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Abstract

Furfural is a valuable oxygenated compound derived from the thermal decomposition of biomass, and is one of the major
problems of bio-oil upgrading. Due to its high reactivity, this compound requires further upgrading to more stable products such
as furfuryl alcohol, 2-methylfuran (MF), furan, 2-methyltetrahydrofuran, and tetrahydrofuran. The thermochemical data and
kinetic analysis of the reactions involved in the conversion of furfural were investigated by molecular modeling to guide
experimental investigations in the process of designing efficient catalysts that allows the control of the reaction pathways in
specific directions, towards the production of fuel precursors or chemicals. All calculations for reactants, intermediates, and
products were performed using the long range corrected functional WB97XD, with the basis set 6-311+g(d,p), under the density
functional theory framework. Thermochemistry results suggest that furfural hydrogenation to form furfuryl alcohol is spontane-
ous up to a temperature of 523 K, but beyond this temperature the reaction becomes a nonspontaneous process. By contrast, the
decarbonylation of furfural was thermodynamically favored at temperatures greater than 523 K. Therefore, furan is a thermo-
dynamically favored product, while furfuryl alcohol is kinetically preferred. Once furfuryl alcohol is formed, the hydrogenolysis
path to produce methylfuran is favored kinetically and thermodynamically, compared to the ring-hydrogenation towards
tetrahydrofurfuryl alcohol. Gas phase thermodynamic properties and rate constants of the reactions involved in the conversion
of furfural were calculated and compared against existing experimental data. This study provides the basis for further vapor phase
catalytic studies required for upgrading of furans/furfurals to value-added chemicals.
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Introduction

Furfural is an oxygenated compound obtained by the
acid-catalyzed dehydration of xylose, which is the main
building-block of the hemicellulose fraction. It is also
present in bio-oils produced from the fast pyrolysis of
biomass [1-3]. Furfural is highly reactive and tends to
polymerize, forming humins, which are responsible for
catalyst deactivation. Thus, the prestabilization of
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furfural into key intermediates such as furan compounds
(furan, 2-methylfuran, tetrahydrofuran) is required [1, 4].

The conversion of furfural involves different reaction path-
ways (see Scheme 1), such as hydrogenation, hydrogenolysis,
and decarbonylation. Each of these routes leads to the production
of fuel precursors (methylfuran, furan, methyltetrahydrofuran)
and value-added chemicals (furfuryl alcohol, tetrahydrofurfuryl
alcohol) that are conventionally obtained from petroleum-based
feedstock. Due to the several routes available for furfural conver-
sion, it is difficult to control the selectivity of the products.
Therefore, it is necessary to understand the effect of operating
conditions on the reaction pathways.

The hydrogenation of furfural leads to the formation of
furfuryl alcohol (FOL), which can be hydrogenated to pro-
duce tetrahydrofurfuryl alcohol (THFOL) or converted into
2-methylfuran (MF) and water via C—OH hydrogenolysis as
shown in Scheme 1 (Routes 3 and 1, respectively). The 2-
methylfuran formed can undergo additional hydrogenation
steps to generate methyl-tetrahydrofuran (MTHF). In the
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Scheme 1 Reaction pathways for the conversion of furfural in gas-phase.
DHFOL (4,5-Dihydrofuran-2-yl)-methanol, THFOL tetrahydrofurfuryl
alcohol, DHF 2,3-dihydrofuran, THF tetrahydrofuran, DHMF 2,3-
Dihydro-5-methylfuran, MTHF methyltetrahydrofuran

decarbonylation route (Route 2 in Scheme 1), furfural (FAL)
is converted into furan and CO. Furan can be subsequently
hydrogenated to produce tetrahydrofuran (THF).

