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Abstract: Hydrogen is an energy vector with a great potential due its ample range of applications
and clean combustion cycle. Hydrogen can be produced through biomass steam gasification, with
novel catalysts being of significant value to implement this process. With this goal in mind, in the
present study, 5 wt % Ni/γAl2O3 promoted with 0.25 wt % Ru was synthesized and characterized. It
is assumed that ruthenium facilitates hydrogen transfer to nickel oxide sites, promoting a hydrogen
spillover effect, with the H2 adsorbed on Ru being transported to Ni sites. To describe chemical
changes, the present study considers a kinetic model involving Langmuir–Hinshelwood-based rate
equations, as a sum of independent reactions, with this being applied to the steam gasification of
2-methoxy-4-methylphenol (2M4MP). This tar biomass surrogate was studied in a fluidized CREC
(Chemical Reactor Engineering Centre) Riser Simulator reactor, at different reaction times (5, 20
and 30 s.) and temperatures (550 ◦C, 600 ◦C and 650 ◦C). The proposed kinetics model was fitted
to the experimentally observed H2, CO2, CO, CH4 and H2O concentrations, with the estimated
pre-exponential factors and activation energies being in accordance with the reported literature data.
It is anticipated that the postulated model could be of significant value for the modeling of other
biomass conversion processes for hydrogen production using other supported catalysts.

Keywords: hydrogen; nickel; ruthenium; gasification; kinetic model

1. Introduction

Nowadays, the world’s energy supply greatly depends on the use of fossil fuels,
which are a finite resource. Extensive use of these fossil fuels is the origin of severe
environmental problems. Thus, the transition to other types of alternative energies is a
pressing issue. Biomass gasification is a viable option due the flexibility it has with handling
various biomass feedstocks. Biomass gasification leads to the production of synthesis gas
(H2 + CO), which can be used for energy production, in a CO2 overall emission neutral
process. Hydrogen has a wide range of applications. It has a very clean combustion cycle
and a calorific value of 120 MJ/kg, which is 2.7 greater than the one for gasoline [1].

Currently, one of the main challenges of biomass gasification is to achieve a high
biomass conversion into synthesis gas (H2 and CO), while avoiding the production of
unwanted tars. As an alternative, catalytic biomass gasification allows one to achieve these
goals with a significant reduction of tars.

The biomass used in small-scale gasifiers is frequently of the wood-derived waste-type,
which consists mainly of hemicellulose (12.7–23.2% w/w), cellulose (36.4–50.3% w/w) and
lignin (16.6–28.6% w/w) [2]. Of the three main biomass components, lignin produces the
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highest quantity of tars during steam gasification [3]. To be able to study tar catalytic
conversion, 2M4MP has been frequently selected as a tar surrogate molecule [4,5].

Ni-based catalysts have a high activity allowing the breaking of C–C, C–H, C–O and
O–H bonds, as well as allowing H atoms to form H2 molecules. Unfortunately, nickel-based
catalysts suffer from significant coke deposition, which blocks the active sites, decreasing
catalytic activity [6,7]. To address this issue, our team proposed in our previous studies [8]
a stable fluidizable Ni–Ru/γAl2O3 catalyst, active for the steam gasification of 2M4MP.
This fluidizable catalyst was characterized by our team, in terms of XRD, N2 adsorption–
desorption (BET, BJH), TPR, TPD and H2 chemisorption, as reported in a recent article [8].

This catalyst was evaluated in a fluidizable CREC riser simulator reactor. These stud-
ies reported that the Ru on Ni/γAl2O3, is suitable for lignin surrogate steam gasification,
displaying an 80% 2M4MP conversion, at 600 ◦C, with a significant reduction in coke forma-
tion, when compared to that of a Ni/γ-Al2O3 catalyst. It is worth mentioning that for all the
catalysts studied by our team [8], the H2, CO2 and CO molar fractions were above and the
methane fraction was below the thermodynamic equilibrium values. This finding was as-
signed to the significant role of the methane reforming reaction CH4 + H2O↔ CO + 3H2 ,
with methane being consumed, and H2 and CO2 molar fractions increasing

