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Abstract

When processing lignocellulosic biomass materials to obtain platform molecules such as
levulinic acid (LA), alkyl levulinates or y-valerolactone (GVL), the choice of solvent is of
prime importance for kinetics. The knowledge of relationships between reaction kinetics
and solvent serves as a decision tool for process design. To determine such relationships,
esterification reactions was chosen because such reaction steps are present in several
biomass conversion processes. In this work, kinetic models of LA esterification by ethanol
over sulfuric acid in polar aprotic solvent (GVL) and polar protic solvents (water or
ethanol) were developed and evaluated by Bayesian statistics. The apparent dissociation
constants in solvents were estimated by ePC-SAFT approach to distinguish the proton
concentration from the rate constants. The developed models can fit the experimental
concentrations of ethyl levulinate and predict the proton concentration. Using the Kalmet-
Abboud-Taft equation, linear relationships between estimated rate constants and solvent
properties were established at different temperatures. We observed that solvents with low
polarizability and high bond acceptor capacity should be favored for this reaction. Hence,
the reaction of esterification is faster in ethanol solvent than in GVL solvent than in water
solvent.
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1. Introduction

The development of lignocellulosic biomass (LCB) valorization processes is growing
because this substrate is renewable, abundant, and not competing with the alimentary
sector. The shift from fossil-based refineries to biorefineries is challenging due to the
diversity of biomass structures (Singhvi and Gokhale, 2019), the biomass gathering and
seasonability (Pyrgakis and Kokossis, 2018), the pretreatment complexity for LCB
fractionation (Zhao et al., 2022), the identification of platform molecules (Shinde et al.,
2019), the need to discover new catalysts (Singhvi and Gokhale, 2019), etc.

Alkyl levulinate (AL) and levulinic acid (LA) are promising platform molecules issued
from cellulose and hemicellulose hydrolysis or alcoholysis. The hydrogenation of AL or
LA leads to the production of y-valerolactone (GVL), which is also a platform molecule
(Alonso et al., 2013; Capecci et al., 2021a, 2021b; Piskun et al., 2016; Wang et al., 2019;
Yan et al., 2015). In the fuel sector, alkyl levulinates are used as fuel oxygenate additives
or as blending components for diesel (Peixoto et al., 2021; Peng et al., 2015), improving
the fuel quality and reducing pollutant emission (Joshi et al., 2011; Windom et al., 2011).
In 2017, Tian et al. showed that methyl and ethyl levulinates have higher anti-knock quality
than Euro95 gasoline (Tian et al., 2017).

Production of alkyl levulinate is commonly done through the esterification of LA
(Badgujar et al., 2020). The other production route is via the alcoholysis of monosaccharide
or biomass-derived furanic compounds reducing the side production of humins compared
to water solvolysis (Bhat et al., 2021; Di Menno Di Bucchianico et al., 2022; Li etal., 2016;

van Zandvoort et al., 2013).



From a chemistry and chemical engineering viewpoint, we need to address the
transformation challenges of LCB into valuable chemicals. The tryptic kinetics-catalyst-
thermodynamics is fundamental to find the optimal operating conditions, i.e., using less
energy, being safe, and providing the maximum of target chemicals quickly.

In this perspective, the role of solvent or reaction mixture is fundamental if we want to
succeed in the biomass-industry shift. A solvent can interfere with the kinetics and
thermodynamics of a reaction system. In 2014, Mellmer et al. (Mellmer et al., 2014)
showed that aprotic polar solvent could improve the catalytic activity of protons. They
suggested that the polar aprotic solvent can change the stabilization of the acidic proton
relative to the protonated transition state during the acid-catalyzed conversion of xylose
into furfural. They proposed to express the rate constant by using the Gibbs energy for
proton solvation. Nevertheless, such thermodynamic data can be cumbersome to estimate.
In 1981, Kamlet et al. (Kamlet et al., 1981) developed a linear relationship between the
solvent effect and the reaction Kinetics. This equation, also known as Kamlet-Abboud-Taft
equation (KAT), considers three solvent properties: its dielectric behavior, solvent ability
to donate protons and electrons. This approach requires the knowledge of solvatochromic
parameters (Islam et al., 2020; Jessop et al., 2012; Laurence et al., 2015; Lu et al., 2002a;
Nikol¢ et al., 2010; Sherwood et al., 2019).

KAT was used to evaluate the solvent effect on spectral properties of compounds (Aaron
et al., 1996, 1995; Parkanyi et al., 1993; Rauf et al., 2012), on molecule solubility or
solvent-solute interactions (Holzweber et al., 2013; Marcus, 2006; Paul et al., 2013;
Thadathil et al., 2019; Wu et al., 2007), on radical scavenging activity (Jabbari and Gharib,

2012) or on reaction kinetics (Auxenfans et al., 2017; Garcia-Rio et al., 1997; Raducan et



al., 2012; Uscumli¢ and Nikoli¢, 2009). Nevertheless, the use of this approach in kinetics
at different reaction temperatures is seldom. The study of Lu et al. (Lu et al., 2002b) on the

hydrolysis of nitroaromatic compounds in different solvents and temperatures can be cited.

Catalyst studies for ALs synthesis via esterification or transesterification are vast (Da Silva
et al., 2021; Melchiorre et al., 2020; Russo et al., 2020; Zainol et al., 2019). While the
number of research papers on the solvent effect in esterification is relatively significant
(Janssen et al., 1999; Lemberg and Sadowski, 2017; Liu et al., 2006; Lotti et al., 2015;
Riechert et al., 2015), there are just a few of them concerning the solvent effect for the
esterification of LA (Di et al., 2019). The study of Di et al. (Di et al., 2019) was on the
esterification of methyl levulinate over immobilized enzyme, and they showed that
enzymatic activity is lower when the hydrogen-bond forces of the solvent are strong. Thus,
hydrophobic solvents (i.e., ionic liquids) are preferred. However, they did not quantify the

contribution of polarizability, hydrogen donor and acceptor on the kinetics.

