore volume of 0.21 cm®/g were measured via BET
(TriStar Micrometrics 3000) and Hg-porosimetry (MicroActive
AutoPore V), while ICP-MS (X Series II by Thermo Fisher) and
H,-chemisorption (ThermoQuest TPD/R/01100) analyses
revealed a real Rh load on the support of 2.3 wt% and 30%
dispersion, respectively. Previous XRD and FESEM studies
exhibit the presence of Rh nanoparticles dispersed on Al,0O3
with a diameter in the range of 2—25 nm [1]; further analyses
on spent catalytic samples also confirm that these Rh particles
are not subjected to sintering in the explored operating con-
ditions, as shown in Supplementary Material S1.

A slurry was then prepared by dispersing catalytic Rh/a-
Al,O; powders in an acidic  solution (HNOs/
powder = 1.7 mmol/g, H,O/powder = 1.4 mL/g) and by a 24 h-
milling treatment, where zirconia balls were used [16]. For
testing in annular reactor, this slurry was deposited through a
dip-coating procedure around dense-alumina tubular sup-
ports (O.D. 3.96 mm, 35.5 cm length), in the form of
micrometric-thin layers. These alumina tubes present an
inner cavity (I.D. 1.98 mm) for the insertion of a thermocouple.
Washcoated tubes were subjected to a flash drying in air at
280 °C for 10 min.

Catalytic layers with different lengths (2—6 cm) and
washcoat mass (15—60 mg) were prepared and tested for the
present work. Before catalyst deposition, a boehmite primer
was deposited on the tubular supports to enhance the
adherence of the support.

Catalytic and gas-phase kinetic tests

Catalytic experiments were carried out using an annular
microreactor, obtained by inserting the catalyst-coated
alumina tubes into a quartz reactor with I.D. 5 mm. Homo-
geneous experiments were also performed by using bare
tubes. A tubular Carbolite oven was used to heat the quartz
reactor at the desired temperature. Details about this annular
microreactor configuration are given elsewhere [16—19].

Gases (Air, N,, H,) were fed with mass flow controllers
(Brooks), while a saturator with bubbling N, was used to feed
ethanol. For experiments with H,O co-feed, water was instead
synthesized in an upstream Pt/Al,05; reactor, by sending a
diluted mixture of H, (in 5% v/v excess) and stoichiometric O,.
Composition measurements of inlet and outlet mixtures were
carried out in an online micro-GC (Agilent Technologies, 3000
A), provided with two capillary columns (Molecular Sieve for
H,—0,—N,—CH4—CO, PoraPlotU for CO,-ethylene—H,.
O—acetaldehyde-ethanol) and TCD detectors.

The annular microreactor configuration has already
proven its suitability for the fundamental kinetic study of H,
production processes from several hydrocarbons (methane
[16,20], propane [21], propylene [22], octanes [23]) and
oxygenated fuels (formic acid [24], acetic acid [25]). Indeed, the
possibility to wuse high Gas Hourly Space Velocities
(GHSV = 10°-10° NL/kg../h) without pressure-loss allows to
explore a wide temperature window and to study intrinsically
fast processes, from low to very high temperatures.

Each Rh/Al, 05 coated tube was subjected to a conditioning
procedure before ethanol experiments, aiming to lead the
catalyst to a stable behaviour. The conditioning procedure,

consisting of repeated tests of CH, CPO, has been described in
a previous study [14].

All the ethanol experiments were run at atmospheric
pressure between 150 and 800 °C, following a stepwise tem-
perature increase (maximum 50 °C). At each temperature,
three composition measurements were collected and aver-
aged: moreover, temperature axial profiles were measured by
sliding a K-thermocouple inside the inner cavity of alumina
tubes, and the average temperature of the catalytic bed was
estimated. To illustrate the results in the present work,
composition measurements in terms of reactants conversion
and products molar fractions are plotted against the average
catalyst temperature.

Ethanol CPO experiments were run with inlet ethanol
concentration of 0.3—1.5% and O, concentration of 0.3—1.68%,
while using N, to balance and varying GHSV between 5-10°
and 2-10° NL/kg..v/h. Ethanol SR tests were carried out at
0.9—1.5-10° NL/kg../h, feeding 1.5% ethanol and 1-3% H,0.
Similarly, homogeneous ethanol oxidation tests were run
with 1%—1.5% ethanol and 0 or 1.68% O,, respectively; the total
inlet flowrate was varied in an interval (225—1354 NmL/min)
corresponding to the range of flowrate investigated in cata-
lytic experiments.

Mathematical methods
Thermodynamic calculations

Thermodynamic equilibrium calculations were performed at
constant temperature and pressure through the STANJAN
equilibrium code for the species C,HsOH, CH3CHO, C,H,, CHy,
0,, Ny, CO, CO,, H,, and H,0 [26]. Chemical equilibrium trends
were plotted in dot-dashed lines together with experimental
data in the following sections.

