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Abstract: Liquid organic hydrogen carriers (LOHCs) are an interesting alternative for hydrogen
storage as the method is based on the reversibility of hydrogenation and dehydrogenation reactions
to produce liquid and safe components at room temperature. As hydrogen storage involves a large
amount of hydrogen and pure compounds, the design of a three-phase reactor requires the study of
gas and liquid-phase kinetics. The gas-phase hydrogenation kinetics of LOHC y-butyrolactone/1,4-
butanediol on a copper-zinc catalyst are investigated here. The experiments were performed with
data, taken from the literature, in the temperature and pressure ranges 200-240 °C and 25-35 bar,
respectively, for a Hj /y-butyrolactone molar ratio at the reactor inlet of about 90. The best kinetic law
takes into account the thermodynamic chemical equilibrium, is based on the associative hydrogen
adsorption and is able to simulate temperature and pressure effects. For this model, the confidence
intervals are at most 28% for the pre-exponential factors and 4% for the activation energies. Finally,
this model will be included in a larger reactor model in order to evaluate the selectivity of the
reactions, which may differ depending on whether the reaction takes place in the liquid or gas phase.

Keywords: LOHC; hydrogen storage; kinetics; hydrogenation; y-butyrolactone; 1,4-butanediol

1. Introduction

The threat of climate change as well as geopolitical tensions are gradually reducing
or even prohibiting the use of fossil fuels. Hydrogen, produced from renewable energy
sources, is widely studied as a replacement [1]. Among the hydrogen storage technologies,
the most mature are compression or liquefaction and one of the most studied is physisorp-
tion. However, they have drawbacks regarding safety, due to high compression pressures
and the risk of leakage and evaporation of flammable hydrogen [2-4]. With regard to
chemical storage of hydrogen in carrier molecules, this technology can involve a wide
variety of chemical reactions and storage solutions. The most common ways involve power-
to-X systems, by CO; and/or N, hydrogenation to fuels capable of being stored under
reasonable conditions over extended periods [1]. However, these systems often lack in re-
versibility because hydrogen is hardly retrieved [1,5]. Another solution consists in binding
hydrogen to metals under a solid state [6]. Anyway, the most promising solutions in terms
of hydrogen gravimetric density are currently not reversible and the reversible ones are
limited in terms of hydrogen content. Another way is the use of a liquid organic hydrogen
carrier (LOHC), which involves reversible reactions, is easy to transport and stable over
long periods [1,4]. Indeed, a LOHC consists in a couple of hydrogen-lean | hydrogen-rich
molecules, which are respectively catalytically hydrogenated and dehydrogenated into the
other molecule in order to store and release hydrogen. These organic liquids are fluids
sharing similar properties with hydrocarbon fuels or common chemicals. Their stability at
ambient temperature and atmospheric pressure in the liquid phase makes them compatible
with the existing fuel infrastructures and thus LOHCs can be easily transported in tankers,
trucks and/or pipelines [1,4,7].
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Multiple LOHC systems have already been identified. The main ones highlighted in
the literature are aromatics | cycloalkanes, such as toluene | methylcyclohexane (TOL | MCH),
dibenzyltoluene | perhydro-dibenzyltoluene (HO-DBT | H18-DBT), benzyltoluene | perhydro-
benzyltoluene (HO-BT | H12-BT) and couples based on N-heterocycles, such as N-ethylcarba-
zole | perhydro-N-ethylcarbazole (HO-NEC | H12-NEC). The first cycloalkane-based LOHCs
were developed because of their good hydrogen capacities (5.8-6.2%), their wide availabili-
ties and the amount of knowledge on the processes of hydrogenation and dehydrogenation.
However, reaction enthalpies, which dictate how much energy is lost during the storage
process, are high for these LOHCs at around 65-69 KJ-molgp 1, although NEC LOHC has a
slightly lower reaction enthalpy (52 kJ-molg, ~!). Safety and toxicity profiles have also been
improved from the early light aromatics LOHCs to NEC, BT and DBT LOHCs, due to their
higher flash points and lesser carcinogenic properties. The liquid state criterion, which is a
key point for the process designs, is hardly met for some LOHCs at some conditions. For
example, H12-NEC is solid at ambient conditions. Moreover, DBT LOHCs have reaction
intermediates with high viscosities. NEC has also reversibility issues with high degradation
when subject to harsh dehydrogenation temperatures. Finally, the use of expensive noble
metal catalysts and relatively severe reaction conditions hinder the economical or environ-
mental viability of the aromatic-based LOHCs [1,3,7-12]. CEA has recently identified a
bioavailable LOHC: y-butyrolactone | 1,4-butanediol (GBL | BDO) [13]. The latter, described
for the first time by Onoda et al. [14], has low reaction enthalpies of 42 kJ-molgp ! in liquid
phase and 31 kJ-molyy; ! in gas phase, thus making it the most energy efficient. Its lower
cycle operating temperature range (160-220 °C), compared to that of cycloalkane-based
LOHCs _(300-350 °C), makes its process less energy consuming. BDO is partly produced
from biomass, by hydrogenating bio-based succinic acid into GBL or by producing BDO
directly from a fermentation of sugars over microorganisms [14-17], although most of it
is currently produced from acetylene and formaldehyde [15-17]. It has a H; capacity of
4.5 wt%, which is lower than that of the other LOHCs. The melting point of pure BDO
at 20 °C could limit its use in colder weather or regions [16], but as for the stoichiometric
ratio in feed, it remains liquid at reaction operating temperature and pressure, so reaction
product separation is easier. Although GBL and BDO have good safety and toxicity profiles,
GBL is known as a drug precursor because of its psychotropic properties and chemical
resemblance to y-hydroxybutyric acid (GHB) [18]. They are commonly used as solvents
and monomers and their uses are allowed in industrial processes in most countries. See
Table S1 in Supplementary Materials for LOHC comparisons [1,16,19-22].

