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Abstract

This study explores the esterification of levulinic acid with 1-pentanol, employing
Dowex® 50WX8 as a catalyst under microwave irradiation. Key parameters such
as the pentanol/acid molar ratio, temperature, and catalyst loading were evaluated
and utilized for kinetic modeling. The kinetic behavior of the reaction was inves-
tigated using a dual-model approach: a pseudo-homogeneous model to account
for the microwave effect and catalytic contributions modeled through LHHW and
Eley—Rideal mechanisms. The best model was chosen based on statistical results
obtained from Markov Chain Monte Carlo (MCMC) analysis, which involved an
LHHW model with the surface reaction as the limiting step, resulting in an activa-
tion energy of 50.6 kJ mol™! for the catalytic synthesis of pentyl levulinate. The role
of the alcohol in the esterification route was explained, and catalytic stability was
confirmed, with the catalyst maintaining activity over multiple cycles. The absence
of mass transfer limitations was proved using the Weisz—Prater criterion. A plausible
reaction pathway was proposed for the levulinic acid esterification over the S0WX8
catalyst.
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Introduction

Levulinic acid (LA) is among twelve chemicals derived from lignocellulosic mate-
rial for energy applications like biofuel production. LA offers versatility in transfor-
mations due to its structure’s two functional groups such as carbonyl and carboxyl.
Still, esterification reactions to obtain alkyl levulinates are of great interest because
their properties are suitable for blending with fossil fuels [1] and alkyl C,—C,, are
under study for their better solubility and other compatible properties [2]. Some
catalytic systems have been studied with acid heterogeneous catalysts like zeo-
lites and modified mesoporous materials with a typical yield of 80% or higher [1].
Esterification of LA with pentanol has not been widely reported [2—5]; immobilized
lipase reported a conversion of 99%. PW12 supported MCM-22 produced 67% yield
with 96% selectivity; catalysts such as organocatalyst CX4SO;H, calix[4]arene, in
the presence of microwave, and polystyrene resin modified with —SO;H under flow
showed yields to pentyl levulinate near 100%. In fact, microwaves have attracted
the attention of heterogeneous catalysis due to the reduction in reaction times and
the possibility of better selectivity concerning conventional heating [6]. Methyl lev-
ulinate was produced by esterification and microwave irradiation in the presence of
potassium salts with a yield of 90% [7].

Dowex® 50WX8 is a strongly acidic resin with diverse applications. It has been
used in adsorption [8—13], esterification reactions such as propionic acid with 1-pro-
panol [14], acetic acid with isobutanol [15], butyric acid with butyl alcohol [16],
lactic with ethanol [17], and castor oil with 2-ethylhexanol [18]. This commercial
catalyst looks promise due to its suitable acidity for the esterification reaction of
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levulinic acid, yielding pentyl levulinate, which is valuable for various applications,
including plasticizing agents [19], fragrance chemicals [20], solvents [21], and as
intermediates in organic process industries [21]. Moreover, its potential as an oxy-
genated additive for diesel and other fuels is particularly noteworthy [21-23], signif-
icantly enhancing the fuel properties [24]. Levulinate esters have been demonstrated
to effectively reduce greenhouse gas emissions [25, 26]. In diesel, the addition of
levulinate ester has been shown to decrease NO, and SO, emissions [26].

Kinetics is important for reactor analysis and design [27]. Aspects of kinet-
ics through elementary steps have been evaluated [14], with the system propionic
acid and 1-propanol, obtaining the best model with a modified Eley—Rideal model.
Moreover, the kinetics of butyric acid with butyl alcohol esterification were fitted
to Eley—Rideal models [28]. SBA-15 immobilized Candida antarctica lipase B was
used in the esterification of LA with isoamyl alcohol, and its kinetics was fitted to
enzyme behavior with inhibition due to isoamyl alcohol [29]. On the other hand,
the kinetics of production of ethyl, propyl, and butyl levulinates with Keggin heter-
opolyacids showed a short time pseudo-first order fitting, and an increased amount
of activation energy with alkyl chain [30]. Sulfonic acid functionalized polystyrene
coated coal fly ash catalyst was tested as a catalyst in the production of butyl levuli-
nate; kinetic analysis was based on under reaction conditions as a pseudo-first-order
reaction, considering a two-step consecutive reaction [31]. The kinetics of ethyl lev-
ulinate in the presence of Amberlyst-15 as the solid catalyst was studied considering
diffusional effects; the classic esterification reaction mechanism consisting of two
steps, protonation of the carboxylic group and nucleophilic attack of alcohol [32].
Recently, we reported the Preyssler catalyst in a Microwave-Assisted synthesis of
butyl levulinate, considering steps of pseudohomogeneous for microwave effect and
Langmiur—Hinshelwood—Hougen and Watson (LHHW) for catalytic effect [33].