Reactor models

A quantitative analysis of the catalytic experimental results
was realized by means of a steady state 1D, heterogeneous
model of the annular reactor, whose governing equations,
boundary conditions and transport correlations are reported
in dimensionless form in Table 1. The model was broadly
discussed and applied in previous works [16,24]. Plug flow
mass balances are used for simulating the axial evolution of
reacting species in gas phase, while equations of continuity
at gas-solid interphase describe solid phase reactivity. Both
inter-phase and intra-phase mass transfer phenomena are
accounted for: a local Sherwood number is introduced to
consider inter-phase mass transfer resistances, while
generalized internal effectiveness factor for O, evaluates the
impact of intra-phase mass resistances. Molecular diffu-
sivity was approximated as binary diffusivity of each spe-
cies in N,, according to the Fuller-Shettler-Giddings
correlation [16].

The annular reactor model was successfully used in the
past for the kinetic study of H, production processes on Rh/
Al,03 and molecular schemes were developed for several fuels
(CHg4 [16,27], propane [21], propylene [22], octanes [23], formic
acid [24]). In the present work, the pre-existing C;-model
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Table 1 — Model equations of annular reactor.
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[16,21] was extended to describe ethanol catalytic partial
oxidation and steam reforming reactivity on Rh. Inheriting the
analysis of the involved chemical pathways carried out by
some of the authors in Ref. [1], kinetic dependencies were
studied in order to derive the rate laws able to fit a wide set of
experimental data.

Gas-phase reactivity was studied by performing simula-
tions using the constant pressure isothermal plug flow reactor
code of the OpenSMOKE++ framework [10]. A reactor length
of 10 cm (equivalent to an empty reactor volume of 0.7 cm?)
was assumed in calculations, corresponding to the isothermal
portion of the reactor where temperature profiles were
measured.

Development of a reduced homogeneous kinetic
model

The background on homogeneous chemistry of ethanol py-
rolysis and oxidation is reported by Ranzi et al. [28]. This
mechanism has been updated and is included in a compre-
hensive C;—C3 high temperature kinetic mechanism (named
“CRECK_2003_C1_C3_HT”), that was developed following a
hierarchical methodology: the core Cy—C, subset, including
ethanol, was taken from the ARAMCO mechanism of Metcalfe
et al. [29], while C; chemistry was taken from Burke et al. [30].
Thermodynamic properties were accounted for from the
database of Burcat and Ruscic [31]. The final mechanism in-
cludes 114 species and 1999 reactions, and it is available with
thermodynamic and transport properties [32].

In this work, the detailed mechanism has been reduced in
order to be flexibly applied to simulation of catalytic processes
operating under fuel rich oxidation conditions. To this pur-
pose, the methodology described in Ref. [33] was employed, as
incorporated in the DoctorSMOKE++ tool. The Directed Rela-
tion Graph with Error Propagation (DRGEP) [34] was thus
coupled to sensitivity analysis on species [35]. A maximum
10% error on ignition delay time was set as target of accuracy,
and 1D homogeneous reactors were used to sample reaction
states. The obtained skeletal mechanism included 51 species
and 613 reactions. This reduced mechanism was validated
against a wide range of existing experimental datasets (jet-
stirred reactors, flow reactors, ignition delay times and
laminar flame speeds) in order to test the accuracy of the
reduction method. Examples of the comparisons between
experimental data and model predictions with both the

complete and reduced mechanisms are
Supplementary Material S2.

As an example, Fig. 1 shows the effect of model reduction
in the simulation of the data by Alzueta et al. [36], who studied
the oxidation of ethanol in presence of H,0 in an atmospheric
laminar flow reactor in the temperature range 700—1500 K
(» = 1.13) [36].

The reduced model (solid lines) fully replicates the
response of the detailed model (dotted lines); both models
predict the conversion of ethanol satisfactorily, while under-
estimate the initial formation of CO and CO, and show a delay
of about 50 K. This reactor was simulated using a plug flow
model, i.e. neglecting the possible effect of diffusion on the
reactivity of the system. Adopting a plug flow model to
simulate a laminar reactor might lead to an underestimation
of the reactivity of the order of 25-75 K, as highlighted by
Stagni et al. [37] who compared a 2D CFD modelling with a
plug flow assumption for the oxidation of DME in a laminar
flow reactor. Such a complex modelling activity is outside the
scope of this work.

The reduced mechanism could be further reduced to 36
species and 400 reactions (available as supplementary mate-
rial in. zip package), focusing on the low pressure and high
dilution conditions of interest for the simulation of the pre-
sent catalytic and homogeneous tests.

reported in

Validation of the reduced homogeneous kinetic
scheme

The gas phase reactivity of ethanol/O,/N, mixtures was
studied by performing tests at 1.5% ethanol, 1.68% O, and N, to
balance, by varying inlet flowrate between 225 and 1334 Nml/
min in the temperature range 400—850 °C. This set of data
represents an additional validation of the homogeneous
reduced mechanism, already reported in the Supplementary
material S2.

Fig. 2 shows the experimental results (symbols) as well as
the predictions of the reduced (solid lines) versus complete
(dashed lines) homogeneous mechanism.