The present work aims at developing three kinetic models for the synthesis of ethyl
levulinate (EL) from LA in GVL solvent (polar aprotic), ethanol solvent (polar protic) and
in water solvent (polar protic). These kinetic models, assessed by Bayesian inference,
allowed a fair comparison between solvents. KAT approach cannot predict the acid
dissociation constant in different solvents. Thus, the acid dissociation constants were
estimated by ePC-SAFT equation of state (Voges et al., 2016). The knowledge of acid
dissociation constants allows quantifying the proton concentration contribution to the rate

constant. Esterification Kinetic and thermodynamic constants in the three solvents were



estimated via non-linear regression (Delgado et al., 2022; Stewart and Caracotsios, 2008).
The last stage was using kinetic constants in different solvents and at different temperatures

in KAT equations to understand the solvent effect on kinetics.



2. Material and methods
2.1 Chemicals
The following chemicals were used without further purification: y-valerolactone (wt% >=
99%) and LA (wt% >= 97%), both purchased from Sigma Aldrich. Ethanol absolute (Wt%
>99,7%) and acetone (Wt% > 99,8 vol%) were supplied by VWR Chemicals. Finally, ethyl
levulinate (wt% > 98%) was purchased from Acros Organics and sulfuric acid (wt% >

98%) was obtained from Honeywell Fukla Chemicals. Distilled water was used.

2.2 Analytical method

GC-FID was used to measure the concentration of EL. The apparatus is BrukerScion
GC436 equipped with a flame ionization detector, an autosampler, and a capillary column
(ZB5, 30 m x 0.32 mm x 0.25 um). Helium (99.99%) was the carrier gas used at a constant
flow rate of 1.2 mL min™! to transfer the sample from the injector, through the column, and
into the FID-detector. The temperature of the injector and the detector were set at 250°C,
while the program temperature of the oven was as follows: from 50°C (1 min) to 200°C (1
min) at 20°C min™. The injection volume was 1 uL and the split ratio was 1:20.

During the reaction, different samples were collected and diluted with acetone up to a
dilution factor of 10000. In this way, a very low concentration of HSO4 was present in the
GC column, avoiding any damage. To evaluate the EL concentration in samples,

calibration curves were done between 0 mg L to 100 mg L™ of EL.



2.3 Experimental procedure

Esterification reaction was carried out in a 300 mL glass reactor vessel, operating in batch
mode. It was equipped with a jacket, in which water circulated and heated using a
thermostat. A condenser was present to avoid mass loss due to the evaporation, and water
was the cooling fluid. The pressure inside the reactor was equal to the atmospheric
pressure. The presence of a mechanical stirrer was required in order to obtain a
homogeneous reaction mixture. The stirrer was fixed at 450 rpm. Samples at different time
intervals were taken by a plastic syringe through a reactor neck during a reaction.

For the performed kinetic experiments, starting solutions with only one reactant were
poured into the reactor, and the temperature was brought to the desired reaction
temperature prior to the addition of the preheated second reactant. The starting solutions
were an aqueous solution of LA (or EL) and H2SO4 in water solvent, non-aqueous GVL
solution of LA (or EL) and H2SO4 in GVL solvent reactions, and non-aqueous H2SO4 in
ethanol solvent. The preheated second reactant added was ethanol in water solvent and
GVL solvent reactions, while LA was in ethanol solvent. A typical reaction mass was ca.
230 grams, and the total sampling weight percentage was lower than 15%.

Tables 1, 2 and 3 show the experimental matrix for the kinetic experiments performed in
the GVL, ethanol and water solvents. Besides probing solvent influences on the reaction,
the operating conditions were varied for reaction temperature, catalyst, reactant, and
product initial concentrations to develop robust kinetic models. For experiments in ethanol
solvent, the maximum reaction temperature was fixed to 70°C because of the ethanol

boiling point, which is ca. 78°C at 1 bar.



Table 1. Experimental matrix for Kinetic experiments in GVL solvent.

Run Temp  [H2SO4]o [EL]o [LA]o [Ethanol]o [GVL]o [Water]o

°C mol.L™? mol.L? mol.L™! mol.L! mol.L? mol.L?
1 80.0 0.04 0.00 2.27 9.01 1.89 0.00
2 70.0 0.05 0.00 2.30 9.11 1.94 0.00
3 60.0 0.09 0.00 2.30 9.12 2.03 0.00
4 50.0 0.09 0.00 2.33 9.19 2.02 0.00
5 70.0 0.04 0.00 3.39 6.88 2.13 0.00
6 80.0 0.04 0.00 3.34 6.74 2.12 0.00
7 60.0 0.04 0.00 2.33 9.21 1.93 0.00
8 60.0 0.09 0.00 2.32 9.19 1.90 0.00
9 60.0 0.09 0.00 2.30 9.21 1.83 0.54
10 60.0 0.09 0.00 2.34 9.18 1.63 1.60
11 60.0 0.09 0.07 3.32 9.20 0.85 0.00
12 60.0 0.09 0.40 2.32 9.20 1.34 0.00
13 60.0 0.09 0.00 2.32 9.19 1.94 0.00
14 60.0 0.09 0.00 2.32 9.17 1.19 4.05
15 80.0 0.07 0.00 2.72 8.18 191 0.00

16 50.0 0.07 0.00 2.84 8.48 1.93 0.00




Table 2. Experimental matrix for Kinetic experiments in water solvent.

Temp [H2S0:]o [EL]o [LA]o [Ethanol]o [Water]o
Run °C mol.L*! mol.Lt  mol.L? mol.L? mol.L?!
1w 60.0 0.09 0.00 2.33 9.21 10.28
2W 60.0 0.04 0.00 2.33 9.23 10.30
3W 50.0 0.09 0.00 2.33 9.23 10.72
4w 80.0 0.04 0.00 2.33 9.23 9.22
5W 70.0 0.04 0.00 3.33 6.83 11.58
6W 50.0 0.07 0.00 2.69 8.06 11.05
W 80.0 0.04 0.00 3.37 6.72 11.79
8W 80.0 0.07 0.00 2.23 8.88 10.92
oW 70.0 0.00 0.00 3.41 6.82 11.84
10w 60.0 0.09 0.07 2.25 8.99 10.85
11W 60.0 0.09 0.00 2.28 9.09 10.93
12W 70.0 0.09 0.00 3.39 6.78 11.80
13w 50.0 0.04 0.00 2.31 9.23 10.93
14W 80.0 0.09 0.00 2.67 8.02 11.23
15w 50.0 0.09 0.00 2.76 8.29 11.35
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Table 3. Experimental matrix for kinetic experiments in ethanol solvent.