As discussed in [33], although the pseudohomogeneous reversible model fits
kinetics data of the batch reactor assisted with microwave irradiation, which is a
useful simplification, it is important to consider we are dealing with solid surfaces,
and kinetic models derived from heterogeneous approaches should be evaluated. On
the other hand, no kinetic studies are available for the synthesis of pentyl levuli-
nate, especially in a batch reactor-assisted microwave system using a commercial
resin as a catalyst. Therefore, this study aims to demonstrate the effectiveness of
the commercial acidic exchange resin Dowex® 50WX8 in the production of pentyl
levulinate. The kinetic study revealed a good fit to the pseudohomogeneous revers-
ible model, with slightly improved accuracy when integrated with the LHHW mech-
anism. ModEst software was employed for calculations, offering the advantage of
excellent statistical analysis for the fitted parameters.

Materials and methods
Reagents

Commercial reagents were employed in the experiments without further process-
ing. The reagents for the catalytic tests included levulinic acid (natural, 99 wt%,
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Sigma-Aldrich), ethanol (anhydrous, HPLC grade, Soria), n-butanol (>99 wt%,
Sigma-Aldrich), isobutanol (99.5 wt%, Sigma-Aldrich), 2-butanol (99 wt%, Sigma-
Aldrich), n-pentanol (99 wt%, Dorwil), and hexanol (98 wt%, Sigma-Aldrich).
Strongly acidic exchange resin beads, Dowex® 50WX8 (hydrogen form, 50 to 100
mesh, Sigma-Aldrich) were used as a heterogeneous catalyst. The resin contains a
cross-linkage of 8%, humidity ranging from 50 to 58%, a styrene—divinylbenzene
(gel) matrix, and sulfonic acid as the active functional group [34, 35].

Esterification reaction

The esterification reaction involving levulinic acid and n-pentanol was conducted
using a microwave-assisted batch reactor, employing a Monowave 400 instrument
(Anton Paar) equipped with a type G4 borosilicate glass vial capped with silicone.
The reactor had an operating volume between 0.5 and 2.0 mL, with a stirring speed
of 600 rpm. In a standard experiment, the power peaked at 66 W (Fig. S1), 3 s after
initiation, maintaining a stable level of around 3 W throughout the process. Various
parameters were investigated, including the catalyst amount (5 to 30 mg), tempera-
ture (80 to 140 °C), n-pentanol: levulinic acid molar ratio (3:1 to 20:1), and the role
of the solvent.

Identification of reaction products was performed using gas chromatography
coupled with mass spectrometry (GC-MS) on a Shimadzu GCMQP2010 ultra,
equipped with a Shimadzu AOC-20i injector and Agilent DB-1. Levulinic acid con-
version and levulinate selectivity (ca. 100%) were assessed via gas chromatography
using a Shimadzu 2014 with an SPB-1 column (30 mx0.25 mmXx0.25 pm), FID
detector, and employing the internal standard quantification method (octane 0.5 M).

The levulinic acid conversion (X; ) and the initial reaction rate (—r,) were calcu-
lated using Eqgs. 1 and 2.

Npao—Npag

Xpa(%) = — —— (1)
LA 0
C * Vo X
_ro — LA0 0 (2)
At % m

Here n ,  represents the initial moles of levulinic acid, nj 5 , are the moles of lev-
ulinic acid at time t, C 5 ( corresponds to the initial molar concentration of levulinic
acid, V is the total liquid volume, X is the levulinic acid conversion, At is the time
interval (5 min), and m,, is the catalyst mass.

Kinetic modeling

The levulinic acid esterification with n-pentanol produced pentyl levulinate, also
known as amyl levulinate, depicted in Scheme 1. The experimental reaction condi-
tions used are presented in Table 1, considering nine reaction times in the range of
0-90 min.
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Scheme 1 Esterification reaction of levulinic acid with n-pentanol

Table 1 Experimental

. y . . Entry Temperature (° C) Mass of catalyst n-Pentanol
cond}tlons for tl}e levulinic acid (mg) (mmol)
esterification with n-pentanol
over SOWXS as a catalyst 1 100 10 5

2 100 5 5
3 100 20 5
4 100 30 5
5 80 10 5
6 120 10 5
7 140 10 5
8 100 10 10
9 100 10 20
10 100 10 3

