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Abstract.

The use of biomass as feedstock to produce chemicals or biofuels is increasing. This renewable,
biodegradable and ecofriendly feedstock could present some new risks that should be taken into
account. In this context, a thermal risk assessment of levulinic acid (LA) hydrogenation to vy-
valerolactone (GVL), which is a platform molecule produced from lignocellulosic biomass

process, catalyzed by Ru/C in water was performed .

A kinetic model including an energy balance under near-adiabatic conditions was built. For that,
different experiments at different operating conditions (levulinic acid concentration and catalyst
loading) were performed by using an Advanced Reactive System Screening Tool (ARSST) to
estimate the kinetic constants of this reaction system. To make a thermal risk assessment of a
chemical reaction system, two safety parameters should be defined: Time-to-Maximum Rate
under adiabatic conditions (TMRag) and adiabatic temperature rise (ATad). The parameter TMRad
defines the time to reach the maximum temperature rate and characterizes the probability of risk.
The parameter ATaqq is the difference between the maximum and initial reaction temperature and
characterizes the severity of risk. Based on this kinetic model, these two parameters were
determined at different operating conditions. With the aid of a risk matrix, it was possible to
determine the safe operating conditions (temperature, levulinic acid concentration, hydrogen

pressure and catalyst loading).

Keywords: Thermal risk assessment, biomass valorization, hydrogenation, levulinic acid, y -

valerolactone, kinetic modeling



1. INTRODUCTION

Due to fossil depletion, environmental issues, global warming and energy dependence from some
fossil-energy-exporting countries, the development of processes and technologies for the
production of energy from renewable sources is increasing worldwide.* In particular, the use of
any type of biomass as raw materials is intensely increasing, along with the number and

potentiality of bioenergy production plants.>

For the valorization of biomass, the tendency is to work on the production of platform
molecules.® Furthermore, lignocellulosic biomass should be privileged because of its non-
competition with food. There are different potential platform molecules issued from
lignocellulosic biomass like sorbitol, furfural, hydroxymethylfurfural (HMF), levulinic acid
(LA), lignin monomer, ethanol, butanol or lactic acid.*® Levulinic acid is of particular interest,
and has been identified as one of the twelve promising building blocks by the US department of

energy.®

LA is used as solvent, antifreeze, food flavoring agent, intermediate for pharmaceuticals, and for
plasticizers synthesis.® As a platform molecule, levulinic acid can be transformed into different
chemicals such as diphenolic acid (as replacement for bisphenol A in polycarbonates, epoxy
resins, and other polymers, or being used in lubricants, adhesives, and paints), pentanoic acid,

angelicalactones, 2-butanone or y-valerolactone.



Different processes have been developed for the production of LA from lignocellulosic biomass
(LCB).” One of the most consolidated technologies currently existing for LA industrial
production is the Biofine process.®° By further hydrogenation reaction, LA can be converted to
y-valerolactone (GVL), which is in turn, a key platform molecule for the production of bio-
chemicals/-fuels, and is the cornerstone of cascade processes for the production of liquid fuels.

The steps of such process are depicted in Figure 1.
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Figure 1. Steps of the valorization process of LCB biomass: the production of LA and its

reduction to GVL.
Alonso et al.* have also demonstrated that y-valerolactone is a sustainable platform molecule.
Several articles have shown the possibility to produce GVL by hydrogenation of aqueous
solution of levulinic acid: the use of molecular hydrogen*?° or the use of a hydrogen donor such
as from the decomposition of formic acid®®2?? or from alcohols such as ethanol and 2-
propanol.??* This strategy avoids to implement a levulinic acid vaporization step or a
dehydration step. From an economical, safety and energy point of view, this process should be
developed for mild temperature and pressure conditions. This approach could elegantly reduce
the number of processing steps and the operating cost. To this aim, different heterogeneous
catalysts have been developed. Among various noble metals (for example Ru, Pt, Pd, Ir, Re, Rh,

Ni, etc.) supported on different materials (Al20s, SiO2, C), Ru catalyst is particularly active and



selective for this reaction.?>? At the laboratory scale, one of the most efficient way of GVL

production is the hydrogenation of aqueous LA with H, over heterogeneous catalyst Ru/C.?®

The design and scale-up of new processes and technologies using biomass feedstock might
involve emerging risks according to the International Risk Governance Council: issues that are
perceived to be potentially significant, but they may not be fully understood and assessed and

therefore correctly managed, e.g. bio-hazards, thermal risk and dust explosion.