Temp [H2S0:]o [EL]o [LA]o [Ethanol]o [Water]o
Run °C mol.L*! mol.Lt  mol.L? mol.L? mol.L?!
1E 50.0 0.09 0.00 2.88 11.51 0.00
2E 60.0 0.09 0.00 2.85 11.38 0.00
3E 70.0 0.09 0.00 2.82 11.25 0.00
4E 60.0 0.04 0.00 2.86 11.41 0.00
5E 60.0 0.07 0.00 2.76 11.40 0.00
6E 50.0 0.07 0.00 2.88 11.53 0.00
7E 50.0 0.07 0.00 3.39 10.48 0.00
8E 50.0 0.07 0.00 4.45 8.83 0.00

9E 60.0 0.090 0.00 2.85 11.38 0.00

11



2.4 Prediction of apparent dissociation constants with ePC-SAFT advanced
The electrolyte Perturbed-Chain Statistical Associating Fluid Theory (ePC-SAFT)
developed by Cameretti and Sadowski (Cameretti et al., 2005) is an extension of the
original PC-SAFT equation of state from Gross and Sadowski (Gross and Sadowski, 2001)
to model electrolyte solutions. ePC-SAFT includes electrostatic long-range interactions
among ions expressed by Debye-Huckel theory.
ePC-SAFT was used to estimate the dissociation constants of sulfuric acid in GVL and
ethanol solvents by calculating the activity coefficients y;. A detailed description of this
approach can be found in Supplementary Materials (S1). Dissociation constants (pK,) of
acids in mixtures of aqueous and organic solvents are indistinct. The modeling aims to
determine reliable values of the dissociation constant of H,SO, in water, ethanol and GVL
with the use of ePC-SAFT advanced. For the theoretical evaluation, the equilibrium
constant Ky, ; of the first and second dissociation Ky, , need to be calculated.

H,SO, = HSO,” + H* 1)

HSO,” = S0% +H* (2)
Reaction equilibria for any chemical reaction, also for dissociation reactions, are
characterized by the activity-based equilibrium constant Ky;,. The equilibrium constant is

calculated with the mole fractions and activity coefficients of the reactants and products

according to Eqg. (3).

Kan(T,p) = Ky(T,p, 30 - Ky(Tp30 = | G- v ©)

12



K, depends neither on the type nor on the concentration of the solvent. The dependence
on reaction conditions is taken into account by the activity coefficients y;. Thus, once the
equilibrium constant is known, it can be used to predict the equilibrium concentrations in
any other solvent or solvent mixture. Ky is also known as the mole-fraction ratio at
equilibrium, or sometimes also denoted apparent equilibrium constant; any concentration
scale can be used instead of mole fractions. In the literature, the concentration-based value
K. is typically used to determine the apparent dissociation constant pKS by Eq. (5). The
latter is not exactly the same as the standard value for pK§ , which is true only assuming

that activity coefficients of products and reactants cancel out.

pKg = —logio K (4)
pKg = —logyo K¢ (5)

However, activity coefficients might crucially depend on the kind of solvent. The related
value K, requires knowledge about rational activity coefficients y;. For all species, the
infinite dilution in pure water was applied as a reference state to calculate the activity
coefficients y;. The equilibrium constant K, ; and Ky, , for each dissociation step is

defined according to Eq. (3) as follows:

* * * * _1 6
Xyu+X4so,~ Yut+YHSO0,™ Xyt XHS0,~ Y+ YHs0,~ ( )
_*u 4 H 4 _*u 4 _ H 4
Kth,1 = : -2 Kx,l - .. _— Kth,1 N

* *
XH,S0, YH,504 XH2S04 YHz50,

Kth,z =

*

-1
H+'XSO42— YL+'Y;O42— XH+'XSO42— VL+'Y§O42— (7)
) 2 Kyz=———"—=Kmo ' | ———
HSO4~

The pK} values are then the negative logarithm (to the base of 10) of the K, value, which
allows easy conversion to K, and pK¢, respectively. Thus, the activity coefficients of the
ions are required. These were modeled in this work with the thermodynamic equation of
state ePC-SAFT advanced (Bullow et al., 2021) (S1).

13



2.5 Kinetic modeling

Athena Visual Studio (Stewart and Caracotsios, 2008) was used to solve the ordinary
differential equations-algebraic equations and estimate kinetic, equilibrium and Kamlet-
Abboud-Taft parameters. This software uses Bayesian inference to analyze the estimated
parameters. The GREGLUS package, implemented in Athena, can provide optimal
parameter estimates with the 95% confidence intervals, expressed by the highest
probability density (HPD). GREGPLUS provides the normalized parameter covariance
matrix. Ordinary differential equations ODEs and algebraic equations were solved
simultaneously by the solver DDALPUS algorithm, via a damped Newton method,

implemented in Athena (Caracotsios and Stewart, 1985).
2.6 Kamlet-Abboud-Taft (KAT) equation

There is a distinction between non-specific and specific solute-solvent interactions in the
KAT approach. The latter interaction, i.e., the solute-solvent specific interactions,
comprises solvent Lewis-acidity and solvent Lewis-basicity interactions. The relationship
between the rate constant in a solvent k2°7¢™ and the solvent properties is expressed in
Eqg. 8 (Kamlet et al., 1981; Nikol¢ et al., 2010; Weil} et al., 2021).
In(kfovent Y =Ay+s-n*+a-a+b-f (8)

where, the terms ¥, « and S are solvatochromic solvent parameters that were supposed to
be temperature independent in this study. The solvatochromic parameter a measures the
solvent hydrogen-bond donor (HBD) acidity and evaluates the ability of a solvent to release
a proton in a solvent to solute hydrogen bond. The values of a vary from zero (e.g., non-
HBD solvents) to 1.0 (e.g., methanol). The solvatochromic parameter n* is an index of
solvent dipolarity/polarizability, representing the ability of the solvent to stabilize a charge
or adipole via its dielectric effect. The values of «* vary from 0.00 for cyclohexane to 1.00
for dimethylsulfoxide. The solvatochromic parameter 3 measures the solvent hydrogen-
bond acceptor (HBA) basicity, and evaluates the solvent ability to accept a proton in a
solute-to-solvent hydrogen bond. The B-scale values are from zero for non-HBD solvents

to 1 for hexamethylphosphoric acid triamide (HMPT).
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The term A, is the regression value. The regression coefficients (a, b, and s) present the
relative susceptibilities of the solvent dependence of In(kZ°é™) to the solvent
parameters. Table 4 displays the solvatochromic solvent parameters for each
solvent/environmental condition used in this study (Islam et al., 2020). Athena visual studio
was used to estimate a, b and s via DDAPLUS solver (Stewart and Caracotsios, 2008).