1 mmol of levulinic acid for all tests

Mass transfer limitations

Catalytic tests were performed under vigorous agitation (600 rpm) to overcome exter-
nal mass-transfer limitations [36, 37]. Although small catalyst particles (<100 pm)
were used to suppress the internal mass transfer limitations, the Weisz—Prater criterion
(WP), given by Eq. 3, was used to evaluate if the reaction is limited or not by internal
diffusion. If WP < 1, the internal diffusion is negligible but if WP > 1, internal diffu-
sion limits the reaction [27, 37].

exp 2
- i PeatT,

cat
Di, effc‘

i, cat

WP = 3)

Here —r;**P (mmol g~! min™!) is the reaction rate of specie i calculated from the
experimental data, r,,, is the average radius of the catalyst particle (37.5 pm), p.,, is
the catalyst density (1.04 g cm™), C;. ca 18 the concentration of specie i at the cata-
lyst surface which can be assumed as the bulk concentration (C;) when the absence
of external mass transfer limitations is guaranteed, and D; . is the effective diffusiv-
ity of specie i through the catalyst, which is calculated as D; .4 = ¢,6.D; . / T where
@), is the catalyst porosity (0.57, estimated in [38]), o, is the constriction factor (0.8
[37]), 7 is the tortuosity (3.0 [37]), and D;; is the diffusion coefficient of specie i
in 1-pentanol at the specific temperature. It is noteworthy that the criterion gives
an upper bound to avoid internal mass transfer limitations, which indicates that is
enough to use the maximum value of —r1,;**?, corresponding to —r;,™ (Eq. 2).
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Table2 Heterogeneous kinetic models proposed based on Langmuir-Hinshelwood—Hougen—Watson
(LHHW) and Eley—Rideal (ER) approaches

Model  Reaction rate (r) Description

ER1 k[KACACV ('CCD] Eley—Rideal model, surface reaction as the rate-limiting step

WT/% (k = kgC,)), levulinic acid is adsorbed, pentyl levulinate is desorbed

ER2 k[%_%] Eley-Rideal model, desorption as the rate-limiting step (k = k:C, ),
[HK ot K—SKBCAEB] pentanol is adsorbed, pentyl levulinate is desorbed
BB Cp
LH1 k[K,\KBCACB—%} LHHW model, surface reaction as the rate-limiting step (k = kg C‘Z),
[ 14K, Cp K Cy + SC 4 2 ]Z both reactants are adsorbed, both products are desorbed
Kc ' Kp

k and K denote the reaction rate and the equilibrium constants

Pseudo-homogeneous kinetic model

A pseudo-homogeneous reversible model was proposed based on previous studies
for levulinic acid esterification in microwave-assisted batch reactors [39, 40]. This
approach serves as an acceptable initial step in the kinetic modeling, albeit with
several underlying assumptions [41—43]. It assumes a homogeneous distribution of
reactive species on the catalyst surface and overlooks the catalysts’ structural intri-
cacies. Additionally, due to its high level of simplification, the model may heavily
rely on adjusted parameters and might lack generalizability to diverse experimental
conditions.

The mole balance for the species in the liquid phase in the batch reactor is rep-
resented by Eq. 4, where C; is the concentration of species i, m, is the catalyst
mass, Vg is the reaction volume, v is the stoichiometric coefficient (—1 for reac-
tants and+ 1 for products), t is the reaction time, and r is the generation rate, given
by Eq. 5. The reaction rate constants (k; and k, for forward and reverse directions,
respectively) are calculated through the modified Arrhenius equation, Eq. 6, where
k.; denotes to the reaction constant at an average temperature (T,.;=100 °C), Ea is
the activation energy, T is the absolute temperature, and R is the gas constant. a, f3,
v, and O represent the reaction orders for levulinic acid, pentanol, pentyl levulinate,
and water. Equation 6 is preferably employed to enhance the statistical estimation
of temperature-dependent parameters by incorporating a reference constant (k)
[36, 44]. This is particularly beneficial because the experiments are centralized,
suppressing the correlation between the parameters. Moreover, proposing an initial

guess for k. is notably simpler than determining the frequency factor in nonlinear
regression.
9 _Mew = AB,C.D)
- = u 1=A,b,(,
dt Vi @
r=k,CiCh - k,CLCD (5)
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k= krefe‘?(?‘ﬂ) (©)

