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Abstract

The use of lignocellulosic biomass as raw materials for the production of biofuels is increasing. There
are several potential processes valorizing these raw materials, but the shift from lab-scale to industrial
scale requires the development of reliable and robust kinetic models. Usually, these models are
developed in isothermal mode, limiting their use for thermal risk assessment or pinch analysis. We
developed and assessed several kinetic models for the hydrogenation of butyl levulinate to y-
valerolactone over Ru/C in different thermal modes, i.e., isothermal, isoperibolic and adiabatic modes.
The reaction calorimeter Mettler-Toledo RC1 was used to perform Kinetic experiments. Bayesian
inference was used during the regression stage to calculate the credible intervals. The validation stage
was done by a holdout method. From the regression and validation stage, we found that the non-
competitive Langmuir Hinshelwood with hydrogen non-dissociation and dissociation were the most

reliable models. These models can predict the kinetics of this reaction system in different thermal modes.

Keywords: kinetic modeling, gamma valerolactone, levulinate, calorimetry, adiabatic
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Abbreviations

Cp

Ea
fiu(§)
He

k

Ki
ke.a
(KL.@)modified
m

P

Ri

R

T

UA

lu(§)]

Yi

Greek letters

Wcaqt.
.uliq

pliq

Specific heat capacity [J.kg™.K™]

Activation energy [J.mol?]

Estimated concentration or temperature

Henry’s coefficient [mol.m3.bar?]

Rate constant

Adsorption rate of specie i [m.mol?]

Volumetric mass transfer coefficient [s?]
Modified volumetric mass transfer coefficient [(PasK™)*°(Paskglm3)%25-s1]
Mass [kg]

Pressure [bar]

Reaction rate i [mol.m3.s]

Gas constant [J.mol1.K?]

Temperature [K]

Global heat transfer coefficient [W.K™]
Determinant of the covariance matrix of responses

Experimental concentration of specie i or temperature

Catalyst loading [kg.m™]
Liquid viscosity [Pa-s]

Mass density [kg:m~3]
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Subscripts and superscripts

Lig
Ref

0

*

Abbreviations

AIC
BL
BHP
BuOH
ER
GC
GVL
HPD

LH1

LH2

NCLH1

NCLH2

ODEs
OF($)
RKMC

Ru/C

Liquid phase
Reference
Initial

Interfacial value

Akaike information criterion

Butyl levulinate

Butyl 4-hydroxypentanoate

Butanol

Eley-Rideal kinetic model with no adsorption of hydrogen

Gas chromatography

y-valerolactone

Highest Posterior Density

Langmuir-Hinshelwood kinetic model with molecular adsorption of
hydrogen

Langmuir-Hinshelwood kinetic model with hydrogen dissociation
Non-competitive Langmuir-Hinshelwood kinetic model with no dissociation
of hydrogen

Non-competitive Langmuir-Hinshelwood kinetic model with hydrogen
dissociation

Ordinary differential equation system

Objective function

Redlich-Kwong-Mathias-Copeman equation of state

Ruthenium on activated carbon
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1. Introduction

Our dependency on fossil raw materials is very high in the modern society. Over 80% of the world's

primary energy consumption in the energy sector was from fossil raw materials in 2020 [1].

The use of lignocellulosic biomass (LCB) for biofuel production is seen as a better alternative to fossil
fuel because of its global availability, lower environmental impact, and cost [2-6]. Besides, such raw
materials are not in competition with the alimentary sector, avoiding the dilemma of food versus fuel
[7,8]. The sugar parts of LCB, i.e., cellulose and hemicellulose, are mainly used to produce chemicals,
materials or fuels. The valorization of these polymers of sugar can lead to several platform molecules

and their derivatives, such as succinic acid, furfural, 5-HMF, levulinic acid, glycerol, etc. [9-12].

The chemical y-valerolactone (GVL), produced from the hydrogenation of levulinic acid or ester
levulinate, is also considered as a platform molecule [13,14]. Hydrogenation of bio-based carboxylic
acids, esters or related compounds is considered a step toward a sustainable and carbon-neutral process
[15]. In fine chemistry, GVL is considered an excellent aprotic solvent [16—21] because of its low vapor
pressure, high flash point, and potential to increase acid activity [22—-26]. In polymer science, GVL is a

promising starting material for producing greener monomers [27-30].