On one hand, processes using biomass are usually perceived as thermally and/or toxicology safer
or even completely harmless with respect to other conventional chemical processes. On the other
hand, using biomass as a raw material entails hazardous materials and severe process conditions
such as acid hydrolysis, high pressures and temperatures, and a risk assessment should be
performed for these chemical processes.®®' Society could accept such processes based on
biomass, i.e., biorefinery, because it can promote new jobs, consume local biomass feedstock
and waste, diminish the dependency towards fossil feedstock and use ecofriendly raw materials.
Thus, to preserve the development of such sustainable industries and its image towards public

opinion, risk assessment of these processes should be done.

For example, in the last decade, there have been several accidents involving bioenergy
production and feedstock supply chain that raised concern on the safety of such technologies.>
34 The analysis of major accidents showed that their number is growing faster than bioenergy
production, and the comparison with the number of accidents in oil refining activities shows that

the increasing trend is specific to bioenergy sector.?



Although different kinetic models for the hydrogenation of LA or alkyl levulinates by using
Ru/C are described in the literature,'214293536 none of them have investigated the thermal aspect
of this reaction. One should keep in mind that hydrogenation of unsaturated compounds are
exothermic reactions, and the risk of thermal runaway is not negligible.*”*® Reaction enthalpy
for the hydrogenation of LA to GVL was found to be -74.47 kJ.mol*.*® This value cannot be

neglected.

It has been demonstrated that thermal runaway is a major threat in chemical industry.*®4! In this
panorama, thermal risk assessment for the hydrogenation of levulinic acid to y-valerolactone
catalyzed by Ru/C in water was proposed in this paper (Figure 2). A kinetic model under near-
adiabatic conditions was built based on a homogeneous batch reactor model and experiments
performed in ARSST system. To make a thermal risk assessment, batch operation should be used
because it is the most conservative system. Indeed, in batch process under adiabatic mode,

thermal accumulation is higher compared to semi-batch or continuous process.

Then, the model was employed to determine the adiabatic temperature rise ATad, Which
characterizes the severity of the thermal risk, and the Time-to-Maximum Rate under adiabatic
conditions TMRag, which characterizes the probability of the thermal risk. The benefit of such
approach is to be able to determine the safety parameters at different operating conditions which

is not possible by using a zero-order approach.*?



At last, a risk matrix based on severity and probability of thermal risk was created for thermal
risk assessment at different reaction conditions including levulinic acid concentration,

temperature, catalyst loading and hydrogen pressure.
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Figure 2. Methodology of thermal risk assessment for hydrogenation of LA to GVL.



2. RESULTS AND DISCUSSION

2.1. Kinetic model

Hydrogenation of levulinic acid to y-valerolactone includes two steps: the first step is the
hydrogenation of the ketone group of levulinic acid leading to the formation of 4-
hydroxypentanoic acid (HPA). The second step is the ring closure reaction of HPA to y-

valerolactone. **3° The mechanism of hydrogenation of levulinic acid is illustrated in Figure 3.

OH

0 RwC
Reaction 1: hydrogenation )WOH + H, —> /\/\O/OH
(0] 0]
LA 4-HPA
Reaction 2: cyclization /\/\"/ OH _— \g + H,0
o
4-HPA GVL

Figure 3. Reaction mechanism for the hydrogenation of levulinic acid to y-valerolactone.

Piskun et al.>® have developed two models: one based on a Langmuir-Hinshelwood model for

both reactions and the other one by assuming an equilibrium reaction for the ring-closure one.

One of the objectives of this article was to develop a kinetic model under adiabatic conditions,
which takes into account the concentration of LA, proton, Hz pressure and catalyst loading. For
that reason, the kinetic model of Piskun et al.3® describing the kinetic model as homogeneous

model was used in this study.



The hydrogenation of LA to HPA on the catalyst is described by a Langmuir-Hinshelwood model

(eq 1).

k1.Py, K1 a.[LA]

Ry = (1+K 4. [LA)+K gy [GVLI+Kypa.[HPA])? (1)

where, Kia, KevL and Kxpa are the adsorption coefficients for LA, GVL and HPA, respectively.
These thermodynamic constants (Kra, KevL and Krpa), which do not depend on reactor

characteristic, were assumed to be the same than the ones estimated by Piskun et al.*?