Heterogeneous models

In our recent work [33], we considered both the microwave effect (ryw =1, Eq. 5)
and the catalytic effect (ro,) as synergistic contributions in the kinetic modeling
of the esterification of levulinic acid over a Preyssler catalyst. The design equation
for the reactor is established by Eq. 7, where ry,, corresponds to the reaction rate
laws of different heterogeneous models given in Table 2. The proposed models draw
inspiration from the best heterogeneous models reported previously for the esteri-
fication of lauric acid [45], trans-cinnamic acid [46], and levulinic acid [33], and
the derivation of these expressions can be found in the Supporting Information. It
is worth mentioning that the microwave term in Eq. 7 is independent of the catalyst
mass, differing from the pseudo-homogeneous model. Table 2 illustrates two models
deduced from the Eley—Rideal (ER) approach, which assumes that only one reactant
is adsorbed on the catalyst surface. Additionally, one model was deduced from the
Langmuir-Hinshelwood—Hougen—Watson (LHHW) approach, assuming the adsorp-
tion of both reactants.

dG;

1 mcat .
pri u(er + rCat) = v<er + V—rHet> i=A,B,C, D @)
R

Parameters optimization

The parameter estimation was performed with the software ModEst [47] using
the squared difference between the experimental and calculated concentrations, as
defined by Eq. 8. The difference (S.E) was minimized by using the Levenberg—Mar-
quardt algorithm and the determination coefficient (R?), Eq. 9 served as a suitable
metric for assessing the goodness of fit, which compares the model performance
to the variance of all experimental points. The statistical reliability of the param-
eters was evaluated using the Markov Chain Monte Carlo (MCMC) analysis [44,
48], which models the uncertainties in the data as statistical distributions. Cj; gy,
and Cj; ;o4 refer to the experimental and modeled concentrations of the specie j for

each run i, while Cj; gy, refers to the mean of the experimental concentrations data.
Neom Nobs

SE= 2, 2 (Ciiew G od)” ®)

Neom ©N 2
DI My (Cisbxp = Ciii Mod)

Zi
Ncom obs C — E 2
Zj 21:1 j.1, Exp j.1, Exp

R*(%) = 100[ 1 — )
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Results and discussion
Effect of the reaction conditions

The microwave effect has been previously studied, utilizing various catalysts for the
esterification of levulinic acid, such as SAPO-34 [49], recyclable sulfated amor-
phous nanosilica [50], and a Preyssler-type heteropolyacid on silica [33]. The posi-
tive effect is clearly reflected in the increased reaction rate of levulinic acid when
assisted by microwaves, as reported in the esterification of levulinic acid with
n-butanol [33]. Increases in conversion of ca. 30%, 28%, 17%, and 14% (difference
in conversion with and without catalyst) after 180 min were obtained for the reac-
tion carried out at 100, 120, 140, and 160 °C. Therefore, in this study, a strongly
acidic exchange resin like Dowex® 50WX8 was demonstrated as a highly active
catalyst for the esterification of levulinic acid, surpassing the effectiveness of a pre-
vious report from our group based on a Preyssler heteropolyacid supported on silica
(PCSi0,) [33], as illustrated in Fig. 1. The initial reaction rates for the esterification
were calculated at different temperatures, revealing significantly high values of 3.42,
4.62, and 8.02 mmol g~' min™" over SWX8 at 100, 120, and 140 °C. These values
are much higher than the corresponding rates over PCSiO,, such as 0.18, 0.30 and
0.63 mmol g~! min~!. At 100 °C, the reaction rate with SOWXS8 is approximately 20
times higher than the reaction rate with PCSiO,.

The effect of temperature on the esterification of levulinic acid was investigated
at four temperatures (80, 100, 120, and 140 °C), as illustrated in Fig. 2A. The con-
version profiles exhibit the expected shape, indicating an increase in catalytic activ-
ity (reflected in the conversion) with temperature, as predicted by the Arrhenius
equation. Conversions of ca. 33%, 61%, 93% and 96% were achieved at 80, 100, 120
and 140 °C after 90 min. These values can be considered as the equilibrium conver-
sions at those temperatures, as the levulinic acid conversion remains almost constant
after 60 min. On the other hand, Fig. 2B displays the plot of the initial reaction rate
as a function of the inverse of temperature, which is used to estimate the activation
energy of the formation of pentyl levulinate. A suitable linear trend is observed in
Fig. 2B, resulting in Ea=44.6 kJ mol~'. This value could be validated with the opti-
mized parameters in the kinetic modeling using the different proposed models.

The effect of the amount of SOWXS8 on the esterification reaction was evaluated
using 5, 10, 20, and 30 mg at 100 °C, as shown in Fig. 3A. Clearly, levulinic acid
conversion is directly proportional to the catalyst amount, resulting in conversions
of ca. 49%, 61%, 71%, and 81% after 90 min. This behavior can be easily explained
by the increase in the number of active acid sites available for the catalytic reaction.
Furthermore, Fig. 3B confirms that the esterification reaction follows a catalytic
route, as evidenced by the observed dependence between the initial reaction rate and
the catalyst mass. The variation in this parameter is crucial for the kinetic modeling
of the esterification reaction, as will be demonstrated later.