Table 4. Solvatochromic solvent parameters (Islam et al., 2020).

w* [-] a -] B I]

GVL 0.9 0 0.6
Water 1.2 1.2 0.5
Ethanol 0.6 0.9 0.8

15



3 Results and discussion
For the sake of clarity, several phenomenological results were put in Supplementary

Materials.

3.1 Phenomenological analysis

Classical experiments to evaluate repeatability (Figs S2.1 & S2.2 & S2.3), temperature
effect (Figs S2.4 & S2.5 & S2.6) and catalyst effect (Figs S2.7 & S2.8 & S2.9) were
performed for water solvent, GVL solvent and ethanol solvent. It was observed that the
used procedure is repeatable, that the increase of temperature and catalyst leads to
accelerate the reaction rate. In the absence of sulfuric acid, the kinetics was observed to be
very slow and negligible in any solvents at 70°C. For these reasons, such experiments were

discarded in the modeling stage.

A priori, water could affect sulfuric acid dissociation when GVL is used as a solvent. Fig.
1 shows that the increase of water concentration decreases the kinetics of EL synthesis,
meaning that water is not needed to catalyze this reaction over sulfuric acid. Based on this
experimental observation, proton in GVL solvent was expressed in (H*) state and not in
the hydroxonium ion (H3O"). In ethanol solvent, proton was also expressed in (H*) state.
This observation was also done by Liu et al. (Liu et al., 2006), who observed an inhibition
effect of water on sulfuric acid for the esterification of acetic acid by methanol.

In Fig. 1 and the other, the error bar represents the standard deviation, and each sample was

analyzed three times.
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Fig. 1. Effect of water concentration on the kinetics of esterification by comparing Runs

8,9, 10 and 14 at 60 °C and [H2SO4]o: 0.09 mol.L™.
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3.2 Solvent effect on the dissociation constant pK$

The key to predict the dissociation constant in non-aqueous solutions is the equilibrium
constant K;;,. The availability of the thermodynamically consistent equilibrium constant
Kin allows predicting solvent effects on K. values and thus on the dissociation equilibrium.
The acidity of an acid is expressed as dissociation constant pKS. Because of the
complications of measuring the acidity in non-aqueous solvents or mixtures with organic
solvents and because of the fact that such data is missing for acids in many organic solvents,
it is necessary to reliably predict the experimentally accessible pKS values. In order to
apply this procedure to H,SO,, the pKS values of H,SO, in water, pKS(solvent =
water,T = 298.15 K,p = 1 bar) = —3 (Kolthoff and Elving, 1959; Williams, 2022),
was used as an input value to calculate Ky}, at the same temperature and pressure using the
ePC-SAFT advanced predicted activity coefficients referred to an infinite dilution state in
pure water according to Eq.(S1.8). This K, value was then kept constant (at the considered
temperature and pressure), but new activity coefficients for the species of H,SO, in the
organic solvent were required to obtain pK$ in organic solvents. These were predicted by
means of ePC-SAFT advanced using Eqg. (S1.8), i.e., relating the ion’s fugacity coefficient
at infinite dilution in organic solvent to the infinite-dilution reference state in pure water.
Based on this, a K, value was obtained, which finally yielded K. and pK using the afore-
determined constant Ky, (Eq. (3)). The same procedure was done for both dissociation
steps. The calculated Ky, , for the second dissociation by ePC-SAFT using pK:, = 1.96
(lzutsu, 2009) results to 0.0174, and is in proper agreement with the literature value of
0.0119 published by Sippola and Sippola and Taskinen (Sippola, 2013; Sippola and

Taskinen, 2014). Further, the calculated dissociation constants for the second step pK , in

18



different solvents are in good agreement with literature data (DMSO pK{ ; opc—sarr = 16.3,
PKg 5 1ie. = 14.7 (Izutsu, 2009)) and DMF pK{ 5 opc—sarr = 18.3, pKg 5 1ir. = 17.2 (lzutsu,
2009)). The dissociation of the second step is very low therefore, the focus is on the first
dissociation step in organic media via ePC-SAFT approach. The resulting pK¢ values in

five different solvents at 298.15 K and 1 bar are shown in Fig. 2.
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Fig. 2. pK§ values of H2SO4 in various solvents at 298.15 K and 1 bar. Literature values
in dark grey (lzutsu, 2009; Kolthof and Chantooni, 1999), ePC-SAFT predictions using

the parameters from Tables S1 - S3 in light green.

Fig. 2 compares the literature pK; values of H,SO, in DMSO, DMF and ACN at 298.15
K and 1 bar (lzutsu, 2009; Kolthof and Chantooni, 1999) with ePC-SAFT advanced
modeling. It can be seen that ePC-SAFT advanced is well validated by the experimental
data. The modeling results shown in Fig. 2 are obtained without any adjustment of the
binary interaction parameters k; ;. With literature pK; values, it is possible to fit the binary
interaction parameter between protons and organic solvents. For DMSO and DMF the
prediction is in agreement with the literature with k;; = 0.17 and k;; = 0.177, respectively.
The dissociation of H,SO, is mainly determined by the differences of the dielectric
constants of organic solvent to water. This procedure allowed reliable modeling results of
pK¢ values of H,SO, in DMSO, DMF and ACN (Fig. 2). Thus, the same strategy was
applied to predict pK§ values of H,SO, in GVL and ethanol. The first dissociation constant

of sulfuric acid based on concentration in GVL results to 9.13 - 1073 mol.L™%, whereas the

20



one in ethanol is even lower with 1.12 - 10~7 mol.L (Table S.1.4). This clarify, that the
dissociation is significantly reduced in organic solvents.