From the point of view of fuel production, the
decarbonylation and overhydrogenation routes, which produce
THF and THFOL (Route 2 and 3 in Scheme 1) are not desirable,
since the first loses C in the process and the latter requires a high
hydrogen consumption and does not remove oxygen from the
molecule [5, 6]. However, the products and intermediates obtain-
ed from these routes (THF, THFOL, furan, and FOL) are value-
added chemicals that are commonly used as solvents and as
starting materials for polyurethane manufacture. Conversely,
the hydrogenation-hydrogenolysis route to produce MF is the
most desired reaction path, since it removes oxygen from the
molecule, keeping the C—C chain length, which is the major
challenge of the hydrodeoxygenation reaction. Additionally,
MF has been considered as a renewable fuel component for spark
ignition (SI) engines because it has good fuel properties such as
high octane number and low water solubility (RON =131 and
7 /L, respectively) [7, 8].
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Since the composition of a typical fuel consists of hydro-
carbons (C4—C;,) such as paraffins (alkanes), cycloalkanes
(naphthenes), and olefins (alkenes), oxygenated molecules
are not desirable in a fuel because low heating value (LHV)
decreases as the oxygen content increases. Neither hydroge-
nation (FAL to THFOL) nor decarbonylation (FAL to furan)
are desirable reaction pathways. While the former does not
remove O, the latter loses C in the process. For the above
reasons, the hydrogenation-hydrogenolysis route to MF (via
C—OH hydrogenolysis) is the most desirable.

Experimental results have shown that, at high temperatures
(503-573 K), noble-metal-based catalysts (Pd, Ru, and Pt)
highly promote the furfural decarbonylation route [9, 10],
while under mild reaction conditions (433—473 K), transition
metal based catalysts such as Cu, Ni, and Co promote the
furfural hydrogenation route [6]. Given the strong competition
between the furfural hydrogenation and decarbonylation, re-
cent studies on bimetallic catalysts have shown that it is pos-
sible to increase the selectivity to hydrogenation-
hydrogenolysis products, i.e., towards MF, by the formation
of alloys such as Ni-Fe and Cu-Co [5, 11]. It has been dem-
onstrated in a previous work [12] that the incorporation of Fe
onto a Pd/SiO, catalyst reduces the decarbonylation rate,
while increasing the selectivity to MF.

Considering the various possibilities for furfural conversion,
computational chemistry offers a useful alternative to improve
our understanding of the thermodynamic and kinetic feasibility
of these reactions. In addition, a detailed thermochemical study
can provide important molecular properties that are not readily
available for elementary reactions using experimental techniques,
e.g., activation enthalpies, rate constants, free energies, and reac-
tion enthalpies, etc., information that is expected to be important
for future development of efficient catalysts.

In this work, we carried out a computational study using
the reactions observed in Scheme 1 with the aim of comparing
these results with those obtained experimentally in a previous
work [12]. The thermochemistry and kinetics of these reac-
tions were evaluated. Accurate information on the energetics
of these processes is an important aspect in the design of more
efficient catalysts. To our knowledge, there are no previous
studies related to the thermochemistry and kinetics of furfural
reactions in gas-phase.

Computational methods

The reactions of furfural conversion in gas-phase were investi-
gated using density functional theory (DFT) with the 6-311+
g(d,p) basis set. To select an adequate level of theory, thermo-
dynamic information obtained with the B3LYP and WB97XD
functionals was compared with literature-reported values to
study the accuracy in predicting reaction enthalpies (AH), en-
tropy (AS), and Gibbs free energy (AG). Once an accurate
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level of theory was selected, geometry optimization and vibra-
tional frequency calculations were carried out for the ground
state multiplicity of each structure. The thermochemistry of all
reactions was calculated at various temperatures in the range
from 298 K to 573 K, keeping the pressure constant at 1 atm.
The first step of the calculations consisted of a full geom-
etry optimization of all structures involved in the reaction
pathways, such as reactants, intermediates, and products, with
a subsequent frequency analysis to make sure that there were
no imaginary eigenvalues and that each optimized structure
corresponds to a minimum on the potential energy surface. To
find the structures of the transition states (TS), the
Synchronous Transit-guided Quasi-Newton method was used.
Once the structure of the TS was found, an intrinsic reaction
coordinate (IRC) calculation was performed to confirm that
the TS structure connects to those of products and reactants.
All calculations presented in this paper were carried out using
the Gaussian 09 and Gauss View 5 software packages [13].