The investigation into the excess of pentanol in the esterification reaction with
levulinic acid was conducted using four molar ratios of alcohol to levulinic acid: 3:1,
5:1, 10:1 and 20:1, at 100 °C with 10 mg of catalyst. Fig. 4 illustrates that catalytic
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activity, as reflected in the conversion, improved at lower molar ratios, resulting in
values of ca. 61%, 60%, 50%, and 45% after 90 min. A similar trend was observed
when n-butanol was used as the alcohol, and PCSiO, and magnetic materials based
on Keggin heteropolyacids were employed as heterogeneous catalysts [33, 51]. In
contrast, no dependence of the conversion on the molar ratios of ethanol to lauric
acid, ranging between 10.7 and 64.2, was observed when using a Keggin-heteropol-
yacid on silica as a catalyst [45]. The low conversion at high ratios can be explained
by the high dilution of levulinic acid and potential mass transfer limitations due to
difficulties in levulinate diffusion in the medium. This could result in high local con-
centrations, limiting the overall efficiency of the esterification reaction [52, 53]. This
parameter will be considered later in the kinetic modeling.

Role of the alcohol

Various alcohols were tested in the esterification reaction with levulinic acid at
100 °C, employing 10 mg of catalyst and alcohol: levulinic acid molar ratio of
5:1. Fig. 5A demonstrates levulinic acid conversions exceeding 55% for most sol-
vents after 90 min, except for 2-butanol, which yielded only 21%. Fig. 5B aimed
to establish a relationship between the conversion and the dielectric constant of
the alcohols [54, 55]; however, no defined trend was observed. In general terms,
primary alcohols (ethanol, n-butanol, n-pentanol, and 1-hexanol) facilitated high

« PCSIO,
gl = 50WXx8 .

S o
I I

N
1

Initial reaction rate
(mmol g"' min™)

0 o« o o °

80 90 100 110 120 130 140 150 160

Temperature (K)

Fig. 1 Initial reaction rates for the levulinic acid esterification in a microwave-assisted reactor as a func-
tion of the temperature over two heterogeneous catalysts: S0WX8 (this study) and PCSiO, (a Preyssler-
type heteropolyacid supported on silica [33]). Reaction conditions: 1 mmol of levulinic acid, 5 mmol of
n-butanol
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Fig.2 A Levulinic acid conversion as a function of time for different temperatures. B Estimation of the
activation energy. Reaction conditions: 1 mmol of levulinic acid, 5 mmol of pentanol, 10 mg of 50WX8
as a catalyst

levulinic acid conversions, ranging between 61 and 72%. When evaluating some
isomers of C,H;,O, such as n-butanol, isobutanol, and 2-butanol, appreciable
differences in their activity were observed. Although both n-butanol and isob-
utanol are primary alcohols with similar polarity, as reflected in the dielectric
constant, they resulted in significantly different conversions of ca. 70% and 55%
after 90 min. This difference can be attributed to the linear structure of n-butanol,
while the branched structure of isobutanol introduces steric hindrance, affecting
the efficiency of the esterification reaction. Similarly, with a secondary alcohol
like 2-butanol, a levulinic acid conversion of ca. 21% was achieved. This low
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Fig.3 A Levulinic acid conversion as a function of time for different amounts of catalyst. B Initial reac-
tion rate of levulinic acid as function of the catalyst mass. Reaction conditions: 1 mmol of levulinic acid,
5 mmol of pentanol, 100 °C, SOWXS as a catalyst

value can be explained by the higher steric effect on the secondary carbon com-
pared to primary alcohols. Similar conclusions were drawn in a previous study
on the esterification reaction of stearic acid with 1-butanol and 2-butanol using
a montmorillonite-based clay catalyst [56]. Additionally, in the esterification of
lauric acid with n-butanol, s-butanol, and fert-butanol, using a Keggin heteropo-
lyacid on silica, comparable findings were observed [45]. The importance of the
role of alcohol in the esterification reaction has been investigated using the Taft
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Fig.4 Levulinic acid conversion as a function of time for different pentanol/acid molar ratios. Reaction
conditions: 1 mmol of levulinic acid, 10 mg of SOWXS as a catalyst, 100 °C

concept [57] in the esterification of propanoic acid, which concludes the impor-
tance of steric hindrance in the reactivity of the alcohol.