In the energy field, GVL cannot be used directly as a fuel [31], but it can be used as an additive fuel
[32-35]. GVL is a promising feedstock for producing hydrocarbon fuels [31,36-42] or pentanoic

biofuels [43].

From a safety, cost and environmental standpoint, determining the best operating conditions for the
production of GVL is vital [44-46]. The literature proposes several routes for producing GVL by
hydrogenating raw lignocellulosic biomass, cellulose, glucose or fructose [47]. These different routes
require the hydrogenation of levulinic acid or alkyl levulinates, and there are three different

hydrogenation options:

-use of molecular hydrogen [34,48-65]

-in situ FA decomposition producing hydrogen [66—74]
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-Meerwein-Ponndorf-Verley reaction involving the use of alcohol for hydrogen transfer [75-82]

The use of molecular hydrogen and ruthenium-based catalyst is the most efficient system to produce
GVL. Developing such a process at an industrial scale requires reliable and robust kinetic models. Such
models are essential to optimize the operating cost to get the highest GVL yield. There are several
models for the hydrogenation of levulinates or levulinic acid [52,53,57,64,83-87]. These models were
developed using experiments performed in isothermal mode, and could limit their application to pinch

analysis or process safety.

Generally speaking, the development of kinetic models in different thermal modes, e.g., isothermal,

adiabatic, isoperibolic, or dynamic modes, is quite seldom in the literature.

In adiabatic mode, one can only use the reaction temperature as an observable [88—90] allowing to obtain
reliable models for thermal risk assessment [91]. It is impossible to withdraw samples during the
reaction; otherwise, the reaction temperature signal is perturbed. Hence, kinetic models only developed

in adiabatic mode are limited for thermal risk assessment.

In isoperibolic mode, for some chemical systems, it is possible to track the reaction temperature and
withdraw some samples to track the concentration in the liquid phase [92-94], allowing the development

of reliable kinetic models considering concentration and temperature as observables.

There is a need to have kinetic models developed in different thermal modes to improve their reliability
and robustness and to be used universally for process safety, process intensification, and cost evaluation.
To do that, one must carry out different experiments in isothermal conditions to track the species
concentration and in non-isothermal conditions (isoperibolic and adiabatic modes) to track the reaction

temperature.

To the best of the authors' knowledge, such an approach is highly seldom in the literature [94]. In this
study, we developed kinetic models for the hydrogenation of butyl levulinate into GVL over Ru/C in
three thermal modes: isothermal, isoperibolic and adiabatic. A high concentrated solution of BL was
used to perform experiments. The state-of-the-art reaction calorimeter Mettler-Toledo RC1 was used to

perform experiments in different thermal modes. The developed models were validated to assess their



87  reliability and select the most reliable ones. Butyl levulinate was chosen because it is gaining a lot of

88 interest as a platform molecule and can be used in different areas [16,95].

89



90

91

92

93

94

95

96

97

98

99

100

2. Experimental section

2.1.Chemicals

Chemicals used during this research for analytical and experimental purposes were purchased from
different providers and used without further purification: n-Butyl levulinate (n-BL), acquired from Alfa
Aesar with a purity > 98%, CAS: 2052-15-5. Hydrogen gas (H.), acquired from Linde group with a
purity > 99.99%, CAS: 1333-74-0. y-Valerolactone (GVL), acquired from Sigma Aldrich with a purity
> 99%, CAS: 108-29-2. 1-Butanol (BuOH), acquired from LabLine with a purity > 99%, CAS: 71-36-
3. Ruthenium on activated carbon (Ru/C), acquired from Alfa Aesar, 5% of ruthenium powder, reduced,
50% nominally wet, CAS: 7440-18-8. Acetone, acquired from Fischer Scientific with a purity > 99%,

CAS: 67-64-1.
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2.2. Analytical system

Gas chromatography coupled with a flame ionization detector (GC-FID) technique was applied to
quantify the amount of chemicals in samples. GC-FID equipment is from Scion Instruments supplier.
GC-FID was equipped with a low polarity column (Phenomenex, ZB-5) composed of 95% dimethyl
siloxane and 5% of phenyl groups. Column dimensions: length: 30 m, internal diameter: 0.32 mm,

coating width: 0.25 um.