In the absence of the catalyst, ethanol conversion starts at
600 °C or even higher temperatures for shorter residence
times, thus excluding the influence of homogenous reactions
in the low temperature region in the conditions mostly
investigated experimentally.

The model predictions describe in a satisfactory way the
general trends and provide a key for the interpretation of re-
sults. According to the gas-phase mechanism (reaction path
analysis in Supplementary Material S3), ethanol is initially
consumed via H-abstraction reactions forming mostly the
secondary radical (CH;CHOH) which leads to the production of
acetaldehyde. The formation of the primary ethanol radical is
significant but less important, and leads to the formation of
ethylene. Finally, the alcoxy radical is formed in lower
amounts and supports the formation of CH,O. The role of
molecular dehydration of ethanol to form ethylene is quite
small in these conditions. The main homogeneous con-
sumption route of ethanol is thus the following: C,Hs
OH— CH3CHOH— CH3CHO— ... -»CO—CO,. Acetaldehyde is
the primary intermediate species, which at higher


https://doi.org/10.1016/j.ijhydene.2023.03.178
https://doi.org/10.1016/j.ijhydene.2023.03.178

26530

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 48 (2023) 26526—26540

1,4%10°2

) C,HOH
FANN )
1,2x10*4 W CO,
n
_1,0%10% AN
c
S i
= 8,0%10°
o
LiH]
© 6,0x10°% —=£=) - 1
= ~ |
4.0%107% A irx
2,0%107 - ‘
JWAN
0,0 PN I g
700 800 900 1000 1100 1200 1300 1400 1500
Temperature [°C]

Fig. 1 — Oxidation of ethanol in atmospheric flow reactor at A = 1.13 [36]. Comparison between experimental data (symbols),
complete model predictions (dotted lines) and 51 species reduced model predictions (solid lines).

temperatures is consumed to form CO and CHj (via acetyl
radical CH3CO). CO is subsequently oxidized to CO, by OH
radicals. Molecular hydrogen is formed by H-abstraction re-
actions of H radicals.

Experimental results show that H, and CO were mainly
formed at 700—750 °C, while minor amounts of CO,, and C,
species (ethane and ethylene) were also detected. At
decreasing flow rate, the conversion was progressively antic-
ipated and the production of all terminal species grew. The
observed trends of acetaldehyde confirmed the character of
intermediate species.

Notably, the model predictions tend to partly over-
estimate syngas production while the concentration of CO, is
underestimated. This has been interpreted as a residual
catalytic effect of the inner surfaces of the reactor. Despite of
these deviations, the agreement between experimental
measurements and the model predictions is in general
satisfactory, since the effect of both temperature and flow-
rate (i.e. residence time t in the reactor) is well predicted by
the model.

This achievement confirms the reliability of the skeletal
reduction process and allows for the extension of the experi-
mental database for ethanol oxidation and pyrolysis already
available in literature [38]; pyrolysis data and simulations are
provided in Supplementary Material S4. The comparison also
shows that the predictions of the complete and reduced
mechanisms are virtually identical, thus enabling the adop-
tion of the reduced mechanism in coupled homogeneous/
heterogeneous simulations of a catalytic reactor with a sig-
nificant reduction of the computational effort.

These results confirm that in a catalytic ethanol-to-H,
system, not only heterogeneous reactions, but also homoge-
neous oxidation and thermal cracking can play a role in the
formation of products at temperatures higher than 600 °C.

Development of a heterogenous kinetic scheme

The reactivity of ethanol on Rh/Al,0O; catalyst was described
by following the same lumped approach adopted for devel-
oping the kinetics of CH, [16], formic acid [24] and C,, hy-
drocarbons [21,22]. This consists of building a kinetic scheme
that incorporates all the stoichiometries that are necessary to
reproduce the speciation of the reacting system and formu-
lating for each reaction an analytic expression that reflects the
dominant kinetic dependences from gas-phase species. In this
way a subsystem is created, that can be coupled with existing
subsystems that cover the C;—Cg partial oxidation and steam
reforming systems [16,21,27]. The reaction rates of this macro-
kinetic scheme are expressed per unit mass of the catalyst Rh/
A1203 (gcat)'

Catalytic tests were performed to collect the necessary
data sets, build the kinetic model and fit the parameters.
While data and their analysis are discussed in the following,
the final scheme is reported in Table 2. It includes reactions
and rate expressions for oxidation and steam reforming of
ethanol, along the lines of the previous experience on hy-
drocarbons CPO over Rh-alumina catalyst; besides, it in-
corporates oxidative dehydrogenation, dehydrogenation and
decomposition reactions that are specific of the C,-alcohol.
The complete ethanol scheme includes as relevant subsystem
the pre-existing C; sub-scheme, comprising CH, total oxida-
tion and SR, WGS (modified by C-poisoning term) and rev-
WGS, H, and CO oxidation, whose rate expressions and pa-
rameters were maintained from the original sources [16].