For all LOHCs, except for TOL | MCH, hydrogenation and dehydrogenation are per-
formed in three-phase reactors. Although LOHCs are usually compared with respect to
their mass H; capacities, the volume Hj capacity is therefore also useful for the design of
suitable reactors as it indicates the volume of hydrogen involved during the reactions. For
all LOHCs, the ratio H, /LOHC is significant (613-856 Li-L™ ! 1onc) and could act as a
barrier to liquid—solid transfer by forming dry zones on the surface of the catalyst pellets.
Thus, the knowledge of the reaction kinetics in both the liquid and gas phases is necessary
to accurately design a three-phase reactor. As the main quality of LOHCs is the perfect
reversibility of their reactions, the formation of co-products in both phases and reactions
must also be assessed. This study is therefore a part of a larger study on GBL | BDO. Here,
the paper is focused on the kinetics of the hydrogenation in the gas phase. The kinetics of
the hydrogenation in the liquid phase will be the subject of another article.

The reaction pathway describing the equilibrium between GBL and BDO has been
debated within the literature. Most have studied the reaction on copper-based catalysts
in the liquid phase with temperature and pressure ranging from 200 to 250 °C and from
30 to 90 bar [14,15,23,24], respectively. Two parallel reactions, resulting in a dehydration
towards tetrahydrofuran (THF) and n-Butanol (BuOH), occur at high temperature and
are catalyzed by acid sites present in the catalyst support [23-27]; however, their mecha-
nisms are unclear. Reaction intermediates, such as 2-Hydroxytetrahydrofuran, have been
proposed as they could be involved in the formation of secondary products [19,24,27].
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Ichikawa et al. proposed a model taking into account its formation without measuring
it [27]. Chaudhari et al. proposed a mechanism where both GBL and BDO can lead up
to the formation of THF and BuOH [23]. However, no article seems to indicate that the
latter are formed from intermediates, despites hydrogen imbalances between the reactants
and the secondary products (except for the dehydration of BDO into THF). For instance,
the experimental data in Schlander’s Ph.D. thesis [25], performed in the gas phase, seem
to indicate that GBL concentrations decrease faster than those of BDO as the secondary
products build up in the mixture. As for Chaudhari et al., they contend THF is likely to be
formed from the hydrogenation of GBL, rather than the dehydration of BDO [23]; we have
also used Schlander’s reaction pathway, shown in Figure 1, for the kinetic modeling.

/\/\OH

n-Butanol

O

+3H2

-H,0
+ 2 H,

—
O — Ho/\/\/OH

-2 H,

y-Butyrolactone 1,4-Butanediol

O

+2H2

-H,0

Tetrahydrofuran

Figure 1. Reaction scheme used for the construction of the kinetic model.

Kinetic models for the hydrogenation of GBL usually involve a simple power law
model such as that proposed by Schlander [15,23,25]. However, it (Model 1 in §2.2.1) proved
unable to correctly predict the experimentally described pressure effect. Hermann et al. [24]
proposed a Langmuir-Hinshelwood type model because an intermediate is thought to be
formed during the hydrogenation of GBL, but this approach was first ruled out because of
the number of parameters needed to be estimated, giving the model too many degrees of
liberty and thus making it hard to extrapolate. This is why we decided to revise the kinetic
study of the GBL gas-phase hydrogenation. The aim was to build a kinetic model, able
to predict the effect of temperature and pressure, to be included in a larger reactor model
including all phases involved. As the data from Schlander’s works [25,26] were obtained
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under operating conditions that can mimic the composition of the gas phase in a trickle
bed, the published data are used here to determine the appropriate kinetic law.