Results and discussion
Thermochemistry

The normal-mode vibrational frequency calculation is calcu-
lated at 7=298 K and P = 1 atm, with the same level of theory
used in the optimization. There is no sign of any imaginary
frequency in any structure, thus affirming that all structures
correspond to real minima on the potential energy surface. The
corresponding molecular structures optimized at WB97XD/
6-311+g(d,p) can be seen in Fig. 1.

Before calculating the thermodynamic properties involved in
all reactions, and to select an adequate level of theory, the reac-
tion enthalpy of FAL hydrogenation to FOL was calculated using
two different functionals and compared with values reported in
the literature. Specifically, B3SLYP and WB97XD functionals
were used, obtaining reaction enthalpies of —41.8 kJ mol ' and
—59.1 kJ mol " at 298 K, respectively. By comparing these
results with the experimentally reported value (—60.5 kJ mol ")
[14], it was noted that this reaction enthalpy was more similar to
the result obtained with the WB97XD functional. Therefore, the
WB97XD functional was selected to calculate the thermochem-
istry of all reactions shown in Scheme 1. A temperature range of
298 K to 573 K was considered to predict the thermochemical
data, including enthalpies, entropies, and free energies at 1 atm.
The results are listed in Table S1 of Supporting Information and
will be analyzed in the following sections.

Conversion of FAL to MTHF—route 1
The conversion of FAL to MTHF consists of four steps, as

shown in Scheme 1. The geometries of all TSs for this route
are shown in the Supporting Information.

The first step (I) of this route is the hydrogenation of FAL
to produce FOL. The values of AH in Table S1 indicate that
the hydrogenation of FAL to produce FOL is an exothermic
reaction in the overall temperature range.

Considering that the temperature dependence of AH and
AS is small, it is possible to describe the behavior of AG with
temperature by a linear function (see Fig. 2), which is a useful
approximation for the evaluated temperature range. In the case
of the FAL hydrogenation to FOL, it was observed that the
reaction spontaneity decreases at temperatures greater than
523 K (Fig. 2a). As seen in Table S1 the enthalpy and entropy
of the FAL hydrogenation reaction are negative within the
whole temperature range and, consequently, at high tempera-
tures (7> 523 K), the term —TAS becomes higher than the
AH term, making the reaction nonspontaneous. Consistent
with these results, the values of the equilibrium constant (In
Ky in Fig. 3 also indicated that the equilibrium shifts towards
reactants at 523 K. These results are in line with experimental
reports in which high reaction temperatures (>473 K) yield
furan as the main reaction product, decreasing the rate of hy-
drogenation [1]. Concluding this part, the hydrogenation of
FAL to produce FOL is an exergonic process that proceeds
spontaneously up to 523 K.

The second step (II) of this route is the hydrogenolysis of
FOL to produce MF with the elimination of one
water molecule. Contrary to the FAL hydrogenation to FOL,
this reaction is always spontaneous because the enthalpy of
the reaction is negative and the entropy positive in the entire
temperature range, as confirmed in the equation shown in Fig.
2a. In this case, the reaction is spontaneous in the forward
direction to form the products with the indicated values of
the equilibrium constant (see Table S3).