As a consolidated procedure, tests of CH, CPO were used as
benchmark to evaluate the consistency between the pre-
existing C; kinetic scheme and the behaviour of newly pre-
pared catalytic reactors. An example of comparison between


https://doi.org/10.1016/j.ijhydene.2023.03.178
https://doi.org/10.1016/j.ijhydene.2023.03.178

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 48 (2023) 26526—26540

26531

0,025

20,020

C,H;OH

0,015

0,010+

Mole fraction

0,005

0,000

—

0,003

400 500 600 700 800

Temperature [°C]

0,002 -

0,001 -

Mole fraction [-]

0,000

co,

0,020

400 500 600 700 800

Temperature [°C]

0,015

0,010

Mole fraction [-]

0,005

0,000

co

-

400 500

600 700 800
Temperature [°C]

0,005
0,004
0,003

0,002

Mole fraction [-]

0,001

CH,

O
09960 =500 600 700 800

0,005

Temperature [°C]

0,004
0,003

0,002

Mole fraction [-]

0,001

0,000

400 500 600 700 800

Temperature [°C]

]
—_

n

9

Mole fraction [-]

]

Mole fraction [:

Mole fract
o

Mole fraction [-]

Mole fraction [-]

0,025

0,020

0,015

o

=

o
!

0,005+

0,000 ‘ ‘ .
400 500 600 700
Temperature [°C]
0,03 -

800

0,02

0,01+

0,00 ——=

400 500 600 700
Temperature [°C]

0,0125 H,
0,0100
0,0075
0,0050
0,0025

0,0000%—=

400 500 600 700
Temperature [°C]

800

0,004
CH,CHO

0,003

0,002

0,001 -

’

00 7 ? .
400 500 600 700
Temperature [°C]
0,0010

C.H
00008 2 °©

0,0006 =
0,0004

0,0002

0,00008—=

400 500 600 700
Temperature [°C]

800

Fig. 2 — Effect of flowrate on homogeneous ethanol oxidation. Experimental data (symbols), complete model predictions
(dashed lines) and 36 species reduced model predictions (solid lines) are reported. Operating conditions: C,HsOH = 1.5%,
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Table 2 — Reaction scheme of ethanol reactivity on Rh/Al,05.

Reaction

C,HsOH oxidative dehydrogenation
C2HsOH + 0.5 O, —» CH3CHO + H,0
C,HsOH dehydrogenation
C2HsOH— CH3CHO + Hj

ropu = RopH *Po,

Taen = Raer *Pc,H50H 00,

Rate equation [mol/(gcat s)] R [mol/(atm gea: 5)] Eqet [K}/mol]
3.97 x 107! 50
3.84 x 1072 40

C,HsOH total oxidation S kto-Po, 3.209 x 10% [22] 54 [22]
C,HsOH + 3 0, »2C0, + 3H,0 T = Po, \2
(1 1K 7>
Pc,us0m
C,HsOH decomposition rpec = Rpec - Pe,ns0H 00, 7.935 x 102 50
CyHsOH—CH, + CO + Hy
C,HsOH steam reforming B Rsre, i on “Peomson * (1 — nsp) 4% 102 90
C,HsOH + H,0<2CO + 4H, TSRCaHsOH = 1+ KePonon
Pu,0
CH3CHO steam reforming . . kSR,CHgCHO 'PCHgCHO o (1 = nSR) 1.2x 101 30
CH3CHO + H,02CO + 3H, Sl 14 KePeson
Pu,0
WGS Rwes Pr,0° (1 = wes) 6.831 x 1073 [21] 75 [21]
TWes = — @ p. . 0CO
CO + H,0-CO, + H, 1+Kc Pc,Hs0H
Pu,0
22/1 1 50/1 1 . . .
Where K; = 1.4 exp w\F T [22] and K¢ = 11.98 exp = F )l Temperature dependence of kinetic constants was expressed with a
0 0

modified Arrhenius form: k(T) = k(Tyef)eXp(—Eact /R(1 /T —1 /Ty)). Terms (1— n;) indicate equilibrium constraints, where 7; represents the ratio of

the experimental reaction quotient K,; and the thermodynamic equilibrium constant K,;. Coefficients ¢; are needed to account for the

extinction of the co-reactant: g; = P;/(P; +107°).

CH,4 CPO experimental results and model predictions is re-
ported in Supplementary Material S5.

Steam reforming

Tests of ethanol SR were carried out at 1.5% ethanol and
3-3.8% H,0 feed contents, at varying GHSV (0.9 and 1.5-10°
NL/kgcar/h). Experimental results are shown in Fig. 3, where
ethanol conversion and outlet molar fractions are plotted
against the average catalytic bed temperature.

The onset of ethanol conversion is seen at temperatures
higher than 500 °C, accompanied by H,O consumption. The
major products are CO and H,, and their molar fractions in-
crease with temperature while approaching equilibrium con-
centrations. In addition, CO, is also observed among products;
its production can be explained by the onset of the water gas
shift reaction. The stoichiometries of steam reforming and
WGS can thus explain most of the product composition. At
this stage, it is observed that traces of ethylene (maximum
500 ppm), acetaldehyde (maximum 250 ppm) and CH,
(maximum 400 ppm) are also detected among the products;
their formation is discussed below.