The GBL hydrogenation was done in gas phase on a CuZnO catalyst in an isothermal
tubular reactor. The fixed bed was loaded on a reactor length of 80 mm with crushed
catalyst and glass of 400 um-diameter particles. The catalyst loading was about 8 g. The
molar ratio H, /GBL at the reactor entrance was about 90. Temperature and pressure
ranges from 200 to 240 °C and from 25 to 35 bar, respectively, were screened. The ex-
perimental data presented in Figure 2 are plotted as a function of the residence time
ty, which is the ratio between the reactor volume Vi and the total volume flow rate Q.
The bimetallic catalyst was prepared by co-precipitation and contained 15 mol% Cu and
85 mol% ZnO [28]. See Section S2 in Supplementary Materials, and references [25,26,28]
for further details. Regarding the potential transfer limitation, Schlander showed that
the apparent kinetics could not be explained either by internal or external mass transfer
(Section S3 in Supplementary Materials).
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Figure 2. GBL (times cross), BDO (circle) and side products (SP) (star) molar fraction vs. time on
stream (ty): (a) 35 bar, 200 °C; (b) 25 bar, 240 °C; (c) 35 bar, 220 °C; (d) 25 bar, 220 °C. The data come
from the Ph.D. thesis of J.H. Schlander [25], but were rearranged as a function of ty instead of the
modified dwell time t,y.

In this paper, based on these previous bibliographic results, a reactor model was first
described and then several kinetic laws were tested and kinetic parameters estimated in
order to predict the effect of temperature and pressure on the gas-phase hydrogenation of
GBL into BDO. The kinetic laws were established in interaction with the thermodynamics
to take into account the reversibility of the reactions.
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2. Materials and Methods
2.1. Reactor Model

To establish mass balance equations suitable for simulation of the experiments, some
criteria were checked. GBL was highly diluted by hydrogen in the feed. As the H,/GBL
molar ratio at the reactor inlet was about 90, the GBL conversion induced at most a variation
of about 1.8% of the volumetric flow rate along the catalytic bed and a negligible change in
the gas phase composition for all experiments considered in the kinetics. Consequently, the
variation of the gas velocity along the reactor could be neglected as well as the possible
temperature gradients induced by the reaction. So, the catalytic bed was considered as
isothermal. Moreover, as the reactor diameter (d;) to particle diameter (dp) ratio was
greater than 10 (Equation (1)), then wall effects causing a radial velocity profile resulting
in deviations from plug flow could be neglected. In addition, as the reactor length (Lp) to
particle diameter ratio was greater than 50 (Equation (2)), the axial dispersion resulting in
consequences on the residence time distribution could also be neglected.

dy

£ =31.10*> > 10 (1)
dl’

LB 3

=2 =1.7-10° > 50 2)
dl’

Consequently, an isothermal plug flow model was applied. Steady state was supposed
to be reached. The material balance followed the evolution of a compound j within an
elementary volume of catalyst Viu4:

dF;
T I T
chata Zvl] r'pj (3)

where i is the reaction index and j is the compound index. The apparent kinetic rate is:
Tyl = 1iTsi 4)

As the diffusion has been estimated as a non-limiting step, the efficiency factor #; is
considered equal to 1 (See Section S3 in Supplementary Materials). Capillary condensation
has also been assessed in Section S3 in Supplementary Materials.

The experimental data used the scale ¢y, which is the residence time. Thus

L= )

with x; is the molar fraction of condensable compound j equal to the ratio between the
compound partial pressure P; and the partial pressure of GBL at the reactor entrance Pgpro
and r; the production rates of compound j.

2.2. Kinetic Modeling

Model 1 and Model 2 were built upon power laws with Model 2 including equilibrium
constants. Model 3 and Model 4 included in addition an inhibition parameter on the hydro-
gen pressure. All the models were based on the reaction scheme described in Figure 1. All
the models presented in this article (whether kinetic or thermodynamic) were constructed
on the basis of the ideal gas hypothesis (see Section 54 in Supplementary Materials).

2.2.1. Model 1

Model 1 is a simple power law model first investigated in modeling the hydrogenation
of GBL into BDO. It is the model proposed by J.H. Schlander in his thesis [25]. To avoid the
interpretation bias due to the numerical methods, this model has been assessed here with
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the same method as used for the other models. That explains the difference between the
values of the kinetic parameters estimated in this paper and given in the thesis.