The next step of this route is MF hydrogenation, which
proceeds in two steps. In step (III), MF is hydrogenated to
produce DHMF, which is subsequently hydrogenated to pro-
duce MTHF in step (IV). The spontaneity of MF hydrogena-
tion to DHMF decreases with increasing temperature. In par-
ticular, at temperatures greater than 473 K the reaction is not
thermodynamically favored, probably due to a competition
between the furan ring-hydrogenation and ring-opening. As
in the hydrogenation of FAL to FOL, the values of AH and
AS are negative within the whole temperature range and,
therefore, at a temperature of 473 K the term —TAS becomes
higher than the AH term, making the reaction an endergonic
process. Consequently, at temperatures greater than 473 K, the
reaction will proceed spontancously in the reverse direction
(see values of the equilibrium constants in Fig. 3b).

Regarding the hydrogenation of DHMF to MTHEF, the re-
action is exergonic over the whole temperature range (see Fig.
2c¢) since it is a much more exothermic step than MF hydro-
genation to DHMF. It is worth mentioning that the activation
enthalpies for these hydrogenation steps are higher than those
obtained for FAL hydrogenation to FOL (Table S2), indicating
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that saturation of the furanic ring is a difficult task compared to
hydrogenation of the carbonyl group. This result is expected
because the furanyl ring of furfural is more stable than that of
the carbonyl group, thus only metals with strong affinities for
C=C bonds are employed to produce hydrogenated products
like MTHF, THFOL, and THF. In this context, noble metal
catalyst (e.g., Pt, Pd, Ru) have a remarkable selectivity to-
wards the hydrogenation of C=C double bonds, since the pre-
ferred adsorption of furfural is with the furanyl ring oriented
essentially parallel to the metal surface. Therefore, this con-
figuration makes the hydrogenation of the furan ring on the
metal surface readily possible, decreasing the energy barriers
and yielding the saturated compounds as the main reaction
products.

Conversion of FAL to THF—route 2

According to Scheme 1, furan and FOL are the primary products
from FAL decarbonylation and hydrogenation reactions, respec-
tively. The thermochemistry data obtained for the FAL hydroge-
nation to MTHF was analyzed above. This section is focused on
explaining the energetics of the conversion of FAL to THF. The
overall reaction consists of three steps, as shown in Scheme 1.
The decarbonylation of FAL to furan becomes a spontane-
ous process at temperatures greater than 523 K as observed in
Table S1. Positive and almost constant values of AH and AS
were obtained in the evaluated temperature range (298—
573 K) (see equation in Fig. 2a). Therefore, the term —TAS
becomes more negative as the reaction temperature increases,
leading to a negative Gibbs free energy when the temperature
is high enough. Since the FAL decarbonylation is an endother-
mic reaction, the increase in temperature must favor the for-
ward reaction, which is in agreement with the values of the
equilibrium constant (In Keq is greater than 1, at temperatures
greater than 523 K) in Fig. 3. This high endothermicity can be

0.0020 0.0024 0.0028 0.0032
1T (KT

1T (K™

rationalized by the energy required for C—C bond cleavage to
produce furan and CO.

Regarding activation enthalpies (see Table S2), FAL
decarbonylation to furan has a higher activation enthalpy than
FAL hydrogenation to FOL, which is expected as the first one
requires a C—C bond cleavage with the formation of CO. These
thermochemistry results are consistent with experimental reports.
For example, Pushkarev et al. [15] reported that, at high temper-
atures (550-600 K), the decarbonylation reaction dominates,
while at lower temperatures the hydrogenation activity increases,
yielding FOL as the main reaction product. Similarly, Benson
et al. [16] found that, at low temperatures (< 503 K), the yield of
FOL is higher, while at high temperatures (> 503 K) the
decarbonylation reaction dominates, producing more furan.

Once furan is formed, the molecule can undergo two addi-
tional hydrogenation steps to produce THF as is illustrated in
Scheme 1. Similarly to the hydrogenation of MF to DHMF,
the hydrogenation of furan to DHF (step II of the Route 2 in
Scheme 1) becomes an endergonic reaction at temperatures
greater than 473 K, and thus the reaction shifts towards the
reactants (see Fig. 3). By contrast, the hydrogenation of DHF
to THF is an exergonic process within the whole
temperature range. Thus, this reaction proceeds spontaneously
in the forward direction (see Fig. 2¢). Experimental and com-
putational studies have reported that, at high temperatures, the
furan hydrogenation starts to compete with the furan ring-
opening to form butanol [17], which may explain the decrease
in the spontaneity of the process with temperature.