In a previous study [1], the reactivity of the ethanol/H,0
reacting system on Rh was analyzed by combined activity tests,
Raman spectra, operando FTIR and TPO measurements. Based
on these results, the high-temperature onset of the steam
reforming reaction (consistent with an apparent activation
energy as high as 180 kJ/mol) has been associated to the hin-
dering effect of adsorbed C, oxygenated species (including
acetaldehyde, acetates, ethoxy species). In turn, such species
are believed responsible for C—C coupling reactions eventually
leading to the formation of disordered and graphitic C-struc-
tures, visible by Raman. Consistently, TPO measurements on

spent catalysts allowed to quantify C-deposits and revealed the
co-presence of different types of structures, with diverse O-
content and interaction with catalytic surface. At higher tem-
perature, though, gasification reactions would consume such
species, favouring the full availability of the surface active sites.

This complex picture of C-poisoning can be rendered in
kinetic terms by assuming a dynamic equilibrium between
formation and consumption of surface C-species, such that
the rate of formation depends on the gas-phase concentration
of ethanol and the coverage of free sites ¢ (Eq. (1)):

rC—furmatiun = ka . PCgHgOH -0 (1)

and the rate of C-consumption depends on the gas-phase
concentration of H,O (the gasification medium) and the sur-
face coverage of C-species ¢ (Eq. (2)):

YC—consumption = kC.c 'PHZO ° 9c (2)

The beneficial effect of H,0 for Rh-based catalysts stability
in ethanol-to-H, processes is widely explained in the litera-
ture ([39,40]).

By assuming steady state conditions, and thus equalling
the rates of formation r¢_gymation and consumption r¢_consumptions
the following relationship is obtained between the coverage of
free sites and the coverage of C-poisoned sites (Eq. (3)):

0 kece

fc 7@.PCZHSOH 3)
Pu,0

By additionally assuming that C-poisoned sites are the
MAS]I, such that the site balance reduces to (Eq. (4)):

the following expression is obtained (Eq. (5)):
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-1
021_&:(“%) (5)
Py,0
where K¢ is the lumped parameter, corresponding to the ratio
between rate constant of formation k¢ and rate constant of
gasification of C-species kc,.

The rate expression of the forward steam reforming was
thus obtained by assuming that it is proportional to the partial
pressure of ethanol and the surface concentration of free
sites, which brings to the following Eq. (6):

TSR.CoHsOH = kSRCZHSOH “Pe,ngon (1= 0c) (1 - ngg) 6)

as reported in Table 2.

The term (1 —ngz) accounts for the approach to equilibrium
and conveys thermodynamic consistency.

Notably, the same phenomenology was observed in the
study of propylene steam reforming, where the same
formalism was successfully adopted [22]. Indeed it has been
verified that under the investigated operative conditions CO-
poisoning has not a relevant contribution, differently from
what was observed by some of the authors for a cleaner fuel as
methane [20].

The kinetic parameters of rate expression (Eq. (6)) were
adapted to the steam reforming data, accounting also for the
WGS reaction. An activation energy of 90 kJ/mol was esti-
mated for the intrinsic rate constant, a value that is compa-
rable with the estimated energy barriers for several fuels so far
studied and is considerably lower than the apparent activa-
tion energy that emerges when C-poisoning term is not
considered [1]. It results higher than the activation energy of
propylene, but very similar to that of CH, and propane SR
reactions [16,21,22].

Fig. 3 reports the comparison between model fit (solid
lines = incorporation of the heterogeneous scheme) and
experimental data, and a very satisfactory description of
system composition is observed.

It is also observed that, although not discussed in detail,
the model predictions account for a minor formation of CH,
and acetaldehyde in the very intermediate temperature region
where these trace species were observed. The simulations
were obtained by applying the entire kinetic scheme reported
in Table 2, thus including also the O-dependent reactions;
indeed, as explained in the experimental methods, the H,0
feed to the annular reactor was obtained by a dedicated up-
stream unit, consisting of Pt-containing packed bed reactor
fed by slightly over stoichiometric H,/O, mixtures. A minor
slip of O, (about 50 ppm) was detected by GC analysis from the
Ptreactor; by accounting for such small amount of O, in the SR
feed, a little contribution from oxidative reactions was pre-
dicted leading to the formation of CH, (via ethanol oxidative
decomposition) and  acetaldehyde (via  oxidative
dehydrogenation).

Fig. 3 also reports the simulations obtained by combining
the homogeneous and the heterogeneous scheme (dotted
lines = incorporation of both kinetic schemes). Apparently,
gas-phase reactions had a negligible impact; however, inter-
estingly, homogenous reactions can explain the very high
temperature formation of traces of acetaldehyde and

methane. Also traces of ethylene were predicted at high
temperature, although not detected in the reactor outlet.