Based on the reactions given in Table 1, the production rates of all active compounds
are as follows:

rGBL = kBpoXBpo — kGBLXGBL — kTHFXGBL — KBUOHXGBL (6)
r8pO = kGBLXGBL — kBDOXBDO ()

"THF = KTHFXGBL (8)

7BuoH = KBuOHXGBL )

where k; are the kinetic parameters.

Table 1. Reaction mechanism for the construction of the first power law model: Model 1.

Reactions Kinetic Parameters Hypothesis
GBL +2 H, = BDO kgL, kBpO Main reaction
GBL +2H, — THF + H,O kTHF Side reaction
GBL +3H, — BuOH + H,O kpuon Side reaction
2.2.2. Model 2

In order to study the effect of pressure into the model, the terms of the production
rates were modified to introduce the hydrogen pressure and the chemical equilibrium.
krur and kp, o were grouped under a single parameter ksp to better fit the single kinetic
following of both side reactions. The reaction mechanism for this power law model is given
in Table 2. Moreover, because of the large excess of hydrogen, the total pressure within the
reactor was assumed to be the partial pressure of hydrogen. The activity of hydrogen for
side reactions was neglected because of its low effect on kinetics.

1
rGBL = k<KxBDO - xGBLPIZqQ) —kspxgaL (10)
5 1
rgpo = k{ xGpLPH, — 2 XBDO (11)
rsp = kspXGpL (12)

Table 2. Reaction mechanism used for the construction of the second power law model: Model 2.

Kinetic or Thermodynamic

Reactions Parameters Hypothesis
GBL+2 H; = BDO k, K Rate-determining step
GBL+n Hy — SP ksp Side reaction
2.2.3. Model 3

Model 3 is based on power law kinetics combined with an inhibition parameter added
to the hydrogen partial pressure, which would describe slower kinetics due to a harder
accessibility of the reactants to the active copper sites. Here, the adsorption mechanism
of hydrogen is associative, meaning that each hydrogen molecule takes one site on the
catalyst. The activity of hydrogen for side reactions was neglected because of its low effect

on kinetics. The following reaction steps were considered for the construction of Model 3
(Table 3):
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Table 3. Reaction mechanism used for the construction of the kinetic model with inhibition of
hydrogen partial pressure: Model 3.

Kinetic or Thermodynamic

Reactions Parameters Hypothesis
Hy+s= H,—s K, Steady-state

GBL+2H; —5= BDO+2s k, K Rate-determining step
GBL +n Hy — SP ksp Side reaction

In this model, the production rates also depend on the surface coverage of hydrogen
on the catalyst 6 H, as well as the surface coverage of free sites 6;, as follows:

1
rGBL = k(KxBDo@s2 - xGBLG%{2> —kspxcaL (13)
1
rBDO = k(xGBLG%{2 - KxBDOQE) (14)

The production rate rsp for the side products (SP) is the same as Equation (12) of
Model 2.

A steady state is assumed for the adsorption of H; onto the catalyst and leads to
expressions of the surface coverage of hydrogen on the catalyst 6y, (Equation (15)) as well
as the surface coverage of free sites 6; (Equation (16)).

Ky, Py,

= HhTH 15
1+ Kp, P, (15)

OH,

6, =1— 0y, (16)

Moreover, because of the large excess of hydrogen, the total pressure within the
reactor is assumed to be the partial pressure of hydrogen. The production rates used for
Model 3 are:

1 K. Py, \? Ky Py \?
repL =k (KXBDO (1 22) —xGBL| T —kspxgpr (17)

1+ Ky, Py, 1+ Ky, P,
rano = k[ x (KHzPHz>2_1x (1_KHzPHz>2 (18)
BDO GBL 1+ KHZPHZ K BDO 1+ KH2PH2

2.2.4. Model 4

Model 4 is based on Model 3, assuming a dissociative H, sorption instead of an
associative Hj sorption. For the dissociative H, sorption, each hydrogen atom takes up one
site on the catalyst. Model 4 was built similarly to Model 3. The activity of hydrogen for
side reactions was neglected because of its low effect on kinetics.

The proposed reaction mechanism is given in Table 4. The induced production rates
for the dissociative H; sorption are written in Equations (19) and (20).

1
"GBL = ’<<KXBD09;4 - xGBLG}l{> — kspxgaL (19)

1
TBDO = k<xGBL9}§ - KXBDOQQL) (20)
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Table 4. Reaction mechanism used to build the kinetic model based on a dissociative adsorption of
Hy: Model 4.