As the first reaction depends on the heterogeneous catalyst and on the gas-liquid, liquid-solid
mass transfers, thus this reaction is sensitive to the stirring system. For that reason, the kinetic
constants for the first reaction, ki(Tref) and Eai, were estimated in this work and compared to

the ones obtained from the work of Piskun et al.%®

For the second reaction, reversible transformation of HPA to GVL occurs in the bulk phase and
is catalyzed by Bronsted acid. As the second reaction occurs in the bulk aqueous phase and does
not involve the heterogeneous catalyst. Thus, this reaction can be considered to have the same
kinetics in our system as the one of Piskun et al.>® Hence, in this work, the kinetic constants of

the second reaction estimated by Piskun et al.®® were used.

Originally, Piskun et al.* have described the reversible transformation of HPA to GVL as 2
reactions (direct and indirect reactions) occurring in the bulk phase and catalyzed by Bronsted

acid. These two reactions can be summarized into one reaction and expressed as:

R, = k. [H] ([HPA] - Kiz [GVL]) )

10



where, K is the equilibrium constant of the second reversible reaction and can be expressed as

K, = :—2 According to Piskun et al.,?® the concentration of protons can be expressed as:

-2

[H*] = \/Kiii“- [LA] + Kfip3. [HPA] ©)
where, K455 and K#is5 are the dissociation constants of levulinic acid and 4-hydroxypentanoic
acid.

From the kinetic data of Piskun et al.,?® it was possible to estimate K, by a van’t Hoff law:

K,(T) = K, (T = 90°C).exp (% (z- ﬁ)) (4)

It was found that at 90°C, the value of K, (T = 90°C) was equal to 10 and the reaction enthalpy

AHpg , was found to be -3.2 ki/mol.
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2.2 Mass and energy balances for the system

Mass balance in the gas phase

Due to the high gas volume (ca. 400 mL) compared to the liquid volume (ca. 10 mL) and quite
low variation of recorded pressure (<1.4%), the variation of pressure in the ARSST was

negligible. Thus, the system was considered to be under isobaric mode.

Mass balance in the liquid phase

Pressure of the gas phase was ca. 35 bar, thus the evaporation of the liquid phase had a minor
effect on the mass balance. Mass balance for the different compounds present in the liquid phase

can be expressed as:

dCra _ _ Mcat
= R (®)
dow _

Fraals (6)
dCeyL __
o~ Re 7)
dac ca
_:tPA = _mV “R; — R, 8)
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Energy balance in the liquid phase

Energy balance in the liquid phase is expressed as:
dar _
dc

qrx+del
mpa(0).Cpy 4 (T)+my (£).Cpy, (T)+mayL(t).Crgy (T)+Mupa(t).Cryp o (T)+Mcat-Cp g (T)+Minsert-Crinsert (T)

Arx +

mLA(t)-CPLA (T)+mW(t)-CPw(T)+mGVL (t)-CP GVL () +tmypa (t)-CPHpA (T)+mcat-CP Cat(T) +Minsert-Cp insert ()

B ©)

The heat balance in the ARSST system includes the heat flow rate from the exothermic reactions

qr and the heat flow rate from the electrical heating q.;.

Evolution of heat capacities with temperature for water, y-valerolactone and levulinic acid were
determined by using Aspen Plus software v9.0 (Aspen Technology, Inc.), using the Peng-
Robinson with modified Huron-Vidal mixing rules thermodynamic model (Figure S1). This
thermodynamic model was used based on the recommendation of Carlson.** Due to the
instability of HPA, it is difficult to measure its heat capacity. Thus, heat capacity of HPA was
assumed to be the same as the one of GVL, because the chemical structure of HPA is similar to

GVL.

In our model, we have taken into account the evolution of the different heat capacities with

temperature and the variation of composition.

Heat capacity of catalyst was found to be equal to 1000 J/(kg K).** . Heat capacity of the inserts

is equal to 837.36 J/(kg K) according to the manufacturer.

13



The heat flow-rate g,., due to the chemical exothermic reactions can be expressed as:

m

Vclat - Rz. AHR,Z) . Vllq (10)
liq

Qrx = (_Rl-AHR,l-

The determination of B, which is the background heating rate, was explained in the previous

articles of our group.*?*® This parameter was fixed for each experiments (Table 4).
The reaction enthalpy value AHg ;was found to be -3.2 kJ/mol.