Additionally, Fig. 2 reveals the influence of the dielectric constant (&, pyso =
46.45, &, pyr = 36.7, cf. Table S3.1) on the dissociation constants in DMSO (pK; = 1.99)

and DMF (pK§ =3.1).

In the following, we described our approach to determine the dissociation constant value
for the second dissociation of sulfuric acid in water and in GVL solvent, the dissociation
constant of LA in GVL and in water. In this study, the first dissociation of sulfuric acid in
water was considered to be total, the second dissociation constant of sulfuric acid and the
one of LA in ethanol was neglected based on the ePC-SAFT analysis.

Shen et al. have observed that DMF (N,N-dimethylformamide) and GVL have similar
dielectric constant values (Shen et al., 2019). Hence, dissociation constants in DMF solvent
are similar than those in GVL solvent (lzutsu, 2003).

Table S1.4 shows the values of dissociation constants for sulfuric acid, its second
dissociation, acetic acid, benzoic acid and LA in different solvents (lzutsu, 2003). The first
dissociation constant of sulfuric acid in DMF is lower than in water. The second sulfuric
acid dissociation constant is higher in water solvent, whereas it is very low in DMF solvent.
The dissociation constant of LA in water was found from the work of Kopetzki et al.
(Kopetzki and Antonietti, 2010) and Piskun et al. (Piskun et al., 2016). To the best of our
knowledge, there are no data concerning the dissociation of LA in non-agqueous solvents
like GVL, DMF. In this study, the effect of temperature on the dissociation constant was

supposed to be negligible.
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The following notations are introduced: K, Ky and Ky, represent the apparent constants
of the first dissociation of sulfuric acid, the second dissociation of sulfuric acid, and the
dissociation of LA, respectively

In GVL solvent, the following values for the dissociation constants were used: K;: 9.13-10
9 mol.L! from ePC-SAFT approach; K: 6.31:10*® mol.L? as the one found in DMF
solvent (Table S1.4) and Kyi: 3.00110° mol.L™. The latter value Ky, the dissociation
constant of LA in GVL solvent, was evaluated as an average one between the dissociation
constant of acetic and benzoic acids in DMF. In ethanol solvent, K; was estimated to be

1.12:10°" mol.L* from ePC-SAFT approach, and Ky and Ky were found to be negligible.

Knopf et al. have developed an expression for the dissociation reaction of the bisulfate ion
(Knopf et al., 2003) (HSO; < SO~ + H*) in aqueous H>SO. solutions. In the
experimental conditions of Knopf et al., the sulfuric acid concentration is low; therefore,
the activity coefficient of the solutions is close to unity. By dividing the apparent second
dissociation from (Knopf et al., 2003) by the water concentration in the case of high
dilution, i.e., 55.5 mol.L, the apparent second dissociation constant for sulfuric acid can

be obtained.

0.011

In water solvent, the following values for the dissociation constants were used: K;; = s

2.57-1075

and KIII = —55-5

. The value of Kj; was calculated as an average value between 50 and

80°C, and the value Ky was obtained from Piskun et al. (Piskun et al., 2016).
In sum, Table 5 displays the values of K, Ky and Ky used in this study in the different

solvents.
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Table 5. Values of K;, Ky and Ky used in this study.

GVL solvent EtOH solvent Water solvent
K. (first dissociation of H2SO4) 9.1310%mol.L! | 1.1210% mol.L! Infinity
Ku (second dissociation of H.SO4) | 6.31:107*8 mol.L™! 0 mol.L? 0.011
55.5
K (dissociation of LA) 3.0010* mol.L* 0 mol.L? 2.57-107°
55.5
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3.3 Kinetic modeling
3.3.1 Mechanism
Figs S4.1 and S4.2 illustrate reaction mechanisms in GVL, water and ethanol solvents. The
esterification reaction of LA by ethanol in the presence of an acid catalyst, as H2SOs4, can
be divided into three main steps:
- Proton production (Steps 1 to 5 from Figs S4.1 and S4.2),
- Catalyzed route due to the activation of the carbonyl groups by protons (Steps 6-8
from Figs S4.1 and S4.2),
- Non-catalyzed route (Steps 9-12 from Figs S4.1 and S4.2).
Our group used this approach to model the hydrolysis of acetic anhydride (Garcia-
Hernandez et al., 2019). A quasi-equilibrium hypothesis was used to determine the
concentration of protons from sulfuric acid and LA dissociation and determine the

concentrations of some intermediates.
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3.3.2 Kinetic expressions
In Supplementary Material, the reader can find the derivation of the kinetic expressions in

GVL, ethanol, and water solvents (S5).

In GVL solvent and ethanol solvent
For the catalyzed route, the quasi-equilibrium assumption was applied to the reversible
proton donator steps 6 and 8 (Fig. S4.1). The rate-determining step is reversible step 7 (Fig.

S4.1). The rate of esterification in GVL solvent can be derived as

rGVL = k&'" - [H*]- ([LA] - [EtOH] — —gz - [EL] - [H;0]) ©)

esterification f

The rate of esterification in ethanol solvent can be expressed as

1

rEthanol — kgthanol [H*]- ([LA] -[EtOH] — W [EL] - [Hzo]) (10)

esterification

In the modeling stage, kEV" (Tyer), ES'E, kETAMOL(T, o) and EEthm0l were estimated.

In water solvent
For the catalyzed route, the quasi-equilibrium assumption was applied to the reversible
proton donator steps 6 and 8 (Fig. S4.2). The rate-determining step is reversible step 7 (Fig.

S4.2), and the rate of esterification can be expressed as

T'W
esterification

— kY % - (1LAT - [EcOH] ~ - [EL]- [H,0]) (11)

In the modeling stage, we estimated k% (T, ) and EY.

25



3.3.3 Expression of the apparent equilibrium constant
In the low sulfuric acid concentration range used in this study, the apparent equilibrium
constant (calculated based on concentrations) was supposed not to be affected by the
sulfuric acid concentration itself. Hence, apparent equilibrium constants calculated based
on the concentration can be assumed to be the true thermodynamic equilibrium constants.
The effect of temperature on the true thermodynamic equilibrium constant is described by

the law of Van’t Hoff equation:

din(K(1)) _ AH
dT  RT?