Concerning the development and implementation of biomass gasifier units, one can
mention that this requires a suitable kinetics [9]. In the present study, a kinetic model is
proposed, using data obtained during the gasification of 2M4MP, in a fluidized CREC riser
simulator, and while using the 5% Ni–0.25% Ru/γAl2O3 catalyst. With this end, a set of
three independent reactions are considered: water–gas shift, reforming with methane steam
and carbon gasification. The reaction rates are expressed using Langmuir–Hinshelwood-
based equations, which include adsorption parameters and intrinsic reaction constants.
The net reaction rates of formation and consumption of the chemical species are accounted
for as an algebraic addition of the independent reaction rates [2,4]. The kinetic parameters
(reaction kinetic constants, activation energies and pre-exponential factors) obtained are
estimated using experimental data at different temperatures (550 ◦C, 600 ◦C and 650 ◦C). It
is anticipated that the reported kinetic model provides the basis for an original and valuable
design of catalytic gasifiers of biomass waste.

2. Results and Discussion
2.1. Spillover Effect from TPR Analysis

The reducibility of Ni and Ru oxides crystallites is a most relevant property of the
prepared catalysts.

Ni and Ru reducibility can be assessed using temperature programmed reduction
(TPR) peaks, which reflect H2 consumption at various thermal levels.

Figure 1 reports the TPR profile of the Ni precursor salt, Ni(NO3)2, evaluated prior to
the impregnation of the support. Ni(NO3)2 TPR yields a broad peak, which can be used as
a reference for the comparison with the TPR of various nickel impregnated catalysts.

Figure 1 reports a broad TPR peak suggesting two close and overlapped TPR signals.
The first TPR peak is located at 285 ◦C and can be assigned to the thermal decomposition
of the Ni(NO3)2 as in Equation (1):

2Ni(NO3)2, (s)
∆→ 2NiO(s) + 4NO2,(g) + O2,(g) (1)

with the thermal conductivity detector (TCD) recording the NOx and O2 formed species.
The second TPR peak is positioned at 292 ◦C, with the TCD signals reflecting hydrogen

consumption given the Ni oxide reduction as per the following Equation (2),

NiO + H2 → Ni + H2O (2)
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Ni/γAl2O3, (b) Cat B: 5% Ni–0.25% Ru/γAl2O3, (c) Cat C: 5% Ni–0.5% Ru/γAl2O3, (d) Cat 
D: 5% Ni–1.0% Ru/γAl2O3. One can see that in the case of γAl2O3, there are no TPR rec-
orded peaks. Consequently, one can conclude that there are no reducible species available 
in the γAl2O3. 

Figure 1. TPR Peak for Ni(NO3)2. Note: the framed section of the TPR signal (right-hand side of the
figure) shows an enlarged view of the TPR peak’s top section.

Figure 2 reports the TPR profiles for the alumina support (straight dotted line), and
those for the monometallic Ni and bimetallic Ni-Ru catalysts as follows: (a) Cat A: 5%
Ni/γAl2O3, (b) Cat B: 5% Ni–0.25% Ru/γAl2O3, (c) Cat C: 5% Ni–0.5% Ru/γAl2O3, (d)
Cat D: 5% Ni–1.0% Ru/γAl2O3. One can see that in the case of γAl2O3, there are no
TPR recorded peaks. Consequently, one can conclude that there are no reducible species
available in the γAl2O3.
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Table 1 reports the decomposition temperatures of Ni(NO3)2, and the reduction tem-
peratures for several of the NiO and RuO3 prepared catalysts.
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Table 1. Decomposition temperatures of Ni(NO3)2 and reduction temperatures of NiO and RuO3.

Catalyst Decomposition Temperatures of
Ni(NO3)2 (◦C)

Reduction
Temperatures (◦C)

Ni Ru

Cat A: 5%Ni/γAl2O3 303 488 —
Cat B: 5%Ni-0.25%Ru/γAl2O3 268 400 245
Cat C: 5%Ni-0.5%Ru/γAl2O3 252 390 223
Cat D: 5%Ni-1.0%Ru/γAl2O3 248 380 210

In Figure 2a, for Cat A, one can observe two TPR peaks: (a) a first TPR peak at 303 ◦C,
which can be associated with the Ni(NO3)2 thermal decomposition and (b) a second TPR
peak at 488 ◦C, which can be attributed to the NiO reduction to Ni.