The enthalpies of formation for LA and GVL in liquid phase are -678.64 kJ/mol and -469.86
kJ/mol, respectively.®® The enthalpy of formation of water in liquid is -285.3 kJ/mol.*® Thus, by
knowing the second reaction enthalpy AHy, , and the enthalpies of formation of water and GVL,
one can determine the enthalpy of formation of HPA, which is -751.96 kJ/mol. Thus, the first
reaction enthalpy value AHp ; is -73.318 kJ/mol. Enthalpies of formation and of reaction are

listed in Table 1.
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Table 1. Enthalpies of formation and of reaction.?%%

Compound Enthalpy of formation (kJ/mol)
Levulinic acid (LA) -678.64
y-valerolactone (GVL) -469.86
4-hydroxy-pentanoic acid (HPA) -751.96
Water (H20) -285.3
Reaction AHp kJ/mol
Reaction 1 -73.318
Reaction 2 -3.2

2.3 Kinetic model
Egs. (5)-(9) were solved out by using ODESSA algorithm*’ through ModEst software.*®

A modified Arrhenius equation was used to express the rate constants:

Ki(Te) = ki(Trey )-exp ( (57 )) (11)

TRef

The objective function w = (yexp — ymodel)zwas minimized by using Simplex and Levenberg-
Marquardt algorithms. The terms y,,,, and ymoqe; are the experimental and the simulated values

of the observable. Reaction temperature was used as an observable value for the non-linear

15



regression stage. The following parameters were estimated: kl(TRef) and Ea,. Table 2 shows

the values of the estimated parameters with their standard deviations.

Table 2. Estimated and statistical data at Tref = 66.85°C.

Estimated parameters Standard error (%)
ki(Tres)| [mol/(kg_cat s bar)] 6.1610 7.0
Ea, [kJ/mol] 45.0 3.6

Kinetic constants from Piskun et al.3°

k2 (Tres) [L/(mol s)] 9.85107?

Ea, [kJ/mol] 62.5

The high value of the coefficient of determination, i.e., 95% and low values of standard deviation
(Table 1) show that the model is reliable. Piskun et al.®® have found that the kinetic constant of
reaction 1 was 1.24.102 mol/(kg_cat s bar) at 66.85°C, and the associated activation energy Eax
was found to be 34.1 kJ/mol. Within the temperature range 66.85-106.85°C, the ratio

(kl)from Piskun et al.32

is ca. 20.

(K1) from this work
Three factors can explain this difference:
-Difference of heterogeneous catalyst: Ru/C catalyst (3 wt.% Ru) from Evonik for the study
performed by Piskun et al.*> and Ru/C catalyst (5 wt.% Ru) from Alfa Aesar company for this
study;

-Stirring system of Piskun et al.>> was more efficient (Ruschton type impeller);

16



-Thermal mode was different. Piskun et al.>* have performed their experiments under isothermal
mode, whereas in this study experiments were performed under near-adiabatic conditions.
Furthermore, for this reaction system, by increasing the reaction temperature, the hydrogen
solubility decreases.?’ Hence, the kinetics of HPA production is slower leading to lower the heat-

flow rate due to chemical reactions.

Different experiments with different initial operating conditions, listed in Table 3, were
performed to estimate the kinetic constants. Fitting of the model to the experimental data
provided by ARSST were shown in Figures 4A-D. Generally, the model fits well with the
experimental data and can be considered to predict correctly the temperature trend. There is a
deviation when the LA concentration is low (Figure 4D), i.e., 2.67mol/L. The reason may be
because the concentration of proton is not taken into account for the hydrogenation, and it was
shown that protons could inhibit the hydrogenation of C=0 bond and accelerates the reaction.*°

Table 3. Experimental matrix for ARSST experiments under 35 bar of hydrogen.

LA Water Catalyst Volume | Initial temperature T1 B
e (mol/L) | (mol/L) (kg/L) (L) (°C) (°C/min)
1 6.5 18.79 0.015 0.0074 61.46 0.48
2 5.46 24.66 0.02 0.0076 62.53 0.65
3 5.43 24.85 0.027 0.0076 68.45 0.88
4 55 24.42 0.013 0.0075 63.32 0.43
5 2.67 40.47 0.006 0.0078 68.3 0.68
6 3.86 33.58 0.029 0.0078 71.35 1.11

17
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Figure 4A. Fit of the model to the experimental data for Run 1.
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Figure 4B. Fit of the model to the experimental data for Run 2.
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2.4 Thermal risk assessment.