Robustness of acidic resin as a catalyst

The robustness of the Dowex® S0WXS8 catalyst was investigated through two
cycles of reusability, as illustrated in Fig. 6. The profiles of levulinic acid conver-
sion demonstrated that catalytic activity can be completely recovered after two
reuses of the commercial acidic resin. Conversions ranging between 60 and 64%
after 90 min at 100 °C with 10 mg of catalyst are obtained in both the fresh and
reused cycles. These results highlight the high catalyst stability of this material
compared to some heteropolyacids previously reported for levulinic acid esteri-
fication [5, 33]. Surprisingly, there are reports with heteropolyacids where it is
stated that there is no loss of activity after more than three or four reuses [51, 58,
59].

Furthermore, these reusability results indicate the significant advantages of the
commercial catalyst used in this contribution because it does not require complex
synthesis procedures, as is the case with supported heteropolyacids. The latter
demand intensive energy use and the use of substances such as phosphoric acid
and ethanol [33], or the use of not very reproducible methodologies for anchor-
ing into supports, such as incipient wetness impregnation [5]. On the other hand,
the use of commercial catalysts guarantees reproducibility in the efficiency of the
reaction and is easily available in the market. These aspects are extremely impor-
tant for scaling-up chemical processes [60].
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Fig.5 A Effect of the alcohol nature on the levulinic acid esterification. B Levulinic acid conversion as
a function of the dielectric constant. Reaction conditions: 1 mmol of levulinic acid, 5 mmol of alcohol,
10 mg of 50WXS as a catalyst, 100 °C

Kinetic modeling
Internal mass transfer limitations
Table 3 presents the Weisz—Prater criterion (WP) results for levulinic acid, demon-

strating satisfaction across all experimental runs. It is noted that internal mass trans-
fer limitations are absent, indicating no discernible concentration gradients within
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the catalyst. Thus, it is inferred that the esterification of levulinic acid with 1-pen-
tanol over SO0WXS is under kinetic control.

Pseudo-homogeneous model

The pseudo-homogeneous reversible kinetic model, based on power law expres-
sions, proves to be a suitable expression for describing both the microwave and
catalytic effect on the esterification of levulinic acid with pentanol. The determina-
tion coefficient (R>=99.88%, Table 4) adequately accounts for the variability in the
experimental concentration data of all species, offering a highly simplified yet effec-
tive kinetic model.

This numeral fitting surpasses the performance of a comparable model in a previ-
ous study involving a microwave-assisted reactor for levulinic acid with n-butanol
over PCSiO,, yielding an R? value of 94.97% [33]. In contrast, earlier studies with-
out microwaves, focusing on the esterification of lauric acid [45] and trans-cin-
namic acid [46], demonstrated poor fittings with R? values of 85.79% and 69.47%,
respectively.

Table 4 reports the optimized kinetic parameters, revealing activation energies
of 59.5 and 26.9 kJ mol ™! for the forward and reverse directions in the esterification
route outlined in Scheme 1. Notably, these values differ significantly from the cor-
responding ones reported previously when PCSiO, was used as a catalyst, with val-
ues of 42.4 and 40.3 kJ mol~! [33]. However, the activation energy for the forward
reaction aligns with the values obtained in similar contexts, such as with methane-
sulfonic acid and hexanol (E,=61 kJ mol™!) [63] and with desilicated zeolite B and

100
g Fresh use
o\\°/ ® |stcycle
- 801 a4 2nd cycle
(o]
‘v
£ 601 : :
% t
O 40- R ]
B 4
= ]
«© ]
Q20+
k= $
E
o Oq*
| T T T T T T T

0 15 30 45 60 75 90
Time (min)

Fig.6 Reusability test of Dowex® 50WX8 as the catalyst on the levulinic acid esterification. Reaction
conditions: 1 mmol of levulinic acid, 5 mmol of pentanol, 10 mg of catalyst, 100 °C. The catalyst was
recovered by filtration and dried under vacuum conditions at room temperature
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1,2-ethanediol (E,=53.0 kJ mol™!) [64]. More detailed information can be found in
Table 6 of our previous report [33]. Table 4 presents the reaction rate constants for
both reactions at 100 °C. Consequently, the pre-exponential factor for each direction
can be determined using the Arrhenius equation.

The overall reaction orders are 10.27 and 11.47 for the forward and reverse reac-
tions. It is noteworthy that while the corresponding value for the reverse reaction
remains constant, the reaction orders concerning ester and water are interdepend-
ent. This is because 11.47 =7+, given that molar concentrations of ester and water
are equal at any time (C-=Cp), due to the stoichiometric factor being 1:1 and the
absence of these products at the beginning of the reaction. Furthermore, the results
suggest a higher dependence of the reaction rate on pentanol concentration com-
pared to the concentrations of levulinic acid and the products, as reflected in its ele-
vated reaction order (p=38.5). The dependence observed could be attributed to the
high concentration of pentanol in the reaction medium, which directly influences the
reaction rate due to the availability of pentanol molecules. Additionally, the inter-
actions of the alcohol with the catalyst could be more sensitive, further impacting
the reaction rate. In contrast, when PCSiO, was used as a catalyst [33], a higher
dependence of the reaction rate was observed with the concentration of levulinic
acid, rather than the alcohol (n-butanol).