One can also notice that in Figure 2b–d, for the catalysts with added Ru, a new
TPR peak appears in the 210–245◦C range. This new TPR peak can be assigned to the
RuO3 reduction, with metallic Ru species being formed according to reaction 4 (Table 2).
One should also note that RuO3 is produced during the catalyst synthesis, following the
RuCl3•x H2O drying [10].

Table 2. Reactions to obtain Ni and Ru.

Reactions

Decomposition of nickel nitrate. 2Ni(NO3)2
∆→ 2NiO + 4NO2 + O2 (1)

Reduction of nickel oxide. NiO + H2 → Ni + H2O (2)

Formation of ruthenium oxide. 2RuCl3 + 3O2
∆→ 2RuO3 + 3Cl2 (3)

Reduction of ruthenium oxide. RuO3 + 3H2 → Ru + 3H2O (4)

Furthermore, when analyzing the TPRs for the catalysts with different Ru loadings
(0.25 wt %, 0.5 wt % and 1.0 wt %) and with 5 wt % Ni, it was observed, as reported in
Table 3, that there is an increase in the TPR hydrogen consumption as the Ru loadings
rise. The NiO and RuO3 reduction temperatures both gradually decrease at higher Ru, as
reported in Table 1. For instance, when 1 wt % Ru was added, the Ni(NO3)2 decomposition
temperature decreased from 303 ◦C to 248 ◦C and the NiO reduction temperature in turn
decreased from 488 ◦C to 380 ◦C. One should notice that by knowing the H2 consumed, one
can calculate the percentages of both Ni and Ru reduced metals, using the stoichiometries
reported in Table 2.

Table 3. NiO and RuO3 hydrogen consumption and reducible Ni and Ru fractions.

Catalysts H2 Consumption
(cm3/g STP) for NiO

Reducible Ni
(wt %)

H2 Consumption
(cm3/g STP) for RuO3

Reducible Ru
(wt %)

Cat A: 5% Ni/γAl2O3 7.73 2.02
Cat B: 5% Ni–0.25% Ru/γAl2O3 10.12 2.71 2.2 0.33
Cat C: 5% Ni–0.5% Ru/γAl2O3 12.07 3.16 3.21 0.48
Cat D: 5% Ni–1.0% Ru/γAl2O3 14.86 3.89 4.13 0.77

Note: all reported percentual fractions are based on the catalyst unit weight.

Thus, it appears that a Ru addition favors the hydrogen spillover effect with the
H2 chemisorbed on the Ru being transferred to the NiO sites. This hydrogen spillover
eases NiO reduction conditions and increases, as a result, the nickel reduction at lower
temperatures [11–13].

Figure 3 provides a schematic description of the hydrogen spillover effect, with the
following steps being hypothesized: (a) Step 1: H2 chemisorbs on RuO3, forming Ru
crystallites, with nitrate decomposing into O2g, NO2g and NiOs, (b) Step 2: H2 chemisorbed
hydrogen on Ru migrates to the NiO sites, (c) Step 3: H2 chemisorbed on NiO yields Ni
crystallite particles.
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chemisorbs on RuO3, forming Ru crystallites, (B) H2 chemisorbed on Ru migrates to the NiO sites,
(C) Reduced Ru and Ni crystallites are ready for gasification.

Regarding the spillover effect and its importance in the present study, it is observed
that the addition of Ru enhances consistently Ni reducibility, with the 0.25 wt % Ru (catalyst
B), 0.5 wt % Ru (catalyst C) and 1.0 wt % Ru (catalyst D). As shown in Table 3, catalysts B,
C and D yield 34%, 56% and 92% increased amounts of consumed hydrogen, versus the
TPR for catalyst A without Ru [13,14].

2.2. Experimental Gasification Results

Gasification runs in the CREC riser simulator with the GC system allowed us to
identify and quantify H2, CO, CO2, CH4, C and H2O as the main products, with aromatic
compounds detected in very low amounts [8].

Table 4 reports the various partial pressures of the main product species at the three
temperatures and five reaction times.

Table 4. Experimental partial pressures of the compounds obtained during the experiments with the
catalyst 5% Ni–0.25% Ru.