Kinetic or Thermodynamic

Reactions Parameters Hypothesis
Hy+2s=2H-—s Kh, Steady-state
GBL+4H —-5= BDO+4s k, K Rate-determining step
GBL+n Hy — SP ksp Side reaction

As for Model 3, the production rate rsp for the side products (SP) is the same as
Equation (12) of Model 2 and a steady state is assumed for the adsorption of H; onto the
catalyst, and leads to the expressions of the surface coverage of hydrogen on the catalyst
01 (Equation (21)) as well as the surface coverage of free sites 65 (Equation (22)).

Ky, Py
Oy = —Y 2272 (21)
1+ \/KHZPH2

0, =1—0y (22)

Moreover, because of the large excess of hydrogen, the total pressure within the reactor
is assumed to be the partial pressure of hydrogen. The terms of production rates used for
the simulation are:

4 4
repL =k leDO 1— VA I XGBL VRl —kspxgpr  (23)
K 1+ \/Ku,Ph, 1+ /K, Ph,

4 4
_ _VRPm )1 __VEnPm

rgpo = k| xgBL xgpo | 1 (24)
1+ /Ky, PH, K 1+ /Ky,PH,

2.3. Thermodynamic Equilibrium Modeling

The overall reaction equilibrium constant K is calculated through the standard Gibbs
free energy change of reaction, ArG®:

K(T) —exp(—Ar(I;{;(D> (25)

The standard Gibbs free energy change of reaction, ArG®, is calculated by Hess's law,
using formation enthalpies AfH°; and entropies AfH®; for GBL and BDO. Thermodynamics
properties were extracted from the NIST database and completed by the ProPhyPlus
database and can be seen in Table 5.

ArG*(T) = AfG®ppo(T) — AfGcpL(T) (26)

AfG®j(T) = AfH®;(T) — TAfS®;(T) (27)

Table 5. Thermodynamic data used for the modeling of the equilibrium constant. Data were extracted
from the databases of NIST and ProPhyPlus.

Component AFH 208 AfS" 29K AGy CZ“” Crsfd
(k]-m0171> (]~K’1-m0171) (]~K*1-mol_1) (]-K‘l-molfl) <]~K’1~mol’1)
GBL —365 —314* —62.32 8.1 -
BDO —427 —500 * —82.323 123.697 * -
H, - - - 28.8 -
O, - - - 29.1 -
C graphite - - - - 8.23

* These data come from the ProPhyPlus database [29,30].
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Formation enthalpies and entropies are calculated at a given temperature T according
to Kirchhoff’s laws:

AFH}(T) = AfHC jposic + ACy, (T = Ty (28)
o o T
AfS ](T) = AfS 298K T AC,,/»Ln (T) (29)
ref

Finally, the heat capacities of the component C,; are calculated according to Hess’s law,
between the component and its hypothetical decomposition into elements:

Ac,,j:c;fp— Y uGy, (30)
1=C;H,;0,

2.4. Numerical Methods

All numerical operations were done using the software MATLAB. Differential equation
systems were solved using a modified Rosenbrock formula of order 2 (function ode23s
in MATLAB).

Parameters were estimated using a trust-region—reflective least squares algorithm
(function Isqnonlin in MATLAB). The minimized objective function J(a) was the sum of
gaps between the experimental data and the modeled data squared, represented through
Equation (31).

Ja) = 3o (x5 — o)’ G

For Model 1 and 2, parameters were estimated for each set of reaction conditions
independently. For Model 3 and 4, parameters were estimated for the experiments at
200 and 240 °C independently and for the two experiments at 220 °C simultaneously in
order to obtain kinetic constants independent of pressure conditions. For the last parameter
estimation for Model 3, wherein both pre-exponential and activation energy parameters
were simultaneously estimated, all the experimental data were used.

Because the uncertainties on experimental data were not available, the precision
of estimated parameters only takes into account the uncertainties due to the modeling.
Uncertainties on estimated parameters were calculated as follows:

k— tN—m, 1/ Cov (fc) <k<k+ tN—m, 1/ Cov (lAc) (32)

The covariance matrix Cov ( k ) was calculated through the Jacobian matrix given by
the function Isqnonlin of MATLAB and fy.p is the Student number.

3. Results and Discussion
3.1. Kinetic Model Comparison
For Model 1, the model proposed by ]J.H. Schlander [25], the estimated kinetic constants

and their uncertainties for a 97.5% confidence interval are given in Table 6. The confidence
intervals for kryr and kg, oy show that these parameter values obviously are not significant.

Table 6. Estimated kinetic parameters and their uncertainty for a 97.5% confidence interval for
Model 1.