On the other hand, the results in Table S2 show that the
hydrogenation of furan to DHF requires a higher activation en-
thalpy (378.9 kJ mol ") than the hydrogenation of DHF to THF
(353.0 kJ mol_l) and, consequently, the latter is kinetically fa-
vored. From an environmental point of view, the conversion of
FAL to MF is a more desirable pathway than the production of
furan, because MF has potential properties to be used as fuel
additive and the decarbonylation route produces CO [8, 18].
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Conversion of FAL to THFOL—route 3

The last evaluated route is the FAL hydrogenation to produce
tetrahydrofurfuryl alcohol (THFOL). This route is composed
of'three steps: the first is the hydrogenation of FAL to FOL, as
discussed above (Route 1). The next step is the hydrogenation
of FOL to produce DHFOL. This reaction is spontaneous
from 298 K to 473 K; above this temperature, the reaction is
nonspontaneous (AG > 0) since the term —TAS becomes pos-
itive and higher than the AH term. Along the same lines, the
equilibrium constant values (Fig. 3b) decrease with
temperature, suggesting a shift of equilibrium towards the
reactants. Additionally, experimental results have shown
that, at high temperatures, the conversion of FOL to 1,2-
pentanediol is preferred over FOL ring-hydrogenation [19].
It can be noted from Table S1 that the hydrogenation of FAL
to FOL is a spontaneous reaction up to 523 K, whereas the
hydrogenation of FOL to DHFOL is nonspontaneous at
523 K. Therefore, this second hydrogenation is not a thermo-
dynamically favored step because furanic ring aromaticity
makes the structure more stable.

The last step of this route is the hydrogenation of DHFOL
to THFOL. This reaction is spontaneous over the entire eval-
uated temperature range because the second hydrogenation
step is a more exothermic reaction, and therefore, the term
AH is always higher than the term —TAS.

By comparing the activation enthalpies in Table S2, it must be
noted that the hydrogenolysis of FOL to MF involves a lower
activation enthalpy (328.6 kJ mol ') than that for the FOL hy-
drogenation to DHFOL (374.9 kJ mol ). The reason for this is
that the furanic ring is a stable structure, and hence, it is easier to
break the C—-OH bond of FOL to form MF [5, 17]; the formation
of MF from FOL is then the more kinetically favored route.

The activation enthalpy for the hydrogenation of DHFOL to
THFOL is lower (357.3 kJ mol ") than that for the FOL hydro-
genation to DHFOL (374.9 kJ mol ). Consequently, the hydro-
genation of DHFOL to THFOL is kinetically favored.

The thermochemistry results obtained suggest that the hy-
drogenation of FAL to FOL is not thermodynamically favored
at temperatures greater than 523 K, while above this temper-
ature, the decarbonylation route becomes predominant.
Figure 2a shows clear evidence of these results, i.e., the hy-
drogenation of FAL to FOL has negative values of AGup to a
temperature of 523 K, but, above this temperature, the
decarbonylation reaction becomes an exergonic process mak-
ing furan the thermodynamically favored product.
Nevertheless, the values of activation enthalpy in Table S2,
suggest that FAL hydrogenation to FOL is more kinetically
favored than the decarbonylation pathway.

The thermochemistry results of the subsequent reaction steps
involved in the different routes show that hydrogenolysis of FOL
to produce MF is a more thermodynamically feasible route than
furan and FOL hydrogenation. Furthermore, the activation
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enthalpy required for the hydrogenolysis of FOL to MF is lower
than that needed for the hydrogenation of furan and FOL, which
leads to the production of DHF and DHFOL, respectively.
Bearing in mind these results, and knowing that MF is a desirable
fuel component, the hydrogenation-hydrogenolysis route of FAL
would be experimentally enhanced at intermediate temperatures
(373-473 K).