Time
(s)

Partial Pressure (atm)

550 ◦C 600 ◦C 650 ◦C

H2 CO CO2 CH4 H2O H2 CO CO2 CH4 H2O H2 CO CO2 CH4 H2O

5 0.24 0.27 0.6 0.27 1.42 0.46 0.33 0.36 0.21 1.51 0.63 0.42 0.43 0.23 1.59
10 0.42 0.21 0.62 0.21 1.38 0.7 0.29 0.47 0.2 1.4 0.78 0.42 0.44 0.2 1.52
15 0.46 0.2 0.65 0.15 1.33 0.8 0.28 0.53 0.18 1.3 0.85 0.4 0.45 0.17 1.37
20 0.49 0.17 0.67 0.13 1.29 0.9 0.27 0.53 0.15 1.25 1.09 0.37 0.57 0.14 1.34
30 0.49 0.09 0.73 0.12 1.25 0.97 0.24 0.59 0.14 1.17 1.2 0.35 0.59 0.13 1.31
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The experimental data obtained were used to validate a kinetic model and fit the
various kinetic parameters, as is shown in the upcoming section.

3. Model Development

The present study reports a kinetic model suitable for a 5% Ni–0.25% Ru/γAl2O3
(Table 4) catalyst. Biomass steam gasification can be described via a primary reaction
(Equations (5a,b)) and secondary reactions (Equations (7)–(12)).

These reactions transform biomass into permanent gases (CO, CO2 and H2), light
hydrocarbons (methane, ethylene), solid coke and undesirable tars.

CxHyOz + H2O heat→ H2 + CO + CO2 + H2O + CnH2m + C(S) + tars (5a)

The light CnH2m hydrocarbons can subsequently be transformed with steam into
synthesis gas:

CnH2m + nH2O → nCO + (n + m)H2 (5b)

The combination of Equations (5a,b) can be used to describe the 2M4MP gasification
as follows:

C8H10O2 + εH2O→ αH2 + βCO + γCO2 + δH2O + CH4 + ηC(S) (6)

with ε, α, β, γ, δ, ϕ and η representing the stoichiometric coefficients for the various
chemical species

Given the primary gasification reactions are essentially complete (100% 2M4MP conver-
sion) under the conditions of the present study, the product gas composition is determined
by the secondary reactions, as shown in Table 5:

Table 5. Secondary reactions of stem gasification of biomass.

Water Gas Shift (WGS) CO + H2O↔ H2 + CO2 (7)
Steam reforming of methane (SRM) CH4 + H2O↔ CO + 3H2 (8)
Dry reforming of methane (DRM) CH4 + CO2 ↔ 2CO + 2H2 (9)

Char gasificaton C(s) + H2O↔ H2 + CO (10)
Boudouard gasification C(s) + CO2 ↔ 2CO (11)

Hydrogenating gasification C(s) + 2H2 ↔ CH4 (12)
Note: C(s) represents a solid carbonaceous deposit which is referred to in the process industry as “coke”.

One can also notice that from these six possible reactions, only three are independent
as can be shown using the Gauss–Jordan method. On this basis, Equations (7), (8) and (10)
were selected as independent for further analysis.

Equations (6) and (10)–(12) involve coke formed and consumed. One should note
that with the Ru–Ni–γAl2O3 catalyst of the present study, the observed amount of coke
formed was negligible in all cases [8]. As a result, coke gasification, coke hydrogenation and
Boudouard gasification reactions were disregarded, and only two independent equations
reactions were considered (Equations (7) and (8)). In addition, given the negligible amounts
of coke formed with the developed catalyst, one can anticipate a catalyst operation without
catalyst deactivation by coke.

Thus, and on this basis, the overall reaction rate for each compound, ri, can be ex-
pressed as the algebraic addition of the rates of the two dominant independent reactions:
water gas shift (WGS) and steam reforming of methane (SRM) [2].

ri = ∑νj,irj = νWGS,irWGS + νSRM,irSRM (13)

where νj,i is the stoichiometric coefficient of species “i” in reaction “j” and rj is the “j”
reaction rate.
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In addition, and for each one of the reaction rates considered, a Langmuir–Hinshelwood
model can be adopted involving the adsorption constants of the various chemical species
involved [2,15,16] as,

ri =
kiKA

i pi(
1 + ∑n

j=1 KA
j pj

)m (14)

where, ri is the reaction rate of component “i” in mol/gcat s, ki is the kinetic constant of
the “i” component in mol/gcat s, KA

i is the equilibrium adsorption constant for the “i”
component in 1/bar and pi is the partial pressure of “i” component in bar. The term “n”
is the number of chemical species; “j” is a subscript used to denote each species in the
denominator term; “m” is the number of catalyst sites involved in the catalytic reaction.