Thermal risk assessment is based on the determination of probability and severity of a thermal
runaway. For that, it is important to determine the value of TMRaq at the process temperature

and the value of the adiabatic temperature rise ATad.

Stoessel™ has established some criteria for the values of ATaq (Table 4) and TMRuq (Table 5).
For instance, when the TMRaq4 value for a chemical process is lower than one hour, thus the
probability of thermal runaway is frequent. When this value is higher than one hundred hours
the probability can be considered as impossible. In the same spirit, when the adiabatic
temperature rise ATaq was found to be higher than 400°C, then the severity of the thermal risk
can be assumed to be catastrophic, and when this value is lower than 50°C, then the severity can

be assumed to be negligible because the reactor structure could support this temperature increase.

To assess the thermal risk of a chemical process at a defined operating condition, one needs to
estimate the products of severity by probability.’! For that reason, a factor was attributed to each
situation. When the severity and probability of thermal risk was negligible or impossible then a

factor one was attributed (Tables 4 and 5).

By using the factors (Tables 4 and 5), it is possible to create a risk matrix for thermal runaway
presented in Table 6 according to guidelines for designing risk matrices.®® When the value
obtained from TMRag4 factor multiplied by ATaq factor is higher than 12, then the risk can be
assumed to be non-acceptable (red zone in Table 6). In that case, the manager should modify this
installation or implement risk reduction measure. When the value is between 6 and 12, the

thermal risk can be assumed to be medium (green zone in Table 6), which also needs risk

22



management and safety control. When the value is lower than 6, the thermal risk can be assumed

to be negligible (white zone in Table 6).

Table 4. Assessment criteria for ATag.>°

Severity ATad (°C) Factor
Catastrophic >400°C 4
Critical 200-400°C 3
Medium 50-200 2
Negligible 50 and no pressure 1

Table 5. Assessment criteria for TMRaq.%°

Probability TMRad (hrs) Factor
Frequent <1 6
Probable 1to 8 5

Occasional 810 24 4
Seldom 2410 50 3
Remote 50 to 100 2

Impossible >100 1

23



To study thermal risk assessment for this reaction, effects of LA concentration, temperature and
catalyst loading were investigated under constant hydrogen pressure. The two safety parameters
TMRag and ATag were determined by using the developed kinetic model under near-adiabatic

condition in this paper. TMRqq at a process temperature Tp was measured as the time difference

between the maximum of (d—T) and the initial time. The parameter ATagwas calculated as the

max.

temperature difference between the maximum temperature reached during the reaction and the

initial temperature, i.e., the process temperature Tp.
Table 6. Risk matrix for a thermal runaway.

Severity  Negligible Medium Critical ~ Catastrophic

Probability  Factor 1 2 3 4
Frequent 6 6 12
Probable 5 5 10
Occasional 4 4 8
Seldom 3 3 6
Remote 2 2 4 6 8
Impossible 1 1 2 3 4

B Non-acceptable [ Medium [ | Negligible

24



In this paper, the safety parameters were determined by simulation with varying the catalyst
loading from 0.0001 to 0.14 Kkg/L, the process temperature from 100 to 130°C, the initial

levulinic acid concentration from 0.62 to 6.75 mol/L and hydrogen pressure from 15 to 50 bar.

Tables 6A-D show the variation of the thermal risk for hydrogenation of LA to GVVL under 35
bar at different catalyst loadings: 0.0001, 0.0014, 0.014 and 0.14 kg/L, respectively. One can
notice that when the catalyst loading is lower than 0.0001 kg/L, the thermal risk is almost
negligible (Table 6A). The thermal risk is medium when the concentration is of 0.62 mol/L,
because the kinetics is faster due to a higher amount of active sites (from the catalyst) compared
to the amount of LA. Nevertheless, the estimated adiabatic temperature rise was found to be

negligible, i.e., lower than 12°C.