As a further support to the SR kinetics, it is mentioned that
additional data of ethanol steam reforming were simulated,
including tests at lower H,0 content where C-poisoning was
emphasized and tests that were performed in rapidly
descending ramps from high temperatures, in the attempt to
contrast the formation of C-species. The additional experi-
mental results are reported in the Supplementary Material S6
together with the model predictions; a good agreement was
found, which is highly satisfactory when considering the
simplicity of the kinetic expression introduced.

Finally, it is worth emphasizing that, consistently with the
SR kinetics, a correction by surface C-poisoning was applied to
the water gas shift reaction (as shown in Table 2). Indeed, the
productivity of CO, herein observed was largely lower than
expected based on the original studies by Donazzi et al. [16]
and Pagani et al. [21]. Instead, as shown by the solid lines in
Fig. 3, a very satisfactory description was obtained by
assuming that the same hindering effect of C-forming re-
actions similarly reduces the available sites for the WGS re-
action, whose rate equation and intrinsic parameters were
maintained unchanged.

Catalytic partial oxidation

An extensive discussion on the multiple reaction pathways
observed in ethanol CPO has been addressed in Ref. [1], and is
here briefly summarized. Reference CPO data (with ethanol
and O, feed content of 1.5% and 1.68%, respectively, and GHSV
of 5 and 9-10° NL/kg../h) are reported in Fig. 4, in terms of
ethanol and oxygen conversion and molar fractions of the
reaction products. In the low temperature range (T < 200 °C)
ethanol oxidative dehydrogenation to acetaldehyde is
responsible for the initial conversion of reactants; the
remarkable feature revealed by the tests in annular reactor at
high space velocity is that this reaction extinguishes at
increasing temperature, since acetaldehyde concentration
and ethanol conversion pass through maxima.

Ethanol total oxidation to CO, and H,O and ethanol
oxidative decomposition to CHy, CO and H, are instead acti-
vated above 250 °C. As long as O, is present on the surface,
these species are subjected to post-oxidation reactions; CHy
formation likely contributes to the medium temperature
production of H, and CO, via consecutive steam reforming
(that according to our previous studies is active only if O, is
consumed [16]).

Still in the intermediate temperature range a secondary
formation of acetaldehyde is observed, likely associated to a
dehydrogenation route possibly occurring on the support.
Other experiments prove that the importance of this reactivity
is strictly related to the y-Al,0; batch utilized for catalyst
preparation; in this respect, Le Valant and co-workers in
Ref. [41] state that this reactivity is correlated to the basicity of
the support.

In line with ethanol SR experiments, the onset of ethanol
reforming (with important production of CO and H,, together
with ethanol and water consumption increase) is delayed at
temperatures higher than 500 °C. The two runs reported in
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Fig. 4 show that in the intermediate T-range, in between 300
and 500 °C, ethanol conversion presents a sort of “plateau-
like” behaviour which is in line with the hypothesis that once
0, is fully consumed, a C-poisoned regime similar to SR sys-
tem causes the delayed ignition of ethanol reforming. At the
maximum temperature of 775 °C — for the highest GHSV of
9-10° NL/kg..v/h — the observed C selectivity to CO and H
selectivity to H, are around 78%, with a total ethanol conver-
sion of 100%.

All these stoichiometries were incorporated in the kinetic
scheme of Table 2 and kinetic dependences were formulated
based on an extensive experimental campaign of ethanol CPO
tests at varying feed composition and space velocity
(Supplementary Material S7). Similarly to steam reforming,
the proposed rate expressions respect the analogy with the
kinetics of other fuels studied in the past as well as the search
for simple analytic expressions.

The kinetics of the low temperature oxidative dehydroge-
nation to acetaldehyde and water was described by assuming
a direct dependence on the gas-phase concentration of O,.
Indeed, on the one side this unique route is observed only in
0, co-feed tests, on the other side the “extinction” above
200 °C can be explained by the rapid depletion of O,, due to the
onset of deep oxidation. The following kinetic expression has
been introduced to describe acetaldehyde “peak” (Eq. (7)):

Topu = Ropw * P, 0, ?)

where itis assumed that ethanol oxidative dehydrogenation is
not impacted by ethanol concentration, which presumably
reaches a saturation value on the surface, but rather by O,
partial pressure.

The key role of surface O, availability on oxidative dehy-
drogenation reaction together with the limited influence of
GHSV on acetaldehyde production suggest that the reaction is
associated with a specific nature of adsorbed oxygen, possibly
undissociated Rh—0,, from which RhO* sites (typically
involved in the deep oxidation activity) originate. Such Rh—0,
sites might be present on the catalytic surface in limited
amount (e.g. on Rh/support interface) and characterized by a
vivid H-abstraction activity. It is also suggested that ethanol
oxidative dehydrogenation requires the vicinal interaction of
both O, and ethanol molecules on the surface, i.e. the pres-
ence of vicinal Rh—0, and C,HsOH*.