3.1. Water–Gas Shift Mechanism

In the specific case of the water–gas shift reaction (Equation (7)), the chemical change
can be considered to involve a sequence of adsorption–surface reaction–desorption steps,
represented by the Equations (15)–(19):

CO + S↔ CO · S (15)

H2O + S↔ H2O · S (16)

CO·S + H2O·S↔ CO2·S + H2·S (17)

CO2 + S↔ CO2 · S (18)

H2·S↔ H2 + S (19)

At 550–650 ◦C, the adsorption or desorption steps can be considered at adsorption
equilibrium with the surface reaction as the controlling step, as reported in [17]. On this
basis a reaction rate model can be obtained as:

rWGS =
k′WGSpCOpH2O(

1 + KA
COpCO + KA

H2OpH2O + KA
H2

pH2
+ KA

CH4
pCH4

)2

(
1−

pCO2
pH2

KWGSpCOpH2O

)
(20)

For derivation details for Equation (20), refer to the Supplementary Material S1.

3.2. Methane Steam Reforming Mechanism

For steam methane reforming (Equation (8)), a sequence of adsorption–surface reaction–
desorption steps can be described as follows:

CH4 + S↔ CH4 · S (21)

H2O + S↔ H2O · S (22)

CH4 · S + H2O·S + 2S↔ 3H2 · S + CO · S (23)

3H2 · S↔ 3H2 + 3S (24)

CO · S↔ CO + S (25)

Considering again adsorption and desorption steps at equilibrium and the surface
reaction as the controlling step due analogous arguments to those of WGS reaction, a rate
expression for methane steam reforming can be obtained as:

rSRM =
k′SRMpCH4

pH2O(
1 + KCH4pCH4

+ KCO2pCO2
+ KA

H2OpH2O + KA
H2

pH2
+ KA

COpCO

)4

(
1−

pCOp3
H2

KSRMpCH4
pH2O

)
(26)
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Regarding Equation (26), its mechanistic basis can be obtained using a similar methodol-
ogy than the one for the water gas shift reaction as reported in the Supplementary Material S1.

3.3. Gasification in the CREC Riser Simulator

The CREC riser simulator reactor operates as an isothermal minifluidized batch reactor
with good mixing. This allows to postulate the following rate expression:

ri =
V
W

d
( pi

RT

)
dt

(27)

where V is the volume of the reactor, W is the weight of the catalysts in the reaction, T is
the temperature and R is the universal gas constant, and all of them are constants. Also,
using the Equations (14) and (27), it results,

dpi
dt

=

V
W

RTki
ipi(

1 + ∑n
j=1 KA

j pj

)m (28)

Previous studies of our research group show that the adsorptions of CH4, CO, H2
and H2O are negligible [12,18] with CO2 adsorption being the only phenomenon to be
considered [2].

Therefore, and for each one of the species under consideration, the following differen-
tial equations can be postulated:

dpH2

dt
=

W
V RTk′WGSpCOpH2O(

1 + KA
CO2

pCO2

)2

(
1−

pCO2
pH2

KWGSpCOpH2O

)

+3
W
V RTk′SRMpCH4

pH2O(
1 + KA

CO2
pCO2

)4

(
1−

pCOp3
H2

KSRMpCH4
pH2O

) (29)

dpCO
dt

= −
W
V RTk′WGSpCOpH2O(

1 + KA
CO2

pCO2

)2

(
1−

pCO2
pH2

KWGSpCOpH2O

)

+
W
V RTk′SRMpCH4

pH2O(
1 + KA

CO2
pCO2

)4

(
1−

pCOp3
H2

KSRMpCH4
pH2O

) (30)

dpCO2

dt
=

W
V RTk′WGSpCOpH2O(

1 + KA
CO2

pCO2

)2

(
1−

pCO2
pH2

KWGSpCOpH2O

)
(31)

dpCH4

dt
= −

W
V RTk′SRMpCH4

pH2O(
1 + KA

CO2
pCO2

)4

(
1−

pCOp3
H2

KSRMpCH4
pH2O

)
(32)

dpH2O
dt = −

W
V RTk′WGSpCOpH2O(

1 + KA
CO2

pCO2

)2

(
1−

pCO2
pH2

KWGSpCOpH2O

)