When the catalyst loading is in the range of 0.0014-0.014 kg/L, the thermal risk is medium in
the majority of cases according to the risk matrix (Tables 6B-D). Generally, by increasing the
catalyst loading, temperature and LA concentration, the thermal risk increases, which makes this
process less safe. For example, when LA concentration is of 6.75 mol/L, in the temperature range
of 100-130°C, by increasing the catalyst loading from 0.0014 to 0.14 kg/L, the thermal risk value
of this process increases from 8 to 12. When LA concentration is of 3.22 mol/L and catalyst
loading is 0.0014 kg/L, by increasing the temperature from 100 to 130°C, the thermal risk value
increases from 8 to 10 (Table 6B). Some safety barriers should be included to prevent such
medium risk, specifically if one cannot use different operating conditions for productivity
reasons. When the risk is defined as medium and it is not possible to modify the operating
conditions, the following safety barriers could be used: rupture disk to avoid the explosion of the
reactor structure, install additional heat carrier pump to avoid any cooling failure and/or to

implement an emergency cooling system to slow down the reaction temperature increase.
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However, by adjusting LA concentration between 1.25 and 1.90 mol/L, the thermal risk is

negligible as TMRaq is more than 1hr and ATaq is lower than 50°C.

Effect of hydrogen pressure were also investigated for thermal risk assessment of this process.
At a catalyst loading of 0.014 kg/L, by elevating the pressure from 15 to 50 bar, thermal risk is
medium in the majority of cases (Tables 7A-B). Compared with Table 5C, which shown the
same catalyst loading under 35 bar, the thermal risk kept the same value in most cases in the LA
concentration range of 0.62 -1.90 mol/L due to lower ATad. However, when LA concentration is
higher than 1.90 mol/L, by elevating the hydrogen pressure from 15 to 50 bar, the thermal risk
increases from 10 to 12 gradually because of higher hydrogen solubility which can accelerate

the reactions.

Table 6A. Evolution of thermal risk in function of process temperature and LA concentration

at a catalyst loading of 0.0001 kg/L under 35 bar Hz (Medium| Negligible))

RISK [LA] mol/L

Tp°C| 0. 322 39 | 4
100 2 2
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120
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Table 6B. Evolution of thermal risk in function of process temperature and LA concentration

at a catalyst loading of 0.0014 kg/L under 35 bar Hz (Medium|[Negligible)).

RISK [LA] mol/L

Tp°C | 062 | 1.25 | 1.90 | 255 [ 3.22 [ 3.90 | 459 | 5.30 | 6.02 | 6.75
100 6 5 4 8 8 8 8 8 6 6
110 6 5 5 8 8 8 8 8 8 8
115 6 5 5 10 8 8 8 8 8 8
120 6 5 5 10 8 8 8 8 8 8
125 6 5 5 10 | 10 8 8 8 8 8
126 6 5 5 10 | 10 8 8 8 8 8
127 6 5 5 10 | 10 8 8 8 8 8
128 6 5 5 10 | 10 8 8 8 8 8
129 6 5 5 10 | 10 | 10 8 8 8 8
130 6 5 5 10 | 10 | 10 8 8 8 8

Table 6C. Evolution of thermal risk in function of process temperature and LA concentration

at a catalyst loading of 0.014 kg/L under 35 bar Hz (Medium| Negligible)).

RISK [LA] mol/L

Tp°C| 062 | 1.25 | 1.90 | 255 | 322 | 3.90 | 459 | 5.30 |6.02]6.75
100 6 6 6 10 10 10 10 10 | 10 | 10
110 6 6 6 12 10 10 10 10 | 10 | 10
115 6 6 6 12 10 10 10 10 | 10 | 10
120 6 6 6 12 12 12 10 10 | 10 | 10
125 6 6 6 12 12 12 10 10 | 10 | 10
126 6 6 6 12 12 12 12 10 | 10 | 10
127 6 6 6 12 12 12 12 10 | 10 | 10
128 6 6 6 12 12 12 12 10 | 10 | 10
129 6 6 6 12 12 12 12 12 | 10 | 10
130 6 6 6 12 12 12 12 12 | 10 | 10
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Table 6D. Evolution of thermal risk in function of process temperature and LA concentration

at a catalyst loading of 0.14 kg/L under 35 bar Hz (Medium|[Negligible)).