Helium (99.99%) was used as carrier gas at a constant flow rate of 1.2 mL/min. The temperature of the
injector and the detector were set at 250 °C. The oven temperature ramp was set to 50 °C (1 min) — 20
°C /min — 200 °C (1 min). Samples were diluted in acetone to be analyzed, the injection volume was 1

pL and the split ratio was 20:1.
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2.3.RC1 reactor

To develop a robust kinetic model for GVL production from n-BL, different experiments were
performed in the Mettler-Toledo RC1mx calorimeter, considering isothermal and non-isothermal

conditions.

The RC1mx is a high-performance calorimeter with a heating and cooling loop system, allowing us to
have a very accurate temperature control of the reaction media. The RC1mx vessel is made of Hastelloy
C22 metal one, with a 1.8 L capacity and 100 bar of tolerance. A gas inlet and outlet system are
connected to the vessel to control the pressure. A PID automatically controls this system. The RC1mx
is also equipped with a calibration heater that evaluates the heat capacity (Cp) and the reaction media’s

global heat transfer coefficient (UA). Fig. 1 represents the RC1mx installation.
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Fig. 1. RC1mx Calorimeter installation.
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2.4. Determination of the global heat transfer

The global heat transfer UA plays a fundamental role in the energy balance to characterize the transfer
between the heat carrier and reaction temperature. Thus, it is vital to measure it correctly. This value
was determined by electrical calibration [96-98]. Calibration experiments were performed without
catalysts, and a highly concentrated solution of BL, i.e., weight percentage higher than 98%, was used

initially. We varied the temperature and rotating speed to be able to draw the Wilson plot.

2.5. Gas-liquid mass transfer measurement

Table 1 shows the experimental matrix for mass transfer study. These experiments were performed in
the absence of catalyst to avoid chemical reactions. The Redlich—-Kwong—Mathias—Copeman (RKMC)
equation of state was used to quantify the number of moles of hydrogen into the gas phase. According

to Nasrifar, the RKMC equation is more accurate and robust [99].

Table 1. Experimental matrix for gas-liquid mass transfer measurement.

meBL Tro P
Run
(k) (K) (bar)
1 MT 0.520 373.15 25
2 MT 0.520 373.15 25
3 MT 0.520 413.15 25
4 MT 0.520 433.15 25
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2.6. Kinetic modeling

Parameter estimation, simulation and curve fitting were performed using the commercial software
Athena Visual Studio V.14.2 [100]. Athena Visual Studio uses a Bayesian framework more suitable for
multi-response parameter estimation than the classical nonlinear least squares method [101,102].

Indeed, Bayesian inference requires calculating the determinant criterion [103].

The following observables were used for the parameter estimation stage: BL, BHP, GVL and reaction
temperatures. Only two samples were withdrawn for experiments performed in isoperibolic or adiabatic
conditions: at the beginning and the end of the reaction. Several samples were withdrawn for isothermal

kinetic experiments, and the reaction temperature was constant.

The ODEs, obtained from material and energy balances, were integrated by the DDAPLUS solver, a
modified Newton algorithm [104]. The GREGPLUS subroutine package was used to minimize the
objective function OF(C) and to calculate the highest probability density HPD, i.e., credible intervals, of

the estimated parameters and the normalized covariance matrix.

GREGPLUS uses successive quadratic programming starting from our initial guess values to minimize

OF(¢) [100].

OF() =(a+b+1):-Inu@)l 1)
where a is the number of events in response, b is the number of responses and |v(€)] is the
determinant of the covariance matrix of the responses.

Each element of the covariance matrix of the responses is

v () = oy 0y [Yau = fiu (] [V = f1u ()] )
where, w,, is the weight factor, Yi, the experimental concentration or temperature and f;,,(¢) the
estimated value for response i and event u; Yj, the experimental concentration and f;,, () the estimated

value for response j and event u.
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A modified Arrhenius equation was used to decrease the correlation between the pre-exponential

factor and the activation energy by linearizing the original Arrhenius equation as

k(T) = exp [ln (k(Tref)) +

Eq
R'Tref

_ Trer

T

@)

where, T,..s is the reference temperature chosen in the considered experimental temperature range.

Table 2 shows the experimental matrix for the regression and Table 3 shows the experimental matrix

for the validation stage.