−
W
V RTk′SRMpCH4

pH2O(
1 + KA

CO2
pCO2

)4

(
1−

pCOp3
H2

KSRMpCH4
pH2O

) (33)
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3.4. CO2 Adsorption Constant

The CO2 adsorption constant was determined experimentally in the CREC riser simu-
lator reactor, in which adsorption studies can be performed and this is one of its advantages.
CO2 adsorption experiments were performed using the 5% Ni–0.25% Ru/γAl2O3 catalyst
measuring the amount of CO2 adsorbed. This was accomplished by injecting different CO2
volumes in the reactor CREC riser simulator unit at 500 ◦C, 550 ◦C, 600 ◦C and 650 ◦C.

Table 6 reports the adsorption parameters obtained for CO2 with the methodology
described in Supplementary Material S3.

Table 6. CO2 adsorption parameters with the catalyst 5% Ni–0.25% Ru/γAl2O3.

Parameter Value

K
◦
CO2

(1/atm) 0.49
∆Hads

CO2
(kJ/mol) −35.63

The results obtained are close to those reported by Mazumder et al. 2014, who obtained
adsorption parameters K

◦
CO2

and ∆Hads
CO2

of 0.5643 atm−1 and −20.97 kJ/mol, respectively,
with a 20% Ni–5% La2O3/γAl2O3 catalyst [18]; this indicates that CO2 adsorption is an
exothermic process due to the negative value of the enthalpy.

It is important to mention that once the CO2 adsorption parameters are calculated, they
can be used in the following step as set values, breaking in this manner the cross-correlation
between k′WGS and k′SRM constants and adsorption parameters.

3.5. Kinetic Parameters Calculations

Intrinsic kinetic parameters of the kinetic model, were estimated using 2-methoxy-4-
methylphenol, gasification experiments were performed using the 5% Ni-0.25%Ru/γAl2O3
catalyst, at 5, 10, 15, 20 and 30 s, reaction times and 550, 600 and 650 ◦C temperatures. The
Steam/2M4MP ratio was set at 1 g/g and the Catalyst/2M4MP ratio at 2.63 g/g. Each
experiment was performed at least in triplicate to ensure reproducibility. The various
experimental species partial pressures at 5 s, were used as initial values to solve the system
of differential equations.

The subroutine ODE45 was used to solve the model differential equations (Equations (29)–(33)),
using the fourth-order Runge–Kutta method at 600 ◦C. Then, the calculated species’ partial
pressures were fitted to the experimental data at different reaction times, to estimate k′WGS
and k′SRM kinetic constants, using the MATLAB integrated function LSQCURVEFIT (least
square curve fitting function) (Table 7).

Table 7. Estimated kinetic constants at 600 ◦C.

Kinetic Constants Value

k′WGS (mol gcat−1 s−1 atm−2) 4.5 × 10−4 ± 3.1 × 10−5

k′SRM (mol gcat−1 s−1 atm−2) 1.16 × 10−3 ± 2.3 × 10−4

Once the kWGS and kSRM kinetic parameters at 600 ◦C were calculated, the k
◦
i pre-

exponential factor and Ej activation energy for each relevant reaction were estimaed using
the Arrhenius expression centered at 600 ◦C:

k′j = k
◦
j exp

(
−

Ej

R

(
1
T
− 1

Tavg

))
(34)

where k′j is the rate constant, k
◦
i is a pre-exponential frequency factor and Ej is the activation

energy, for the “j” reaction. Therefore, by substituting Equation (34) into the differential
equations of the partial pressures (29)–(33), a system of equations as reported in -the
Supplementary Materials S2 for the intrinsic parameters can be obtained (B.1–B.5).
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Regarding the kinetic constants at 600 ◦C, in Table 7 they were used as initial guesses
for the pre-exponential factors to fit the model derived species partial pressure (differential
equations reported in the Supplementary Materials S2) to the experimental data from
Table 4. Furthermore for the activation energies, for the water-to-gas shift reaction (WGS)
and steam methane reforming (SRM) 30 and 70 kJ/mol respectively, were considered as initial
guess from typical technical literature [18]. One the other hand, for the pre-exponential factors,
the initial values were obtained from Arrhenius Equation (34), at 600 ◦C.