RISK [LA] mol/L

Tp°C| 062 | 1.25 [ 1.90 | 255 | 3.22 | 3.90 | 459 | 5.30 [6.02]6.75
100 6 6 6 12 12 12 12 12 | 12 | 12
110 6 6 6 6 12 12 12 12 | 12 | 12
115 6 6 6 6 12 12 12 12 | 12 | 12
120 6 6 6 6 12 12 12 12 | 12 | 12
125 6 6 6 6 12 12 12 12 | 12 | 12
126 6 6 6 6 12 12 12 12 | 12 | 12
127 6 6 6 6 12 12 12 12 | 12 | 12
128 6 6 6 6 12 12 12 12 | 12 | 12
129 6 6 6 6 12 12 12 12 | 12 | 12
130 6 6 6 6 12 12 12 12 | 12 | 12

28




Table 7A. Evolution of thermal risk in function of process temperature and LA concentration

at a catalyst loading of 0.014 kg/L under 15 bar H2 (Medium|[Negligible)).

RISK [LA] mol/L

Tp°C| 062 | 1.25 [ 1.90 | 255 | 3.22 | 3.90 | 459 | 5.30 [6.02]6.75
100 6 6 5 10 10 10 10 10 | 10 | 10
110 6 6 5 10 10 10 10 10 | 10 | 10
115 6 6 5 10 10 10 10 10 | 10 | 10
120 6 6 5 10 10 10 10 10 | 10 | 10
125 6 6 6 10 10 10 10 10 | 10 | 10
126 6 6 6 10 10 10 10 10 | 10 | 10
127 6 6 6 10 10 10 10 10 | 10 | 10
128 6 6 6 10 10 10 10 10 | 10 | 10
129 6 6 6 10 10 10 10 10 | 10 | 10
130 6 6 6 10 10 10 10 10 | 10 | 10

Table 7B. Evolution of thermal risk in function of process temperature and LA concentration

at a catalyst loading of 0.014 kg/L under 50 bar Hz (Medium| Negligible)).

RISK [LA] mol/L

Tp°C | 062 | 1.25 [ 1.90 | 255 | 322 | 3.90 | 459 | 5.30 | 6.02 | 6.75
100 6 6 6 12 | 10 | 10 | 10 | 10 | 10 | 10
110 6 6 6 12 | 12 | 10 | 10 | 10 | 10 | 10
115 6 6 6 12 | 12 | 12 | 12 | 10 | 10 | 10
120 6 6 6 12 | 12 | 12 | 12 | 12 | 12 | 10
125 6 6 6 12 | 12 | 12 | 12 | 12 | 12 | 12
126 6 6 6 12 | 12 | 12 | 12 | 12 | 12 | 12
127 6 6 6 12 | 12 | 12 | 12 | 12 | 12 | 12
128 6 6 6 12 | 12 | 12 | 12 | 12 | 12 | 12
129 6 6 6 12 | 12 | 12 | 12 | 12 | 12 | 12
130 6 6 6 12 | 12 | 12 | 12 | 12 | 12 | 12
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3. CONCLUSIONS

Prior works have studied the kinetics of hydrogenation of levulinic acid to y-valerolactone
catalyzed by Ru/C in water. However, none of them has discussed the thermal aspect of this
reaction system. In this paper, thermal risk assessment of levulinic acid hydrogenation to y-

valerolactone was performed.

To evaluate the thermal risk of this process, a kinetic model under near-adiabatic condition was
developed. Experiments at different operating conditions were performed in a near-adiabatic
reactor, i.e., ARSST (advanced reactive system screening tool). A non-linear regression method
was used to estimate the kinetic constants using the reaction temperature as an observable. Good

agreement between experimental data and the model was obtained.

Based on this model, adiabatic temperature rise (ATad), which characterizes the severity of the
thermal risk and Time-to-Maximum Rate under adiabatic conditions (TMRag), which
characterizes the probability of the thermal risk, were obtained. Different operating conditions
including levulinic acid concentration, temperature, catalyst loading and hydrogen pressure were
tested for the assessment of this process. It should be noticed that when the catalyst is within the
loading range of 0.0014-0.014 kg/L, LA within the concentration in range of 0.62-6.75 mol/L,
temperature in the range of 100-130°C and under 35 bar hydrogen pressure, the thermal risk is
medium in the majority of cases and safety barriers should be included to prevent a thermal
runaway situation. Elevating hydrogen pressure can also increase the thermal risk. Further work
should be focused on determining the optimum operating conditions for this system based on
mass and energy balance. Another investigation can also be the establishment of an intrinsic

kinetic model taking into account the internal and external mass transfer under adiabatic mode,
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and use a design of experiment methodology to determine the main inlet parameters (catalyst

particle size distribution, rotating speed,...) influencing the thermal risk.