By virtue of the similar consumption trend of ethanol
compared to propylene, the same reaction rate expression
was chosen to describe ethanol total oxidation over Rh cata-
lysts, here reported in Eq. (8) [22]:

kro P,
fro— 10 Poz ; ()

._Pop
<1 +K Pczxgszoz-i)

A negative dependence on O, and a second order dependence
on the fuel partial pressure were thus assumed. In analogy
with the case of propylene, the macro-kinetic dependencies in
Eqg. (8) can be estimated by assuming a kinetic regime similar
to the one proposed by Iglesia and co-authors in Refs. [42—44]:
the rate determining step in the activation of the fuel is
assumed as the dissociative adsorption on the pair Rh—RhO*
sites, being the adsorbed molecular oxygen irreversibly
dissociated into atomic O*; due to the very high reactivity of

the fuel, the surface concentration of O* species would result
from the dynamic equilibrium between O, adsorption and
surface oxygen consumption by deep oxidation. Indeed, the
pre-exponential factor and the activation energy of kro, the
parameter representative of O, activation, were kept equal to
the values proposed in Ref. [22], with a pre-exponential factor
of 32.1 mol/(atm- g.a -S) at 873 K and an activation energy of
54 kJ/mol. The global parameter K; at the denominator is
instead the ratio between kyo and the rate constant of O*
consumption. Also the parameters for the evaluation of this
term were mantained the same as those of propylene [22],
showing to be more dependent on the process of O, activation
rather than the fuel nature.

In order to account for the formation of methane observed
in the intermediate temperature range, a catalytic decompo-
sition of ethanol was introduced. As shown in the proposed
reaction rate for decomposition (Eq (9)), a simple first order
dependence on fuel partial pressure was chosen.

Tpec = Rpec - P C,HsOH " 002 (9)

A value of activation energy of 50 kJ/mol was estimated, as
reported in Table 2. This reaction route was also observed by
A. Cifuentes et al. [45] in the low temperature range over
Rh—Pd/CeO, catalyst, where a higher activation energy was
evaluated (87 kJ/mol). Plots of methane concentration in Fig. 4
show a trend through a maximum peak: C—C bond breaking to
methane rate becomes null when oxygen is fully consumed in
the system, thus a term oo, was introduced to guarantee a
numerical dependence on O, partial pressure. In fact, ethanol
decomposition to methane was identified as a more intensive
phenomenon with O, in the reacting mixture, while the pro-
duction of methane was observed in trace amounts in the
steam reforming tests. Indeed, as shown in Ref. [1], operando IR
analyses in ethanol CPO clearly showed the C—C bond cleav-
age is significantly more favoured in the presence of O, co-
feed rather than H,O co-feed. The presence of a maximum
of methane concentration at increasing temperature can be
partly explained also by the onset of consecutive reactions
(namely oxidation and steam reforming); this is the reason
why the ethanol scheme needs a close integration with the C;-
scheme, which also involves all the reactions related to the
syngas chemistry (water gas shift, reverse water gas shift,
methanation), all of them described by reversible rate equa-
tions to respect the thermodynamic consistency.

Also a minor formation of acetaldehyde was observed in
the middle temperatures range, whose formation was
accounted for through a dehydrogenation reaction of ethanol.
Data analysis showed a dependence on ethanol inlet partial
pressure (Supplementary Material S7), thus leading to the re-
action rate expression reported in the following Eq. (10), where
a simple first order dependence on ethanol partial pressure is
proposed:

Tdert = Raent -Pc,ns01" 00, (10)

Differently from the low-temperature formation of acet-
aldehyde, the bulk of experiments seems to suggest that this
secondary contribution of formation is more influenced by the
residual concentration of ethanol. As already discussed for
decomposition reaction, oo, term was introduced to make the
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reactivity null when oxygen is completely depleted. Indeed,
ethanol SR experiments showed that ethanol dehydrogena-
tion is not significantly active in the absence of O,.
High-temperature behaviour of ethanolin CPO is explained
by the onset of ethanol steam reforming, which justifies the
observed consumption of H,O and residual ethanol. The
ethanol reforming reactivity previously presented was hence
introduced in the complete kinetic scheme for ethanol CPO,
maintaining the same rate expression with C-poisoning.
Indeed, as in the case of ethanol SR system, also in CPO the
onset of reforming takes place at temperatures much higher
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than O, consumption. An equivalent state of surface cover-
ages is then expected for both ethanol CPO and SR [24].

In analogy with ethanol steam reforming kinetic, a reaction
of acetaldehyde steam reforming was introduced (Eq. (11)):

kSRCH3CHO~P ciscro (1 — nsp)

1+

(11)

TSR CH;CHO = Ke Peygon

Phoo

All the newly introduced kinetic parameters were estimated
by fitting the whole population of SR and CPO data. Figs. 3 and 4
show the satisfactory description obtained by the model in
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solid lines. Further experimental data and model simulations
are reported in Supplementary Material S6 and S7.

Similarly to the case of SR, also the CPO data were simulated
with and without inclusion of the homogeneous scheme; no
appreciable contribution from the thermal conversion of
ethanol was appreciated, and for this reason homo/heteroge-
neous model predictions were not reported in the plots. Indeed,
even if in the validation of the reduced homogeneous scheme it
was shown a role of gas phase reactions above 600 °C, in the
presence of the catalytic phase they are significantly hindered
because of the fast oxygen depletion.