Thus, and on this basis the k
◦
i and Ei parameters were estimated using the Matlab

integrated function LSQCURVEFIT (least square curve fitting function) and the ODE45 sub-
routine which solves the differential equations (reported in the Supplementary Material S2),
using the fourth order Runge Kutta method at 550 ◦C, 600 ◦C and 650 ◦C.

Figure 4 shows the fitting of the equations reported in the Supplementary Material S2,
to the H2, CO, CO2, CH4 and H2O, experimental measured partial pressures.
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The four estimated intrinsic parameters
(

k
◦
WGS, k

◦
SRM , EWGS y ESRM

)
obtained in the

present study are reported in Table 8 and compared with values obtained in previous
studies by our research team (17,18), using glucose and 2-methoxy-4-methylphenol and
20% Ni/5% La2O3–γAl2O3 and 2.5% Ni–αAl2O3 catalysts.

Table 8. Estimated kinetic parameters in the steam gasification of 2-methoxy-4-methylphenol with
the catalyst 5% Ni–0.25% Ru/γAl2O3.

Parameters
Catalyst

5% Ni–0.25% Ru/γAl2O3

Mazumder et al. [18] *
20% Ni/5% La2O3-γAl2O3

Salaices et al. [19]
2.5% Ni–αAl2O3

Value 95% Confidence Intervals Value Value

k
◦
WGS

(mol gcat−1 s−1 bar−2)
4.1 × 10−4 ±2.3 × 10−5 6.1 × 10−5 1.0 × 10−6

EWGS
(kJ/mol) 20.2 ± 5.3 33.3 23.4

k
◦
SRM

(mol gcat−1 s−1 bar−2)
2.5 × 10−3 ±6.8 × 10−4 1.1 × 10−4 2.4 × 10−9

ESRM (kJ/mol) 63.9 ± 7.1 68.1 32.5

* Steam gasification of glucose.

Table 8 shows that the 5% Ni-0.25%Ru/γAl2O3 catalyst provides for the water gas
shift reaction significantly higher k

◦
WGS and k

◦
SRM values and this while compared to those

obtained by Mazmunder et al 2014 and Salaices et al 2011 [2,19]. Regarding the magnitude
of the activation energy for the water-gas shift, a value of 20.21 kJ/mol was estimated in the
present study, which is within the range of the activation energies reported in the literature
(17.5-26.6 kJ/mol) [20,21].

Table 8 also reports k
◦
SRM for steam methane reforming reaction with values larger

than those reported by Mazumder et al [18] and significantly bigger than those from
Salaices et al [19]. On the other hand, the activation energy value of 63.9 kJ/mol s obtained
which is close to the range reported in the literature (70-141 kJ/mol) [21–26].

In summary, while the activation energies for both water gas shift and methane
reforming are in the range reported in the literature [18,19], the catalyst of the present study
displays a larger energy of activation for methane reforming versus the water gas shift
reaction, favoring CO and H2 selectivities at higher temperatures of 650◦C.

Furthermore, the calculated kinetic parameters with narrow 95% confidence intervals
as reported in Table 8, also shows the adequacy of the proposed kinetic model as an
algebraic sum of water gas shift and methane steam reforming rates to describe the high
catalytic activity of the 5% Ni-0.25%Ru/γAl2O3 material.

4. Experimental Methods
4.1. Catalyst Preparation and Characterization

The catalysts of the present study were prepared using incipient wet impregnation. To
accomplish this, a γAl2O3 (Sasol Catalox SSCa5/200) fluidizable support was impregnated
with aqueous solutions containing both Ni and Ru. Impregnation was achieved by suc-
cessive γAl2O3 support wetting with Ni(NO3)2·6H2O (CAS 13,478-00-7) and with Sigma
Aldrich’s RuCl3 precursors. While the total nickel content was left at 5% w/w, Ru was
changed as follows: 0%, 0.25%, 0.5% and 1% w/w.