4. EXPERIMENTAL SECTION

4.1 Chemicals and analytical methods

Levulinic acid (wt%>97%) was purchased from Sigma-Aldrich company. The product y-
valerolactone (98 wt.%) was purchased from MERCK company. Ru/C (5%wt ruthenium on
activated carbon powder, reduced and 50% water wet) was provided by Alfa Aesar company.
H> (>99.999%) and N2 (>99.9%) were supplied from Linde company. All the chemicals were

used without further treatment.

2.2 Experiments performed in ARSST

The calorimeter ARSST, standing for advanced reactive system screening tool, was used. This
calorimeter works under near-adiabatic conditions under the heat loss compensation
principle.>>° Several research groups have used this calorimeter to study exothermic chemical
system in liquid phase.*?#>°2%" The benefits of this calorimeter are the use of small amount of
chemicals, i.e., ca. 10 grams, possibility to work under high pressure to neglect evaporation and

fast screening of exothermic reactions.®>°

In our experiments, the ARSST was used to record the variation of pressure and temperature for
the hydrogenation of levulinic acid to y-valerolactone catalyzed by Ru/C under near-adiabatic

conditions.

This unit consists of two main parts, as shown in Figure 6, one is a 10 mL glass cell and the other

one is a 450 mL stainless steel reactor that could stand high pressure (maximum pressure 100
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bar). The 10 mL glass cell includes the reaction mixture and a magnetic stirring bar inside. The
cell is surrounded by a heater belt which could provide electrical heating, and insulated by
aluminum paper and glass fiber. It is possible to adjust the electrical heating to obtain the desired

background heating rates.

A thermocouple T1 (T1 in Figure 7) is put in contact with the reaction mixture. The 450 mL
stainless steel reactor is linked with hydrogen gas supply system, pressure and temperature
monitor. A thermocouple T2 (T2 in Figure 7) is put in the headspace of the stainless steel reactor

to record the evolution of temperature in the gas phase.

Before starting the experiment, the 10 mL glass cell was filled with desired amount of levulinic
acid, distilled water and Ru/C catalyst. The sealed system was purged with nitrogen then by
hydrogen. Then, ca. 35 bar of H> was supplied into the system as reactant and to minimize the

evaporation of the liquid mixture as well.

The process was started without stirring until ca. 60°C. The aim of this step is to heat the mixture
and avoid the start of chemical reaction. Time zero was defined when the stirring started. When
the temperature of the mixture reached the maximum temperature, the process was stopped and
cooled down. As the variation of recorded pressure was quite low (<1.4%), the system can be

considered under isobaric conditions.
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SUPPORTING INFORMATION

For the sake of conciseness, we have put in supporting information the evolution of specific heat-

capacities of water, levulinic acid and y-valerolactone.
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NOMENCLATURE

Cp Specific heat-capacity [J/(kg.K)]

Ea Activation energy [J/mol]

AHR Reaction enthalpy [J/mol]

k Rate constant

Khra Adsorption coefficient of HPA [L/mol]
Kia Adsorption coefficient of LA [L/mol]
KevL Adsorption coefficient of GVL [L/mol]
Kss Dissociation constant of LA [mol/L]
K33 Dissociation constant of HPA [mol/L]
K, Equilibrium constant

Viig Volume of liquid [L]

Minsert Insert mass [kg]

mj Mass of compound j [kg]

n; Number of moles of compound j [mol]
P Pressure [bar]

el Electrical heating-rate [J/s]

Orx Heat-flow rate due to chemical reactions [J/s]
R Gas constant [J/(K.mol)]

R? Coefficient of explanation [%]

ATad Adiabatic temperature rise [°C]

T1 Temperature of the reaction mixture [°C]
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T2

TRef

Yexp

Ymodel

Greek letters

Abbreviations

ARSST
LA
LCB
GVL
HMF

TMRag

Temperature in the gas phase [°C]
Reference temperature [°C]
Experimental observable value

Simulated observable value

Background heating rate [°C/min]

Obijective function

Advanced Reactive System Screening Tool
Levulinic acid

Lignocellulosic biomass

y-valerolactone

Hydroxymethylfurfural

Time-to-maximum rate under adiabatic conditions at Tp [hrs]
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