Experiment

kgpr (571 kgpo 1) krur (s71) kpuomr (s™1)

240 °C 25 bar
220 °C 125 bar
220 °C 135 bar
200 °C 135 bar

(1.50 £ 1.28) x 107! (747 £ 6.50) x 107! 5.09 x 1073 £ 1.01 x 1072 5.04 x 1074 £1.01 x 1072
(3.734+0.321) x 1002 (1.00 & 0.098) x 10~1 991 x 1074 £ 7.62 x 1073 9.74 x 10~% £ 7.56 x 10—3
(2.314+0.157) x 1072 (3.05 & 0.265) x 1072 (1.05 4 9.68) x 1073 9.07 x 107* £9.62 x 1073
(2.49 £ 2.72) x 102 (2.94 + 3.66) x 1072 5.13 x 10~% + 1.50 547 x 1074+ 15
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This is due to the very large number of parameters to be estimated compared to
the amount of experimental data available. For example, kryr and kp,on should not be
evaluated separately because all the secondary products produced by the two parallel
dehydrations are drawn in a single dataset from the experiments. Moreover, kgp;, and kgpo
can easily be made independent of one another by a proper modeling of the reaction equi-
librium, which is usually reached in the experimental section. The redundancy of kinetic
constants makes the model not sensitive towards the estimated parameters, since a default
in one kinetic constant can be balanced by another. This gives very large uncertainties
on the estimated parameters, especially for the side reactions, thus making this model
impossible to extrapolate. Moreover, the model does not take into account the effect of
pressure. These unreliable results motivated the development of Model 2 (Table 7).

Table 7. Estimated kinetic parameters and their uncertainty for a 97.5% confidence interval for
Model 2.

Experiment k (5*1) ksp (5*1)
240 °C 125 bar (0.325 4 2.10) x 1073 (5.65 %+ 0.244) x 1073
220° C 125 bar (6.16 & 0.581) x 10~> (2.07 + 0.120) x 1073
220 °C | 35 bar (1.88 +0.152) x 1072 (2.10 £ 0.136) x 1073
200 °C 135 bar (1.06 + 0.0843) x 10~° (1.08 + 0.226) x 1073

Although we took into account the hydrogen pressure in a new model (Model 2),
this model displayed a significant gap for the k kinetic parameter at 220 °C between
25 and 35 bar. Reaction rates are slower at higher pressure, which is not taken into account
in that approach. Moreover, the confidence intervals for the k constant did not overlap for
the experiments at 220 °C, meaning that the effect of pressure was not correctly modeled.
So, it was impossible to fit an Arrhenius law for this model. Additionally, there was a non-
significant k kinetic parameter at 240 °C. Indeed, uncertainties were low for every constant
except for the k constant at 240 °C. This is explainable by the fact that the equilibrium
was immediately reached right after the first point, and thus made the regression of this k
constant happen between just the two first points. Therefore, simple power law models
(Model 1 and 2) are inefficient when accounting for the drop of reaction rates as the
pressure rises.

Model 3 (Table 8) was able to fit both experiments at 220 °C with a single set of con-
stants in accordance to Arrhenius’s law where kinetic parameters were only dependent on
temperatures. Parameter estimation showed that the adsorption constant Ky, was almost
constant in the studied range of temperatures. This result is not surprising, considering that
activation energies for adsorption constants are usually low, thus making the dependency
of adsorption constants towards temperature weak.

Table 8. Estimated kinetic parameters and their uncertainty for a 97.5% confidence interval for
Model 3.

Temperature (°C) k™ ksp (s71) Kp, Bar™)
240 (2.31 £ 5.92) x 1071 (5.61 £ 0.215) x 1073 1.035 + 0.0381
220 (2.88 & 0.185) x 102 (2.04 £ 0.193) x 103 1.018 + 0.0337
200 (1.33 £ 0.135) x 102 (1.04 + 0.229) x 103 1.036 + 0.0840

Regarding Model 4, the estimated kinetic constants and their uncertainties for a 97.5%
confidence interval are given in Table 9. The estimated constants for ksp and Ky, kinetic
parameters were quite similar to those of Model 3. For the k parameter, some differences
in terms of value appeared for all the temperatures, while as for Model 3, the k parameter
remained non-significant at 240 °C.
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Table 9. Estimated kinetic parameters and their uncertainty for a 97.5% confidence interval for
Model 4.