Table 2. Experimental matrix for regression with initial conditions.

moBL meGVL  meRu Cpo UA, [BL]o [BHP]o [GVL]o [BUOH]o Tro Thermal
Run P (bar)
(kg) (kg) (kg) Ikg*Kh  (WK?YH  (molm?®)  (molm?®)  (molm?3)  (molm3®)  (K) mode

1 35 0.415 0.105 0.005 2736 17 4712 0 2082 29 393 isothermal
2 35 0.500 0.000 0.007 2736 19 5929 0 28 65 423 isothermal
3 35 0.500 0.000 0.007 2736 19 9 2222 3909 2883 432 isothermal
4 15 0.117 0.402 0.004 2736 17 1359 2 8198 8 403 isothermal
b 20 0.520 0.000 0.006 3131 17 6105 0 4 3 394 isothermal
1 22 0.500 0.000 0.005 2755 18 6114 0 0 0 412 isoperibolic
2 30 0.400 0.100 0.005 2773 17 4963 0 2079 0 392  isoperibolic
3 30 0.420 0.100 0.005 2646 17 4713 1 1853 31 403  isoperibolic
4 35 0.420 0.100 0.008 3131 17 5090 1 2040 3 393  isoperibolic
1 36 0.520 0.000 0.006 2751 17 5816 0 0 0 393 adiabatic
2 35 0.520 0.000 0.006 2789 15 6056 0 3 53 373 adiabatic
3] 25 0.520 0.000 0.005 2704 15 5360 0 0 0 373 adiabatic
4 35 0.420 0.100 0.007 2624 15 4553 0 1786 31 373 adiabatic
5 25 0.520 0.000 0.006 2705 16 5635 0 20 37 383 adiabatic
6 30 0.350 0.170 0.008 2705 17 4223 4 3384 25 403 adiabatic
7 25 0.400 0.120 0.005 3131 18 4681 10 2337 30 413 adiabatic
8 20 0.520 0.000 0.004 3131 17 6339 0 8 62 403 adiabatic




174

175

Table 3. Experimental matrix with initial conditions for validation

moBL moGVL meRu Cpo UA, [BL]o [BHP]o [GVL]o [BUOH]o Tro Thermal
Run P (bar)

(kg) (kg) ko) (@kg*K?YH (WK (molm?®) (molm?®)  (molm?)  (molm3) (K) mode
6 38 0.415 0.105  0.005 2736 17 1050 2202 3482 1356 403 isothermal
7 35 0.415 0.105 0.005 2736 15 5059 0 2092 0 373 isothermal
8 20 0.520 0.000 0.006 2736 16 5756 0 4 34 384 isothermal
5 35 0.520 0.000  0.007 2788 15 5857 0 0 0 373 isoperibolic
6 35 0.420 0.100 0.008 2728 16 4984 1 1993 33 383 isoperibolic
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3. Results and discussion

3.1. Kinetics

The global kinetics for the hydrogenation of BL is a two-step reaction (Fig. 2).

0 OH

RuCc_ oBU + BUOH
+ W,

HsC H,C

H,C

BL BHP GVL

Fig. 2. Reaction pathway for the hydrogenation of BL over Ru/C.

The hydrogenation of the carbonyl group can take different routes, as illustrated in a previous article of
our group [105]. In this work we considered five kinetic models to determine the most reliable, these

kinetic models are described below:

Eley-Rideal (ER1): This kinetic model considers that only BL is adsorbed into active sites of the

catalyst, and then molecular hydrogen collides directly to the adsorbed BL.

e Langmuir Hinshelwood with molecular adsorption of H, (LH1): This kinetic model considers that
all reactants, BL and molecular hydrogen, are adsorbed into the active sites of the catalyst without
dissociation, then the chemical reaction takes place between adsorbed molecules.

e Langmuir Hinshelwood with hydrogen dissociation (LH2): As LH1 this kinetic model considers
that all reactants, BL and molecular hydrogen, are adsorbed into the active sites of the catalyst.
However, in this case, molecular hydrogen is dissociated into atomic hydrogen; then the chemical
reaction takes place between adsorbed BL and adsorbed atomic hydrogen.

e Non-competitive Langmuir Hinshelwood with molecular adsorption of H, (NCLHZ1): This kinetic
model considers that there is no competition between the reactants for the active sites of the catalyst,
so that it is considered that BL and molecular hydrogen are adsorbed in different actives sites.
Chemical reaction occurs between adsorbed BL and adsorbed molecular hydrogen without
dissociation.

e Non-competitive Langmuir Hinshelwood with hydrogen dissociation (NCLH2): As NCLH1 this

kinetic model consider that there is no competition between the reactants. BL and molecular



200 hydrogen are adsorbed into different actives sites, then the adsorbed molecular hydrogen is

201 dissociated into atomic hydrogen. The chemical reaction occurs between adsorbed BL and adsorbed

202 atomic hydrogen.