Contrasting computational with experimental results

Experimental results have shown that the conversion of FAL
over noble-metal-based catalysts yields furan as the main re-
action product, while over transition metals (e.g., Cu, Ni, and
Co) FOL is preferred [6, 10, 20]. This behavior is associated
with the electronic and structural properties of the catalysts,
which are highly affected by the d-band character of the sup-
ported metals.

On noble-metal-based catalyst surfaces (e.g., Pd and Pt)
FAL tends to form n*(C, O) surface intermediates, in which
both C and O atoms of the carbonyl group interact with the
metal. In the presence of hydrogen, this intermediate can be
hydrogenated to form FOL. However, when the temperature is
high enough, the n*(C, O) aldehyde may further convert into a
more stable acyl surface species, in which the C atom of the
carbonyl is strongly attached to the metal surface, leading to
the decarbonylation reaction. By contrast, on transition-metal-
based catalyst surfaces (e.g., Cuand Ag), FAL tends to adsorb
through the carbonyl group in a n'(O)-aldehyde configura-
tion, which leads to the formation of FOL [21, 22]. These
experimental results suggest that the FAL reaction pathways
depend not only on the operating conditions but also on the
catalyst properties (e.g., hydrogenating function, acid and ba-
se properties of the catalytic support, oxophilicty).

With the aim of contrasting the thermochemistry results
with previous experimental work performed at 523 K and
1 atm [12], the relative free energy and enthalpy profiles were
evaluated at these reaction conditions for each of the routes
showed in Scheme 1. The diagrams of relative free energy are
shown in Figs. 4, 5, and 6; while the relative enthalpy profiles
are shown in Figs. S1, S2, and S3.

In the previous experimental work [12], the gas-phase con-
version of FAL over monometallic Pd and bimetallic Pd-Fe
catalysts was studied at 523 K and 1 atm. It was found that the
decarbonylation reaction dominates, yielding furan as the
main reaction product. Interestingly, the rate of
decarbonylation was diminished by adding Fe to the Pd/
Si0; catalyst, which caused a change in the reaction kinetics.
This experimental work supports the thermochemistry data
described above, since the calculated free energy profiles
(Figs. 4 and 5), clearly suggest that the FAL decarbonylation
is more favored thermodynamically (—7.38 kJ mol ') than the
FAL hydrogenation (—0.15 kJ mol ). Similarly, Sitthisa et al.
[5] found that at 483 K, FOL is the main reaction product over
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Fig. 4 Relative free energies for
furfural conversion to
methyltetrahydrofuran. Route 1
(hydrogenation-hydrogenolysis
pathway) at 523 K and 1 atm
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Ni/SiO, catalyst, while, at higher temperatures, greater than
483 K, the decarbonylation becomes predominant, yielding
furan in a great extent.

Likewise, a series of experimental studies [1, 23, 24] reported
that the hydrogenation of FAL to FOL is favored at low reaction
temperatures (< 473 K), whereas at high temperatures, the hy-
drogenation and decarbonylation become competitive reactions.
These results are in agreement with the work by Sitthisa et al. [9],
in which at 503 K and 1 atm, the selectivity to furan and FOL
was the same (~45%) over a Cu/SiO, catalyst.

By comparing Figs. 5 and 6, it can be observed that the
hydrogenolysis of FOL to produce MF is more thermodynam-
ically favored than the furanic ring-hydrogenation to THFOL.
Consistent with these computational results, the experimental
findings of a previous work [12] showed that, over the bime-
tallic Pd-Fe catalyst, the selectivity of MF was always higher
than that obtained for THFOL. Furthermore, Sitthisa et al. [9]
found that the yield of MF increases with temperature, from
18% at 483 K to 38% at 523 K, in the gas-phase conversion of
FAL over Ni-Fe/SiO, catalyst.