Temperature (°C) k™1 ksp ™) Ky, Bar™1)
240 0.387 +1.30 (5.61 & 0.220) x 103 1.032 £+ 0.0372
220 (5.34 £ 1.37) x 102 (2.00 % 0.223) x 103 1.032 + 0.0388
200 (2.32 £ 0.263) x 1072 (1.04 % 0.229) x 10~3 1.037 + 0.0837

Comparing Model 3 and 4 shows that, while kinetic constants were slightly different,
the accuracy of the models was exactly the same, whether the adsorption was dissociative
or associative. The model needed to slow down the reaction rates between the two pressure
points of 25 and 35 bar regardless of the mathematical expression of this phenomenon. To
evaluate which phenomenon, hydrogen dissociative or associative adsorption, was the
limiting one taking place, further experiments with a wider range of pressures need to
be performed.

3.2. Temperature Extrapolation

In order to design a LOHC process, a kinetic model able to predict the kinetics of the
GBL hydrogenation into BDO at a given temperature and pressure, between 200 and 240 °C
and between 25 and 35 bar, is needed. This paragraph is devoted to the extrapolation of
Model 3, which was one of the only models successful in describing the slower kinetics at
higher pressures. Extrapolation of Model 4 is seen to be unnecessary due to its similarity
with Model 3. Extrapolation of pressures is built in the mathematical expression of the
different models. For the extrapolation of temperatures, kinetic constants are modeled by

Arrhenius’s law:
E aj;

ki = Ajexp (_RT) (33)

Pre-exponential factors A; and activation energies Ea; were re-estimated by replacing
the kinetic parameters by their respective Arrhenius’s laws and using all the experimental
data at once. Because of the added parameters, the problem is highly dependent on
initial conditions. To find a good set of initial parameters, exponential fitting of k and ksp
constants into an Arrhenius’s law were made. However, the pre-exponential factor for
the k parameter given by the exponential fitting proved to be several orders of magnitude
off a good initialization point. In order to find a better set of initial parameters, we noted
that the uncertainty calculation on the k constant at 240 °C displayed a lot of play in
the constant k, because the equilibrium was obtained right after the first point (Figure 3).
Therefore, the k constant of experiment (b) was manually adjusted in order to fit perfectly
into an Arrhenius’s law. This adjustment was made through an exponential fit made with
the estimated k constants for 200 and 220 °C, in furtherance of calculating the k constant
of experiment (b) upon the exponential fit. Initial constants found with the retrofitted k
constant showed decent results in the model fitting. Exponential fitting of ksp constants
into an Arrhenius’s law proved to be good enough and no adjustment was made here.

Model testing showed that the adsorption constant Ky, was almost constant in the
studied range of temperatures. Therefore, the Ky, constant was manually adjusted to 1.03
(which fitted all confidence intervals) and treated as a constant across the studied range of
temperatures. Table 10 displays the initial parameters used.

Table 10. Initial parameters used for the parameters estimation of the extrapolated Model 3.

AHyd"O (571) EaHydro <J'm01_1> Agp (sil) Eagsp (]-m01_1> Ky, (Buril)

2.50 x 100 74 x 941 2.23 x 100 84 x 774 1.03




Reactions 2022, 3 510

1,5

0,5

Ln(k) (s™)

25 b e

-3,5 T

.
®e
°
.
.
.
.
.
.
°
.
.
.
.
®e
.
)
.
.
.
.
®e
.

_4’5 I I I oo, A |
0,00194 0,00199 0,00204 0,00209 0,00214
1/T (K?)

Figure 3. Exponential fitting of k constants of Model 3 between 200 and 240 °C before adjustment.

Estimation of parameters using the aforementioned method led to a good fit of the
extrapolated model to the experimental data (Figure 4).

The estimated pre-exponential factors and activation energies are given in Table 11
along with parity diagrams in Figure 5. For all the parameters, the confidence intervals
were narrow and showed good reliability of the parameter values.

Table 11. Estimated parameters for Model 3 with 95% confidence intervals.

AHydro (571) Etudro (]~mol’1) Asp (571) Eagp (]~mol’1> KHZ (Bufil)

(1.97 + 0.38) x 10° (73.9 £ 0.9) x 10° (1.67 4 0.46) x 10° (83.5 +3.3) x 10° 1.05 + 0.06
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4. Conclusions

In this paper, a kinetic model has been developed for the gas-phase hydrogenation
of y-butyrolactone in the context of a hydrogen storage process. The data were gathered
from experiments conducted by J.H. Schlander on the valorization of succinic acid. Indeed,
several works addressing the hydrogenation of both maleic anhydride and succinic acid
towards 1,4-butanediol proved to be useful to study the y-butyrolactone-1,4-butanediol
LOHC couple. The newly identified LOHC pair is definitely showing high potential
of becoming a competitive LOHC system. With its much improved energy efficiency
over cycloalkane-based LOHCs, and better availability than N-heterocycle LOHCs while
requiring cheaper catalysts, this pair of molecules could meet the demand for a LOHC
of renewable origin, readily available and with low operating costs. Currently, the -
butyrolactone-1,4-butanediol LOHC lacks reliable kinetic models and data in the literature,
thus preventing the development of efficient three-phase reactors and processes. Therefore,
this paper proposes for the first time a temperature and pressure extrapolated kinetic
model for the gas phase hydrogenation of this LOHC. The model will be included in a more
general model for the design of a three-phase hydrogenation reactor currently under study.