The comparison between the experimental concentration profiles and those cal-
culated with the pseudo-homogeneous reversible kinetic model is illustrated in Fig.
S2. The results demonstrate that kinetics based on homogeneity can effectively cap-
ture the behavior of the molar concentrations for the four species during the studied
time interval. The statistical reliability of the kinetic parameters was evaluated using
MCMC analysis. Fig. S6 shows plots of the probability density contour for the cor-
relation of pairs of parameters, with a total of 28 combinations. Strong correlations
are suggested for the pairs k; and k,, as well as the pairs resulting from combinations

Table 3 Weisz—Prater criterion for the 10 experiments

Entry m, (mg) V(mL) TX) C, —1y(mmol pg(cP) Dup(cm®*  Dy(cm® WP
(mol L1 g’1 min~") s7h s7h
1 10 0643 373 1.56 342 0.644 224E-05 3.40B-06 0.157
2 5 0643 373 1.56 3.78 0.644 224E-05  3.40E-06 0.174
3 20 0643 373 156 1.98 0.644 224E-05 3.40E-06 0.091
4 30 0643 373 156 1.56 0.644 224E-05  3.40E-06 0.072
5 10 0643 353 1.56 0.84 0929 147E-05 2.23E-06 0.059
6 10 0643 393 156 4.62 0465 327E-05 497E-06  0.146
7 10 0643 413 156 8.02 0.347  461E-05  7.01E-06  0.179
8 10 1184 373 084 2.58 0.644 224E-05  3.40E-06 0.219
9 10 2266 373 0.44 228 0.644 224E-05  3.40E-06 0.370
10 10 0427 373 234 1.91 0.644 224E-05  3.40E-06  0.058

—1, was calculated with Eq. 2. pg was calculated from reference [61]. The diffusion coefficient of lev-
ulinic acid in 1-pentanol (D,g) was calculated using the Wilke—-Chang equation [62], using 1.0 for the
association parameter of 1-pentanol and 123.196 cm® mol ™! for the molar volume of the levulinic acid at
the normal boiling point
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Table 4 Kinetic parameters for the pseudo-homogeneous reversible model

Parameter Units Value Standard error (%)
k, mol ™% L1927 g=1 mjin~! 522x107!! 91.4
K, mol 1047 L1147 =1 mjn~! 1.95x 10712 > 100
Ea, kJ mol™! 59.5 3.7
Ea, kJ mol ™! 26.9 > 100
- 1.77 5.0
- 8.5 5.4
y - 6.55 >100
8 - 4.92 >100
R? % 99.88 -

k, and k, values were estimated at 100 °C

of the two activation energies with the four reaction orders due to their elongated
shapes [44, 65]. It is coherent, for instance, for y and d, as mentioned above. It is
noteworthy that the high density of contour lines in the plots of all parameters with
k; and k, (those that do not show strong correlations) represents regions where the
joint probability is higher, indicating more constrained or well-defined parameter
values. In contrast, plots exhibiting low density suggest areas of lower joint prob-
ability, indicating higher uncertainty or less constraint on parameter values.

The marginal distributions from the MCMC analysis (Fig. S7) for the individual
parameters along the axes depict the probability distribution of each parameter inde-
pendently [65]. Distributions for k;, k,, and Ea, are approximately Gaussian, sug-
gesting that these model parameters are well-constrained. In contrast, Fig. S7 shows
that the distribution for Ea, exhibited a very poor maximum, reflected in its high
standard error (Table 4) [44]. The distribution for o presents a bimodal-like shape
with maxima at 1.771 and 1.768, with the former being the most probable value for
that parameter, as reported in Table 4.

Heterogeneous models

In this case, the microwave effect on the esterification reaction was modeled using
the pseudo-homogeneous reversible model, and the catalytic effect was modeled
using three heterogeneous kinetic models, as previously mentioned in Eq. 7. This
strategy was successfully demonstrated in our recent work [33]. Although a very
high fitting was achieved with only the pseudo-homogeneous model, as discussed
above, it is pertinent to adjust the experimental data to a more realistic phenomenol-
ogy in the system, considering the presence of a heterogeneous catalyst.