203 Table 4 shows the rate expression for the different possible reaction mechanisms.

204

205 Table 4. Kinetic expression for the different mechanisms for the hydrogenation step.

Kinetic model

Rate expression

Eley-Rideal with no adsorption of
hydrogen (ER1)

Langmuir Hinshelwood with molecular
adsorption of Hy (LH1)
Langmuir Hinshelwood with hydrogen
dissociation (LH2)
Non-competitive Langmuir
Hinshelwood with no dissociation of

hydrogen (NCLH1)

Non-competitive Langmuir
Hinshelwood with hydrogen

dissociation (NCLH2)

ky - [Hy] - Kpy - [BL] - wegr.
(Kpy, " [BL] + Kpyp - [BHP] + 1)

ky- Ky - [Hz] "Kp - [BL] T Wegt,
(Kyz - [Hy] + Ky, - [BL] + Kpyp - [BHP] + 1)2

ky Ky - [Hz] K- Kp; - [BL] * Wege,

( Ky - [Hy] + Kp, - [BL] + Kpyp - [BHP] + K; - Kp;, - [BL] - \/ Ky, - [H,] + 1)2

ki Ky - [HZ] Kpgin- [BL]
(1+ Ky, - [H]) . (1 + Kgyp» - [BHP] + Ky, - [BL]) * Weqt,

ki-Ky- K¢ Kppn- [Hz]

VEKy- [Hz] +1
[BL] " Weqt,

Kppr - [BL] + K. - /Ky - [Hy] - Kgpn - [BL] + Kpypa - [BHP] + 1

206

207  The kinetic expression for the second reaction step, i.e., the cyclization step, was expressed as

208 RCyclization =ky- [BHP]

(4)

209  We applied linearization on the rate constant, and kinetic factors are displayed in Table 5.

210

211




212 Table 5. Kinetic factors and estimated parameters.

Models Kinetic factors Estimated parameters
E T n(Kpy),
ER1 exp | n(Kpy) + n(ky(Tror)) + —2 -(1— “’f)
p( o (s (7)) R Tye T i (ky(Trer) ). 2 and In(Kpyp)
Lref
In(Ky,), n(Kg,),
LH1 exp(ln(l(,.,z)+ln(KBL)+ln(k1(T )+ Eas -(1—T”f)>
re _ Eq
R T,y T In (kl(Tref)), rrand tn(Kayr)
In(Ky), In(Kg,), In(K;),
LH2 In(Ky) + In(Ky,) + (k) + n (ko (T, Ear (1 _Trer
exp | In(Ki) + () + In(K) + In (Ja(Trep) ) + - (1= =
ref In (k1 (Tref)), ST and In(Kgpp)
In(Ky,), In(Kgpa), In(Kgpps),
Eal Tref
NCLH1 exp( In(Kyz) + n(Kpyo) + 10 (K (Trep) ) + (1= E,
ref In (k1(Tref)) and R-T,,
In(Ky), In(Kg,»), (K gypr),
E T, In(K,),
NCLH2 exp(ln(KH)+ln(KBLA)+ln(KC)+ln(k1(Tref))+ o -(1— t )) n(Ke)
" Lyef
Eqr
T,
In (k1( TEf)) and R Tof

213
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3.2. Material and energy balances

Due to the vigorous stirring, ideal hydrodynamics was assumed in the RC1 reactor. Material balances

for different compounds in the liquid phase leads to:

% = —Ruydrogenation (5)
% =kp.a- ([Hz]?iq — [H211iq) — Ruyarogenation (6)
dC;tH * = Ryydrogenation — Reyctization (7)
dcz% = Reyclization (8)
dCthVL = Reyclization 9

The term [Hz]fiq is hydrogen concentration at the gas-liquid interface. This value depends on

[HZ]ZL'q

temperature and was determined through Henry's constant: He(T) = [54]. A separate mass