(12)
where, AHJ stands for the standard reaction enthalpy change. Assuming that AH? is
independent from T, the integration of Eq.(12) from a reference temperature Tref to an

arbitrary temperature T leads to:

K(T) _ —AH? 1 1
K(Tref) R T Ty

In (13)

In the modelling stage, K5°¢™ (T, ) and AHS°We"* were estimated for each solvent.

3.3.4 Calculation of protons concentration
In order to facilitate reading, the derivation of concentration expression for the three
solvents was described in detail in Supplementary Materials (S6). Autoprotolysis of water
and ethanol was neglected in the three solvents. To determine the proton concentration,
molar balances on sulfate and organic species were performed, and the electroneutrality

principle was used.
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Calculation of proton concentrations in GVL solvent and ethanol solvent

In these solvents, the expression for the proton concentration is:

2
(1] KI'%"‘Z'KI'KU'[H2504]O'(ﬁ) Klll'ﬁ'([LA]o—[EL]) (14)
- 1+K1'ﬁ+KI'K”'—[Hi]2 1+K111'ﬁ

The initial proton concentration was calculated by neglecting Ky and Ky.

Calculation of proton concentrations in water solvent

The first dissociation of sulfuric acid (K)) in water solvent tends to infinity. Thus, the
implicit expression for the hydroxonium concentration is:

[H,0]? [H2S04]0

[H0] [H2504]0 [H20] " [LA]o—[EL]

[H0] | [H20]? n [H20] . [Hp0]2 mr [H20]
[H507] [:3200+] F+Kpp [:;200+]2 [H30%]? [:Bzooﬂ +Kqp f;zf]z [H307] 1+K111[H320+]
[H307] (15)

The initial hydroxonium concentration was calculated using the same approach as in the

reference (Leveneur et al., 2008). This leads to:

1 [H,504]3
[H30%] = > [H,S04]0 + \/% + 2+ Ky - [HyS04]o - [H,0] + Ky - [H,0] - [LA]

(16)
The solver DDAPLUS algorithm was used during the modeling stage to determine the

proton concentration by solving Eqs (14) and (15).

3.3.5 Material balances and modeling results

The rate equation is expressed by Eqgs (9), (10) or (11). Material balances in solvents are:

dCra __
at —Testerification (17)
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chthanol _
dt = —Testerification (18)

dCEL

P Testerification (19)
dCy
dr Testerification (20)

Ordinary differential equations ODEs (17)-(20) and algebraic equations (14) or (15) were
solved simultaneously by the solver DDALPUS algorithm (Caracotsios and Stewart, 1985).
During the parameter estimation stage, the GREGPLUS package minimizes the objective
function S(8), and can calculate the maximum posterior probability density of the different

estimated parameters 6 and the values of the posterior distribution of the tested models.

56) = Xi-1([n — fu(O)D? (21)
where, y,, and f,,(6) are experimental and simulated concentrations of EL, respectively.

A modified Arrhenius equation was used to express the rate constants during the modeling
stage to ease the parameter identification and decrease the correlation between the pre-

exponential factor and activation energy (Buzzi-Ferraris, 1999).

k.(T) = exp [ln (kC(Tref)> 4 Lo, (1 — TTT—ef)] (22)

RTrer
where, Trer is a reference temperature which is the average temperature of the experimental
matrix.

The apparent equilibrium constant was linearized as

AH; Tre
K.(T) = exp [ln (KC(Tref)) + R'7I:1Ifef . (1 — Tf)] (23)
The following constants were estimated: In (kc (Tre f)), R_i—“f, In (KC (Tre f)) and R_A:Tf.
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Kinetic modeling results in GVL solvent

Table 6 shows the values of the estimated apparent constants with a reference temperature
of 64 °C for the kinetic constant. One can notice that the credible intervals for each
estimated constant are short, meaning that the experimental matrix was well designed
(Table 1). Esterification of LA by ethanol in GVL solvent is an endothermic system. The

values of k&VE(Tyer), ESV", KEVE(Tyep) and AHFVE are displayed in Table S7.1. Table S7.2

shows that correlations between the estimated constants are very low, meaning that the

estimated constants were well identified.

Table 6. Estimated values at T =64 °C and statistical data for esterification in GVVL

solvent.
Units Estimated value  95% marginal HPD intervals HDP in %
(k& (Tres)) L2.mol2.min’* 2.22 0.05 2.40
EgVL ]

R:Tyer 18.06 1.84 10.21
In(KEVE(Trep)) - 0.39 0.11 28.17

AHEVE

R Tref ) 15.49 4.34 28.00

Globally, the parity plot (Fig. S7.1) shows that the developed model fits well the
experimental concentration of EL.

The residual analysis (Figs S7.2-S7.5) shows that the residuals are normally distributed
versus the events, time, simulated and experimental EL concentrations. These normal

distributions confirm that the developed model is correct.
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Fig. 3 shows the fit of the model to some experimental concentrations of EL with the 95%
prediction intervals and the mean estimated values. From Fig. 3, one can notice that the
model fits well the experimental concentrations, and most of the experimental
concentrations lie between the intervals. The developed model can correctly predict the

initial kinetics and the equilibrium phase.

Run 3
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2.0 1
; — ;EZL— —
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£ //
)
w
—1.0 -

/
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' —— Mean value of [EL] simulated
——95% prediction interval
0.0 T T T T T 1
0 50 100 150 200 250 300

Time/min
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Fig. 3. Fit of Model to the experimental concentrations with prediction intervals for the

synthesis of EL in GVL solvent.

Kinetic modeling results in ethanol solvent

Table 7 shows the values of the estimated constants with a reference temperature of 57 °C.
As in the previous case, it can be noticed that the credible interval for each estimated
constant is short (except for AHEthanol) showing the good design of the experimental
matrix (Table 3). The values of kEt"m0U(T,, ¢), EEthanol g Ethanol(T, ) and AHFhanel
are displayed in Table S7.3. Table S7.4 shows the correlations between the estimated
constants. In general, the correlation between estimated parameters is very low, except

for, KFt"mOU(T,..¢) and AHE""°! which is 0.857. Nevertheless, according to Toch et al.