Following support impregnation, a fixed-bed quartz reactor was used for thermal
treatment of a set weight of, e.g., 1 g. To accomplish this, the catalyst precursor was dried
first at 120 ◦C under air flow. Then, the catalyst was reduced with a H2 gas blend as follows:
(a) using a 5 ◦C/min ramp from 120 ◦C to 250 ◦C, (b) keeping the temperature at 250 ◦C for
30 min, (c) increasing the temperature from 250 ◦C to 450 ◦C using a 5 ◦C/min ramp and
(d) keeping a 450 ◦C temperature during 5 h. Prior to every reaction run, a 90% Ar and 10%
H2 blend was contacted with the catalyst at 600 ◦C for an extra 25 min, to ensure the full
reduction of Ni and Ru species. Thus, both catalyst preparation and catalyst regeneration
conditions were specifically selected while keeping in mind the need to limit the catalyst
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exposure under air flow to 120 ◦C, preventing any Ru oxides losses by vaporization as
advised in [27].

4.2. Temperature Programmed Reduction (TPR)

TPR runs were conducted in a Micromeritics 2720 unit (Norcross, GA, USA) using
25–30 mg catalyst samples that were preheated first for line conditioning, under 50 mL/min
nitrogen flow for a 30 min period. Then, the temperature was increased up to 250 ◦C and
held for 30 min. This allowed the humidity removal of the catalyst sample’s moisture,
the sample holder and the connecting lines. Following this, a 10%H2/90%Ar blend at 50
mL/min flow rate was contacted with the catalyst with the temperature being increased
at a 10 ◦C/min rate until it reached 950 ◦C. The hydrogen uptake was recorded using a
thermal conductivity detector (TCD, Micromeritics, Norcross, GA, USA).

4.3. Biomass Gasification

Performance of the Ni–Ru supported in γAl2O3 catalyst samples was evaluated in a
CREC riser simulator, using 2-metoxy-4-methylphenol, at different conditions: (a) tempera-
tures: 550 ◦C, 600 ◦C and 650 ◦C; (b) steam/biomass ratio: 1.0; (c) times of reaction: 10, 15,
20, 30 and 40 s; (d) catalyst/biomass (Cat/2M4MP): 2.63. The reactor system was sealed,
leak-tested and heated at the selected reaction temperature with the catalyst sample being
in an argon atmosphere.

Prior to every experiment the CREC riser simulator turbine was set to “on”, and the
catalyst was fluidized as a result. The reagents were injected and the catalytic reactions were
carried out during a preset time under the selected conditions (temperature, initial pressure,
reaction time and fluidization velocity). Once the preset reaction time was reached, the
reaction products were evacuated and analyzed online using gas chromatography.

The GC system was equipped with a packed bed column (HaysSep® D) and a capillary
column (BPX5). The packed bed column was connected to a thermal conductivity detector
(TCD) while the capillary column was connected to a flame ionization detector. After the
reaction, the reactor was purged with the flow of He at 20 psia for 20 min.

4.4. CO2 Adsorption Constant

The same reactor was used to perform the CO2 adsorption runs using the 5% Ni–0.25%
Ru/γAl2O3 catalyst. To perform the adsorption experiments, the methodology proposed
in the literature [28] was used, where 0.5 g of catalyst were placed in the reactor, the
temperature was raised to 500 ◦C and different volumes of CO2 were injected at an initial
argon pressure close to 1 atmosphere. Additional details regarding the CO2 adsorption
experiments are provided in the Supplementary Materials S4.

5. Conclusions

• A 5% Ni–0.25% Ru/γAl2O3 fluidizable catalyst with intrinsic H2 spillover ability can
be successfully used for 2M4MP gasification.

• The performance of this 5% Ni–0.25% Ru/γAl2O3 catalyst can be described using a
comprehensive kinetics.

• This kinetic model can be set as the addition of water–gas shift and steam methane
reforming reactions.

• This postulated kinetics can be established neglecting char gasification given the
minimal amounts of coke-on-catalyst observed.

• The kinetic parameter estimations can benefit from the uncoupling of intrinsic kinetics
and CO2 adsorption, yielding parameters with narrow 95% confidence intervals and
low parameter cross-correlation.

• The energies of activation obtained are in line with those reported in the technical
literature, while the pre-exponential factors reflect the significantly enhanced activity
of the 5% Ni–0.25% Ru/γAl2O3 catalyst.
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catalyst 5%Ni-0.25%Ru/γAl2O3, Figure S2: Fitting of linearized CO2 adsorption isotherm to the
experimental data at different temperatures, for parameter estimation, Table S1: CO2 adsorption
constants at different temperatures and Table S2. Degree of coverage and partial pressure of CO2 at
different injected amounts of CO2.
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