Micro-reactor analysis

Integral performances were so far discussed and fitted with the
model; in order to fully appreciate the interconnection of
ethanol conversion routes and the implications on the final
reactor performance, the reactor and kinetic model can be also
used to visualize the axial evolution of species molar fractions,
as presented in Fig. 5, where model simulations of ethanol CPO
are shown. These profiles are shown for three temperatures
that capture different reaction regimes and ethanol conversion
values (Fig. 5A). At 275 °C ethanol conversion reaches a local
maximum: ethanol reacts along the axis together with O, and
the products that evolve are acetaldehyde, H,0 and CO,, cor-
responding to the stoichiometry of oxidative dehydrogenation,
whose integral rate is expected to be maximal here, and of total
oxidation (Fig. 5B). The kinetic dependences are such that
acetaldehyde tends to flatten across the bed, while oxygen is
being consumed. Water is here the most abundant reaction
product. In Fig. 5C, at 400 °C, the full onset of deep oxidation is
depicted and total oxidation prevails over other reactions. The
conversion of O, (the limiting reactant) and ethanol is
concentrated at the bed entrance and the products reach a
plateau, while other oxidative reactions lead to acetaldehyde,
CH,, CO, and H, which evolve in small amounts from the
catalytic surface in the gas-phase (Fig. 5D). High temperatures
are needed to boost the gasification of adsorbed C-species and
the consecutive promotion of steam reforming. Indeed, at
700 °C (Fig. 5E/F) ethanol reaches complete conversion, water
concentration passes through a maximum and H, concentra-
tion grows along the axial coordinate, being the most impor-
tant reaction product at the reactor outlet.

The reactor operation at high temperature emerges thus as
the unique solution for the production of H,-rich streams in
real fuel processors. Still, intermediate regimes can be passed
through during dynamic operations of the reactor (e.g. light-
off, shut-down) that might be of importance especially in
the case of distributed, small-scale H, production units. The
availability of engineering models able to describe the evolu-
tion of the reaction system and the product speciation at
varying conditions is of the utmost importance for properly
designing the reactor and the operation strategies.

Conclusions

This work focuses on the development of an engineering tool
that captures all the relevant features of ethanol partial

oxidation and steam reforming reacting systems: a combined
homogeneous-heterogeneous kinetic scheme has been devel-
oped and validated against experimental data, informative of
the catalytic and thermal activation of the C,-alcohol.

Gas-phase reactions can affect the product distribution at
temperatures higher than 600 °C, but are strongly dependent
on the concentration of O,. In the presence of the catalytic
phase, where O, is typically consumed by fast oxidation re-
actions, the possible coexistence of gas-phase reaction is
limited to very high temperatures. The study presents a
reduced homogeneous scheme, based on 36 reacting species,
thus a very flexible tool that can reproduce the observed
trends with a limited computational load.

The catalytic activation of ethanol covers instead a very
broad temperature window. The dominant catalytic routes
pass from selective oxidation to acetaldehyde below 200 °C to
deep oxidation and oxygen-assisted decomposition above
250 °C, while the onset of ethanol steam reforming is observed
above 500 °C. Based on the kinetic tests herein collected and
the previous spectroscopic investigations, the hindering effect
of ethanol adsorption on the catalyst and surface C-formation
has been introduced in the model. This C-poisoning factor
mitigates with increasing temperature and concentration of
H,0, and this justifies the remarkable apparent activation
energy of ethanol steam reforming.

The heterogeneous macro-kinetic scheme herein proposed
consists of six molecular reactions that, combined with the
previously developed C;-subsystem (CH, oxidation and steam
reforming, water gas shift and reverse water gas shift, CO and
H, consecutive oxidations) and the homogeneous reduced
scheme, can describe with a high level of accuracy the
ethanol/O, and ethanol/H,0 reacting systems.
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Notation
Cror total concentration (mol m )
dy hydraulic diameter (m)
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molecular diffusivity of species i (m? s™%)
molar flow of species i (mol s7%)
dimensionless molar flow of species i F; =
total inlet molar flow (mol s™)

total molar flow (mol s7%

mass transfer coefficient of species i (m s}
catalyst weight (g)

Péclet number Pe,,; = ReSc;

partial pressure of species i (atm)

Rate of reaction j (mol s~ * gc2%)

Reynolds number Re = @

external radius of annular section (m)
internal radius of annular section (m)
geometrical surface area of the catalyst (m?)
Schmidt number of species i S¢; = §

local Sherwood number of species i Shy,c; =
bulk molar fraction of species i

wall molar fraction of species i

axial coordinate

dimensionless axial coordinate z* = %

Fi
0
FTOT

Keidn
Dy

Greek symbols

oL
Vi
VLJ
0
P

thickness of the catalytic layer (m)

cinematic viscosity of species i (m? s~%
stoichiometric coefficient of speciesiin the j reaction
Limiting factor for species i o; = Py/(P;4+107°)
generalized Thiele modulus of species i
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