(Toch et al., 2015), two parameters are correlated if the binary correlation coefficient is

31



higher than 0.95. Thus, the estimated parameters can be considered non-correlated in this

case.

Table 7. Estimated values at Trs =57 °C and statistical data for esterification in ethanol

solvent.
Units Estimated value  95% marginal HPD intervals HDP in %
In(kEthanol(T,,-))  LZmol2.min’ 291 0.06 1.95
EEthanol
“ - 24.26 2.84 11.72
R - Tref
In(KEthanol(T, ) - 1.49 0.43 28.81
AHEthanol
e - 42.32 23.14 54.68
R - Tref

Fig. S7.6 shows the parity plot of the ethanol solvent. With an R? = 0.94, it is possible to
ascertain that the model fits well the experimental data for EL.

The residual analysis (Figs S7.7-S7.10) shows that the residuals are normally distributed
versus the events, time, simulated and experimental EL concentrations. These normal

distributions confirm that the developed model is well-expressed.
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Fig. 4 shows the fit of the model to some experimental concentrations of EL
with the 95% prediction intervals and the mean estimated values. As in the system with
GVL solvent, it is possible to confirm that the model fits well the experimental
concentrations, and most of the experimental concentrations lie between the intervals. The

initial kinetics and the equilibrium phase are well predicted with this model.

Kinetic modeling results in water solvent

Table 8 shows the values of the estimated constants with a reference temperature of 64 °C
for the kinetic constants. One can notice that the credible intervals for each estimated
constant are narrow. The values of k¢ (Tyef), E2, K& (Tyer) and AH," are displayed in

Table S7.5. Esterification of LA by ethanol in water solvent is an endothermic system.

Table S7.6 shows that correlations between the estimated constants are low in general.

AHW EWV
I —and —=2

Nevertheless, the correlations between In(kY (Tys)) and in(KY (Tref)); — —
Lref Lref

can be qualified as medium, but lower than 0.95. Hence, the medium correlation observed

for these estimated parameters did not result in wrong identification.
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Table 8. Estimated values at Tref =64 °C and statistical data for esterification in water

solvent.
95% marginal HPD
Units Estimated value HDP in %
intervals
(k¥ (Trer)) L.moltmin -2.46 0.08 3.27
Ey
R Trer 21.82 2.42 11.10
n(KY (Tyep)) - 1.14 0.18 15.71
AHY
R:Tyer 18.18 5.80 31.87

Globally, the parity plot (Fig. S7.11) shows that the developed model fits well the
experimental concentration of EL.

The residual analysis (Figs S7.12-S7.15) shows that the residuals are normally distributed
versus the events, time, simulated and experimental EL concentrations. These normal
distributions confirm that the developed model is correct.

Fig. 5 shows the fit of the model to some experimental concentrations of EL with the 95%
prediction intervals and the mean estimated values. From Fig. 5, one can notice that the
model fits well the experimental concentrations, and most of the experimental
concentrations lie between the intervals. The developed model can correctly simulate the

kinetics and the equilibrium phase.
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Fig. 5. Fit of Model to the experimental concentrations with prediction intervals for the

synthesis of EL in water solvent.
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3.4 Explanation of solvent effect on kinetics

Using the kinetics and equilibrium constants obtained previously (Tables 6-8), we
simulated reactant and product concentrations and the reaction rate of three experiments
carried out in similar operating conditions in each solvent (Table S8.1). In these
experiments, sulfuric acid and LA concentrations were similar.

Figs. 6 A&B show that the esterification rate is faster in ethanol solvent. At 50°C, the initial
reaction rate in ethanol is ca. 8 times faster than in water solvent. The same thing can be
observed at 70°C, where the esterification rate of water is still the lowest: 4 times slower
than in GVL and 6 times in ethanol solvent.

Both at 50°C and 70°C (Fig. 6.A&B), one can observe that the initial kinetics in ethanol is
faster than in GVL solvents, even if the difference is not that remarkable since at 50°C, the
esterification rate is 1.5 times higher than in ethanol.

Figs. 6 C&D show that maximum EL yields are obtained in ethanol solvent. At 70°C, the
final concentration of EL represents 99% of the initial concentration of LA in ethanol
compared to 71% for the water solvent.

However, the benefits of using GVL solvent are its highest boiling point, allowing

experiments at higher temperatures to increase the reaction rate.
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The Kamlet-Abboud-Taft equation was used to find the relationships between solvent
properties and kinetics. The solvatochromic solvent parameters (Table 4) were used in
Eq.(8). The parameters (s, a and b) of EQ.(8) were estimated by using the solver
DDAPLUS, implemented in Athena Visual Studio. The responses were the natural

logarithm of the estimated constants at different temperatures from Tables 6-8. Fig. 7

shows the parity plot between the estimated values of 1n(kg°lvenf)5im and the ones

obtained from the regression using Kamlet-Abboud-Taft equation In(k&°e") ne

.0
KAT
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can notice that KAT equation can predict the Kinetic constant in different solvents. Table
9 shows the values of A0, s, a and b at different temperatures (Eg. (8)). From Table 9, one
can notice that solvent effect on the rate constant is mainly due to its ability to accept
hydrogen-bond (measured by b value) and its ability to stabilize a charge (measured by s
value). These two properties have antagonist effect on the rate constant value. The solvent
ability to donate hydrogen-bond has less influenced (measured by a) on the rate constant
value.

The negative values of s means that solvents with a high ability to stabilize a charge
decrease the kinetic constants, whereas the positive value of b means that hydrogen-bond
acceptor solvents increase the kinetic constants. Thus, solvents with low values for n* and
high values for B should be favored for the acid-catalyzed esterification. Solvents that can
stabilize a charge could stabilize the carbocation intermediate Int1 and/or proton (Figs S4.1
and S4.2), decreasing their reactivities.

Table 9. Values of A0, s, a and b of KAT equation (Eq. (8)).