Carrying out the hydrogenation of pure GBL in the liquid phase poses difficult prob-
lems such as potential dry spots on the catalyst surface. While good selectivity and conver-
sion can be achieved with reasonable reaction conditions in the liquid phase, the presence
of dry zones could lead to a drop in selectivity through the production of by-products in
the gas phase, making it important to properly assess the impact of gas and liquid phase
kinetics for LOHC processes.
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www.mdpi.com/article/10.3390/reactions3040033/s1. The document consists of 4 sections. Section S1:
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LOHCGC:s. Section S2: Experimental data extracted from the PhD thesis of ].H. Schlander. This section
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the catalyst properties, a scheme of the active part of the reactor and a figure of the experimental
data. Section S3: Intraparticular diffusion and capillary condensation. This section gives results and
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section gives results and calculation methods on the thermodynamic properties of the gas phase, as
well as a figure with the calculated fugacity coefficients.
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Nomenclature

Abbreviation

BDO 1,4-butanediol
GBL y-butyrolactone
HO-BT benzyltoluene
HO-DBT dibenzyltoluene
HO-NEC N-ethylcarbazole
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H12-BT perhydro-benzyltoluene
H12-NEC perhydro-N-ethylcarbazole
H18-DBT perhydro-dibenzyltoluene
LOHC liquid organic hydrogen carrier

MCH methylcyclohexane
TOL toluene
Latine letters
A; Pre-exponential factor (s
a Set of estimated parameters
Cov Covariance matrix
ij Specific heat capacity of elements (j: Hz, Oz, Cgraphite) J-K 1-mol™1)
cup Specific heat capacity of component j in vapour phase (j: GBL, BDO)
Fi J-K1-mol™1)
ACp, Specific heat capacity of component j (j: GBL, BDO) (J-K~!-mol~1)
dy Particule size of the catalyst (m)
dy Reactor diameter (m)
Ea Activation energy (J-mol 1)
AfH®; Standard enthalpy of formation for component j (j: GBL, BDO) (J-mol ')
E Molar flux for compound j (j: GBL, BDO, THF, BuOH) (mol-s~!)
o Standard Gibbs free energy of formation for component j (j: GBL, BDO)
MET T gmol
ArG® Standard Gibbs free energy change of reaction (J-mol ')
J(a) Objective function for the least-square solver (-)
K Equilibrium constant for the hydrogenation of GBL into BDO (Bar—2)
KHg, Adsorption constant of H, on the catalyst (Bar 1)
k Kinetic parameter for the hydrogenation of GBL into BDO (s 1)
ksp Kinetic parameter for side reactions (s71)
k Estimated parameter
Lg Reactor length (m)
Meata Catalyst loading (kg)
My Number of parameters
N Number of experimental data points
p Pressure (Bar)
Py, Partial pressure of hydrogen (Bar)
Q Gas volumetric flow rate (m3-s~1)
R Molar gas constant J-K1.mol1)
.. Prolduction rate for compound j (j: GBL, BDO, THF, BuOH, side products)
J (s7)
7p Observed reaction rate for reaction i (mol-s~* -m’3catalyst)
Ts; Intrinsic reaction rate for reaction i (mol-s~! 'm_3cata1yst)
T Temperature (K)
tmy Modified residence time (kgcatalyst-s-mR’3 )
tN-M, Student factor for a N — M, degree of freedom.
ty Residence time (s)
Viata Volume occupied by the catalyst (m?3)
Vr Volume of the reactive section (m?)
X; Molar fraction for condensable component j (j: GBL, BDO, Side products) (-)
X;XP Molar fraction extracted from experimental data for a residence time k (-)
x,’(”"d Molar fraction calculated by a model for a residence time k (-)
Greek letters
i Efficiency factor for reaction i (-)

On Surface coverage of hydrogen on the catalyst (-)
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OH, Surface coverage of dihydrogen on the catalyst (-)

0s Surface coverage of free sites on the catalyst (-)

Stoichiometric coefficient for reaction i and for compound j (j: GBL, BDO,
THE, BuOH, side products) (-)
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