Regarding the hydrogenation of MF and furan towards
MTHF and THEF, respectively, previous experimental works

Fig. 5 Relative free energies for
furfural conversion to
tetrahydrofuran. Route 2
(decarbonylation-hydrogenation
pathway) at 523 K and 1 atm

AG (kJ/mol)

[5, 6, 12] have reported that these are very difficult routes
since they usually require high hydrogen consumption and
long reaction times. For instance, Pino et al. [12] reported that,
on the monometallic Pd/SiO, catalyst, FAL is highly convert-
ed into furan and to a lesser extent, into THF.

Interestingly, the direct production of THF from FAL is
complicated, since the thermochemistry results in Table S1
suggest that the hydrogenation of furan to DHF is thermody-
namically favored at low temperatures (< 473 K), while FAL
decarbonylation to produce furan is favored at high tempera-
tures (> 473 K). Therefore, the formation of THF is favored
only at certain reaction conditions (e.g., by using hydrogen
donor solvents, bimetallic catalysts) [1, 25]. This behavior lies
in the fact that the conversion of furfural to furan liberates
carbon monoxide, which has a high heat of adsorption on
metal surfaces and therefore the hydrogen cannot be adsorbed
simultaneously [26].

Kinetic results

Rate constants (k) were calculated for all routes shown in
Scheme 1 by using the Eyring equation:

|*2 '

+ ' .

oL ! \
O " “\ o]

+ THF
-53.7
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Fig. 6 Relative free energies for
furfural conversion to
tetrahydrofurfuryl alcohol. Route
3 (hydrogenation pathway) at
523 K and 1 atm

AG(kJ/mol)
3

where kg is the Boltzmann constant, h is Planck’s constant, T
is temperature, AGY is activation free energy, and R is the
universal gas constant. Previous sections have already
discussed the values of the activation enthalpies for some of
the FAL conversion routes. This was done with the purpose of
contrasting the thermodynamic results with the kinetics.
However, in this section, the kinetic results will be discussed

—THFOL
-47.9

in more detail. The values of the rate constants for all reactions
at the temperature range 298—573 K are shown in Table S3.

Figure 7 shows the behavior of the kinetic rate constants
with temperature for the different steps involved in the gas-
phase conversion of furfural (see Scheme 1).

From Fig. 7 it is observed that the kinetic rate constants (k)
for all the evaluated reactions increase with temperature and
the Arrhenius plots yield straight lines. At low temperatures
(<473 K) the rate of the FAL hydrogenation is faster than the
decarbonylation, while at high temperatures (> 473 K),

Fig. 7 Temperature dependence = FAL to FOL " Eg:: :0 ’\D"EFOL
of calculated rate constants for the 40 e FALtoFuran -404 DHFC;)L 1o THFOL
conversion of furfural and
intermediates to value-added 60 -601
compounds ~ y = -35144.5x + 8.44 . -801 Y= 39492. 56 10.019
2 -80- ~
< < 100
c
-100 4 -
1201y = 42942 3x + 7.051
-120-4 y =-45667.5x + 27.601 140 y = 45057 4x + 8.33
0.0015 0.0020 0.0025 0.0030 0.0035 0.0015 0.0020 0.0025 0.0030 0.0035
1T (K )
(K 1T (K")
= Furanto DHF = MF to DHMF
= DHF to THF = DHMF to MTHF
40
-60 ~ y = -35752.4x + 8.017
’|: -80 y =-42424.3x + 19.88
2 ]
c -100 —
-120
1 y=-45406.9x + 8.21
-140
] y =-45541.3x + 8.71
-160 T T T T T T 1
0.0018 0.0024 0.0030 0.0036
1T (K
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decarbonylation begins to be predominant according to the
values of activation enthalpies in Table S2.