PH, Reactor

transfer coefficient study was carried out to estimate the volumetric gas-to-liquid mass transfer
coefficient for hydrogen. A similar methodology applied in a previous study of our group was used [57]
to estimate this mass transfer coefficient by taking into account density and viscosity of the reaction
mixture [106]. For the sake of clarity, this information was added in Supplementary Material (S1). The
value of He(T) can change with temperature and chemical composition, the results from Capecci et al.

were used [54].
The heat balance equation for the liquid phase leads to

dTpg _ (_RHydrogenation'AHR,Hydrogenation'V_RCyclization'AHR,Cyclization'V) + UA'(Tj_TR)+a' (Tamb _TR) ( 1 0)

dt mg'Cpr+Minsert’CPinsert tMcatalyst CPcatalyst

The term « - (T,mp — Tr) represents the heat loss with the surroundings. The term UA - (T] — Tg) is the
heat flow rate exchanged with the heat carrier, and UA is the global heat transfer, T; and T, are the jacket

and reaction temperatures. The term mg - Cpg+Minsert - CPinsert tMeatatyst - CPeatatyst represents the


file:///D:/INSA%20Rouen%20February%202023/Recherche2_Fevrier2023/These%20Jose%20el%20mejor/Research/Manuscript%20on%20BL%20and%20LA%20with%202%20catalyst/To%20submit/Manuscript.docx%23_ENREF_3

235

236

237

238

239

thermal inertia, where M;pgert * Chinsert 18 €qual to 52 JK', according to the manufacturer, Cpg was
evaluated based on the evolution of chemical composition and temperature [24] and Cpcgraryse Was
found based on the article of Lu et al. [107]. Reaction enthalpies for hydrogenation AHg yyarogenation

and cyclization AHg cyciization Were the ones calculated by Wang et al. [46].
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3.3. Calibration results (Wilson plot)

In order to verify the thin wall approximation between the heat carrier and reaction mixture and to
predict the UA values with reaction temperature, UA value was calculated at different temperatures and
rotating speeds in the absence of reaction, i.e., Wilson plot [98]. Fig. 3 shows the linearity between 1/UA

and N2%, confirming the thin wall approximation.

0.12
0.11
y=2,727x + 0,038 X
0.10 y =2,494x + 0,035
y = 2,500x + 0,031
s 0.09
=2,199x + 0,030
= yEaRIEEs @ T =373,15K
= 0.08 °
g T =393,15K
= 0.07 O T=413,15K
o
e T =433,15K
0.06
0.05
0.04
0.005 0.01 0.015 0.02 0.025 0.03

N2/3 (min?/3)

Fig. 3. Wilson plot.
3.4. Gas-liquid mass transfer results

In these experiments, rates of hydrogenation and cyclization are equal to zero, thus one should integrate
Eq. (6) to estimate the k; a value. The volumetric mass transfer coefficient was expressed as [57]:

Tiiq 03 Plig 025

kua = (ki @moaifiea (5, ) 5 (1D
i liq

The constant (k;,a)moaifiea Was calculated from experiments shown in Table 1 as described in
Supplementary Material (S1). From Table S1.1, one can notice that the calculated value of
(kL@ moaifiea fOr each run is very similar. The average value of (k,a)moaifiea Was found to be 2.25:10°
b (PasK1)25(Paskgm3)°2°-stand the standard deviation was equal to 0.14 (Pa's K)*5(Pa'skgtm=3)°-2

s, This value was found to be similar than the one of Wang et al. [57].



256 3.5. Kinetic modeling

257 3.5.1. Regression

258  The five models were tested during the regression (ER1, LH1, LH2, NCLH1 and NCLH2). The Akaike

259  information criterion (AIC) was used to evaluate the most reliable models, and it was calculated as

2
260  AIC:number of independant event - In < ¥ ju=ru ] ) +

number of independant event

261  2.Number of estimated parameters (12)
262

263  This criterion penalizes models with numerous parameters to estimate. Table 6 shows the values for

264  each observable.

265 Table 6. AIC values for each observable and model.
AlC Number of parameters to estimate
BL BHP GVL Tr
ER1 2529 2010 2151 36 6
LH1 2498 2008 2131 117 7
LH2 2500 2010 2133 118 8
NCLH1 2520 1993 2139 54 7
NCLH2 2508 2056 2161 38 8

266
267  Table 6 shows that NCLH1 and NCLH2 are the most reliable model by considering the AIC for all

268  observables. Indeed, NCLH1 and NCLH2 models present a good compromise between the lowest AIC

269  values for Tr and medium AIC values for BL, BHP and GVL.