Temperature/°C AO s a b
50 -0.252 -7.413 2.062 6.536
52 -0.319 -7.343 2.082 6.736
54 -0.387 -7.274 2.101 6.936
56 -0.032 -7.411 2.138 6.737
58 -0.050 -7.366 2.159 6.887
60 -0.069 -7.322 2.179 7.036
62 -0.087 -7.278 2.200 7.183
64 -0.105 -7.235 2.219 7.327
66 -0.123 -7.192 2.239 7.471
68 -0.140 -7.150 2.258 7.612
70 -0.158 -7.108 2.278 7.752

39



4.00 ~ ~

O GVL 3.00
Water

EthOH 2.00 1

¥ 1.00 -

-4.00 -3.00 -2.00 -1.00 0.p0 1.00 2.00 3.00 4.00

11.00 -
# -2.00 -
o -3.00 1

7 -4.00 4

Fig. 7. Parity plot In(kZ°"emt ) versus Ay +s-m*+a-a+b-p for

Calculated from Model

each solvent and different temperatures (Table 9).

40



4 Conclusions

This manuscript proposes a kinetic investigation to synthesize ethyl levulinate via the acid-
catalyzed esterification of levulinic by sulfuric acid in three solvents: ethanol solvent (polar
protic), GVL solvent (polar aprotic) and water solvent (polar protic). In order to perform a
fair comparison, kinetic models were developed for each solvent at different temperatures,
reactant, product and catalyst concentrations, and by taking into account the proton
concentration. ePC-SAFT approach was used to estimate the sulfuric acid first dissociation
in GVL solvent and ethanol solvent. Bayesian inference was used to evaluate the credible
intervals of the estimated constants for each model. The developed models were found to
be reliable.

In the absence of sulfuric acid, the reaction rate was found to be negligible in solvents. The

Ethanol

' i . GVL Water
esterification rate follows the order: rggierification™Testerification™Testerification: |NE

conversion at the equilibrium follows the same order. For instance, at 70°C, the initial rate
in ethanol solvent, GVL solvent and water solvent was calculated to be 0.15, 0.08 and 0.02
mol.L-t.min, respectively; the conversion of LA at equilibrium in ethanol and GVL
solvents was calculated to be respectively 99% and 87% compared to 71% in water solvent
at 70°C.

Based on the developed kinetic models, the Kamlet-Abboud-Taft linear solvation energy
was used to establish a relationship between kinetics and solvent properties in different
solvents and reaction temperatures. Solvents able to stabilize a charge could stabilize the
cation transition state and proton, decreasing the reactivity of these species and thus

decreasing the kinetics.
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This work proposed a first methodology for solvent selection for the esterification of LA
by ethanol by evaluating the contribution of polarizability, H donor and acceptor capacity.
By knowing the KAT properties of a solvent, one can predict the kinetics in this solvent.
One can also use this information to choose the most appropriate solvent to get faster
kinetics. Solvent with low polarizability capacity and high hydrogen-bond donor capacity
should be used for LA esterification over acid catalyst. The continuation of this work could
be the kinetic study over heterogeneous and the temperature dependence of solvatochromic

parameters.
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Notation
Ay

a

Cra

CEthanol

GVL
Eq

Ethanol
Eq

Regression value for Kamlet-Abboud-Taft equation
Regression parameter for Kamlet-Abboud-Taft equation
Regression parameter for Kamlet-Abboud-Taft equation
Concentration of LA

Concentration of ethanol

Concentration of ethyl levulinate

Concentration of water

Specific standard heat capacity used in Eq.17

Activation energy of LA esterification in GVL solvent
Activation energy for LA esterification in excess of ethanol
Activation energy for LA esterification in excess of water
Simulated value for EL

Standard reaction enthalpy

Standard reaction enthalpy used in Eq.17

Reaction enthalpy for LA esterification in GVL solvent
Reaction enthalpy for LA esterification in excess of ethanol
Reaction enthalpy for LA esterification in excess of water
First dissociation constant for HoSO4

Second dissociation constant for HoSO4

Dissociation constant for LA

Second dissociation constant for HoSOq4
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K9 Second standard dissociation constant for H2SO4
K" Equilibrium constant based on concentration of LA esterification in GVL solvent

KEthanol Equilibrium constant based on concentration of LA esterification in excess of ethanol

KY Equilibrium constant based on concentration on LA esterification in excess of water
Kx Mole-fraction ratio at equilibrium or ‘apparent’ equilibrium constant
kEVE Rate constant based on concentration for LA esterification in GVL solvent

f Ethanol Rate constant based on concentration for LA esterification in excess of ethanol
k& Rate constant based on concentration for LA esterification in excess of water

fSotvent Rate constant in a solvent

ki Binary interaction parameters used in modeling ePC-SAFT
p pressure
pPKa dissociation constant
pKZ Dissociation constant based on molar fraction
pK¢ Dissociation constant based on concentration used in EqQ.5
pKZ Dissociation constant based on activity used in Eq.4
R Universal gas constant
T b rirication LA esterification rate in GVL solvent
Tostortfieation LA esterification rate in excess of ethanol
Testerification LA esterification rate in excess of water
S(8) Objective function minimized with Athena Visual Studio
S Regression parameter for Kamlet-Abboud-Taft equation
T Temperature
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Tth,1
Ttn,2

X

Yu

Reference standard temperature used in Eq.17
Equilibrium constant of first H.SO4 dissociation
Equilibrium constant of second H>SO4 dissociation
Molar fraction

Experimental value for EL

Greek letters

a

Vi

Yi

Er DMF

&r DMSO

Solvatochromic solvent parameter in Kamlet-Abboud-Taft equation for the solvent hydrogen-
bond donor acidity

Solvatochromic solvent parameter in Kamlet-Abboud-Taft equation for solvent hydrogen-
bond acceptor basicity

Activity coefficient

Rational activity coefficient

Relative permittivity

Relative permittivity of H2SO4in DMF

Relative permittivity of H2SO4in DMSO

Estimated parameter

Solvatochromic solvent parameter in Kamlet-Abboud-Taft equation for polarizability

Abbreviations

ACN

DMF

DMSO

Acetonitrile
Dimethylformamide

Dimethyl sulfoxide
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EL

EtOH

GVL

HBA

HBD

HPD

KAT

LA

LCB

ODE

Ethyl levulinate

Ethanol

y-valerolactone

Hydrogen bond acceptor

Hydrogen bond donor

Highest probability density in modeling estimation estimation
Kamlet-Abboud-Taft

Levulinic acid

Lignocellulosic biomass

Ordinary differential equation

Water
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