The rate constant for the FAL decarbonylation reaction is
on the order of 107> (s ") at 298 K, while at high temperature
(573 K), the same rate constant is on the order of 10 2° (s ')
(Table S4). As expected, this result indicates that the rate of
decarbonylation increases with temperature, which is in good
agreement with previous experimental results [12].

Kinetic analysis at 523 K showed that the FAL hydrogena-
tion is slightly faster (1.58 x 10> L molecule ' s ') than the
FAL decarbonylation (6.11 x 1072* s™"). Similarly, experi-
mental studies [6, 12, 27] have shown that at 523 K the FAL
hydrogenation strongly competes with the decarbonylation
reaction; hence, the catalyst properties would have an impor-
tant influence on the rate of these two reactions. For instance,
at 523 K, over Pd based-catalysts, the decarbonylation of FAL
is preferred over hydrogenation. By contrast, on the bimetallic
Pd-Fe catalyst, hydrogenolysis to produce MF becomes pre-
dominant. Hence, depending of the furfural-catalyst interac-
tion (types of adsorption), as well as the reaction conditions
(temperature, pressure, and solvent), one reaction route will be
more kinetically favored.

Table S4 shows that the hydrogenation of FAL to FOL
involves higher rate constants than those required for the hy-
drogenation of FOL to DHFOL and DHFOL to THFOL. This
can be explained by the fact that the FAL to FOL step needs a
lower activation enthalpy (292.4 kJ mol ') compared to FOL
to DHFOL (374.9 kJ mol ') and DHFOL to THFOL
(357.3 kJ mol™) steps. This means that, in contrast to the
hydrogenation of the carbonyl group, saturation of the furanic
ring is a difficult task, probably due to the furanic ring aroma-
ticity, which makes it more stable. Therefore, FOL will be the
kinetically and thermodynamically favored product.

In addition, the hydrogenation of FOL to THFOL exhibited
smaller rate constants than FOL hydrogenolysis, which means
that the latter is kinetically more feasible since it requires a
smaller activation enthalpy (around 328.6 kJ mol ") compared
to FOL hydrogenation to DHFOL (374.9 kJ mol !). This
computational result agrees with a similar experimental obser-
vation by Albilali et al. [28].

Finally, when analyzing the rate constants for the MF and
furan hydrogenation towards MTHF and THF, respectively,
they are similar at high temperatures, with MF hydrogenation
being the more kinetically feasible. Unlike the previous steps,
these ring-hydrogenation steps are not experimentally desir-
able since they require high hydrogen consumption and the
selectivity is usually quite low.

Conclusions

This work presents a detailed thermochemical and kinetic
study of the gas-phase conversion of FAL. The results suggest

that low temperatures (298-473 K) favor the hydrogenation of
FAL to FOL, while the rate of decarbonylation increases at
relatively higher temperatures (greater than 473 K). At 573 K,
the rate constant for FAL decarbonylation to produce furan
and CO becomes greater than that for the FAL hydrogenation
to FOL, which is consistent with experimental results.

The hydrogenolysis of FOL to MF requires lower activa-
tion enthalpy than the hydrogenation of FOL to THFOL. In
the overall temperature range studied (298-573 K) the
hydrogenolysis of FOL to MF was found to be thermodynam-
ically and kinetically favorable over the FOL hydrogenation.
The sequential hydrogenation steps of MF to MTHF showed
that the first hydrogenation step is not thermodynamically
favored at high temperatures (greater than 473 K), while the
second hydrogenation (DHMF to MTHF) is both kinetically
and thermodynamically favored in the evaluated
temperature range.

The temperature variations played a significant role in con-
trolling the thermodynamic and kinetic feasibility of the gas-
phase conversion of FAL. Therefore, the computations
discussed in the present work provide an initial basis to im-
prove our understanding on how it is possible to control the
operating conditions to promote a specific reaction pathway.
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