270  For the sake of clarity, modeling results using NCLH1 model are displayed, and the others are in
271  Supplementary Material (S2). Table 7 shows the value of the estimated parameters and the statistical
272 values. The model can estimate the kinetic constants with low credible intervals. However, the
273 estimation of adsorption constants is more challenging due to the difficulty to estimate such

274 thermodynamic constants.

275
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Table 7. Estimated values at Tres =

398.15 K and statistical data for NCLH1.

Units Estimate HPD HPD%
In (kl (Tref)) mol. kg_dry basis RuC.s* 5.34 012 217
(kz (Tref)) st 1019 003 0.8
= 9.25 0.73 7.92
R Tref
EaZ
- 8.09 0.59 7.27
R Trer
In(K,) mé.mol 291 026 893
In(Kp,») m?3.mol* 0.011 -
In(Kppp) m?.mol* 7.961 -
Table 8. Normalized parameter covariance matrix for NCLH1.
Eal Eaz
n (kl (Tref)) In (kz (Tref)) R- Tref R- Tref ln(KH)
n (ks (Trer) ) 1
n (ky(Trer)) 0.07 1
E
= -0.163 -0.047 1
R " Tref
E
. -0.086 0671 -0.059 1
R Trer
In(Ky) -0.981 -0.071 0.123 0.081 1

Correlation between the majority of estimated parameters are lower than 0.90 in absolute value, thus

one can consider that the estimated parameters are not correlated [108]. This absence of correlation

shows that the parameters are well identified. The parameter In (kl(Tref)) and In(K,,) are strongly

correlated, due to the difficulty to correctly track the hydrogenation rate.

Figs 4-6 show the fit of the model to experimental data in different thermal modes for NCLH1 model.

Generally, the model fits well the experimental data in these modes as it is confirmed with the parity

plot (Fig. 7). In isothermal mode, experimental temperatures were not considered in the objective

function, because the reaction temperature is stable along the reaction course. For adiabatic and

isoperibolic experiments, we measured concentrations at the beginning and at the end of the reaction.
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3.5.2. Validation stage

A holdout validation method was used. The estimated kinetic and thermodynamic constants obtained
from the regression stage were used to predict the kinetic profile by using initial experimental conditions
from Table 3. Fig. 8 show parity plots for the validation experiments for NCLH1, showing the good
prediction capacity of NCLH1. NCLH1 can correctly predict BL and GVL concentrations, as well as

reaction temperature. This model is less accurate for BHP concentration.
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4, Conclusions

There is a need to develop reliable and robust kinetic models to scaleup, optimize process production,
energy consumption and production, cost production and for thermal risk assessment. Traditionally,
these types of kinetic models are developed in isothermal conditions without considering the energy

balance. Thus, such models are limited for energy optimization or thermal risk assessment.

In this work, we developed and assessed 5 kinetic models in different thermal modes, i.e., isothermal,
adiabatic and isoperibolic one. We applied this approach for the production of y-valerolactone from the
hydrogenation of butyl levulinate. To the best of the authors’ knowledge, it is the first time that kinetic
model are done in different thermal modes. Such models can provide crucial information in process

optimization, scaleup, energy recovery for pinch analysis and thermal risk assessment.

Kinetic experiments were performed by using high concentrated solution of BL in the RC1 calorimeter
using three thermal modes (isothermal, isoperibolic and adiabatic). For the regression stage, we varied
the initial temperature from 383 to 430 K, catalyst loading from 6.5 to 13.5 kg/m? and hydrogen pressure
from 15 to 35 bar. We were able to estimate kinetic constants for 5 kinetic models: Eley-Rideal with no
adsorption of hydrogen (ER1), Langmuir Hinshelwood with molecular adsorption of H, (LH1),
Langmuir Hinshelwood with hydrogen dissociation (LH2), Non-competitive Langmuir Hinshelwood
with no dissociation of hydrogen (NCLH1) and Non-competitive Langmuir Hinshelwood with hydrogen
dissociation (NCLH2). From the AIC criterion, we found that NCLH1 and NCLH2 models were the
most reliable model. A validation stage was done using a holdout method, and confirmed the reliability

of NCLH1 model.

A continuation of this work could be the determination of these constants from quantum mechanics

method.
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