Therefore, Table 5 reports the kinetic parameters for the set of models, which
include the pseudo-homogeneous and three heterogeneous models (ER1, ER2, and
LH1). Results demonstrate slightly better numerical fittings of these three models
than the pseudo-homogeneous one, with determination coefficients greater than
99.94%. However, it is possible to discern between the models by first consider-
ing the values of activation energies of the catalytic part, i.e. Ea=58.4, 60.2, and
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50.6 kJ mol~! for ER1, ER2, and LH]1. Notice that the value for LHI is the clos-
est to the estimated value (Ea=44.6 kJ mol™!) in Fig. 2B using the calculation of
the initial reaction rates. On the other hand, the activation energy values for the
reverse reaction in the pseudo-homogeneous part for the expressions derived from
the Eley—Rideal approach exhibited very high values (Ea, =105 kJ mol~! for ER1)
or very low values (Ea,=1.0 kJ mol~! for ER2), which are not expected values for
this esterification route [33]. Furthermore, Fig. S3 shows the comparison between
the experimental concentration profiles and those calculated with the LH1 model,
demonstrating the success of the kinetic modeling. The numerical fitting for the ER1
and ER2 models is shown in Figs. S4 and S5.

The results with the LH1 model, like the pseudo-homogeneous model, sug-
gest a higher dependence of the reaction rate on pentanol concentration compared
to the concentrations of levulinic acid and the products, as reflected in the value
of B=6.51. The equilibrium constants for the LH1 model conclude about the
adsorption strength over the SOWXS8 catalyst, decreasing in the following order:
pentyl levulinate (1/K-=2.01 L mol™"), pentanol (Kz=0.335 L mol™"), water (1/
Kp=5.26x107 L mol™"), and levulinic acid (K, =7.8x 10~ L mol™"). The contour
plots from the MCMC analysis for the LHI model can be found in the Supporting
Information (Sect. 4.2) for all the pairs of combinations (105 in total corresponding
to the 15 kinetic parameters).

The marginal distributions in the form of histograms for the LH1 model from the
MCMC analysis are shown in Fig. S8 for the 15 individual parameters. Distributions
for k;, k,, Ea,, a, 8, and K¢ have a Gaussian-like shape, indicating well-constrained
values in the model. For other parameters, the distribution is not symmetrical, but in
general terms, the most probable value observed as the maximum in each distribu-
tion corresponds to the value reported in Table 5.

Reaction pathway

A plausible reaction mechanism for the esterification of levulinic acid with n-pen-
tanol (amyl alcohol) over Dowex® 50WXS8 (DowexH, hydrogen form) is pro-
posed in Scheme 2, considering the reported literature on the reaction of propionic
acid with 1-propanol [14]. Five reaction stages can be proposed for the esterifica-
tion reaction based on the best heterogeneous model obtained previously, such as
LHHW, and consistent with the kinetic numeral fitting.

Firstly, levulinic acid is adsorbed on the Dowex® resin, and subsequently, this
resin in an acidic form transfers a proton for the formation of the carbocation, which
is subsequently captured by the non-bonding electron pairs of the carbonyl oxygen.
Through a resonance phenomenon, a more stable carbocation is generated in this
manner, thus activating the system (I). Then, n-pentanol is adsorbed onto the surface
catalyst (II). In the third stage, the activated carbocation is attacked by n-pentanol,
resulting in the formation of protonated pentyl levulinate and a water molecule, both
adsorbed on the catalyst (III). Finally, the protonated levulinate loses the proton and
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Table 5 Kinetic parameters for the heterogeneous models coupled with the pseudo-homogeneous model

Parameter Units ER1 ER2* LH1*

Value S.E (%) Value S.E (%) Value S.E (%)
K, (mol L™H!=*Fmin~! 284x107"" >100 4.72x107° >100 1.42x10° >100
k, (mol L™H!"" ¥ min~! 1.84x10° >100 2.03x10° >100 1.01x107 >100
Ea, kJ mol~! 72.8 9.3 71.7 13.7 72.5 13.4
Ea, kJ mol ™! 105 >100 1.0 >100 370 >100
a - 2.71 7.9 1.45 18.7 1.79 113
i - 9.67 14.5 9.98x10° >100 6.51 24.7
¥ - 4.90 >100  9.97 >100  2.68 >100
5 - 4.44 >100 100 >100  2.76 >100
k L g ' min~! 9.55 >100 42x10° 228 6.57 0.0
Ea kJ mol~! 58.4 10.0 60.2 9.8 50.6 15.0
K, L mol~! 774x10°  >100 - - 7.8%x107* 0.0
Ky L mol™! - - 744x10*  >100 3.35x107" 0.0
K¢ mol L 121x10*  >100 9.36x10* >100 4.98x10" >100
Kp mol L~ - - - - 1.90x 10> >100
K - 3.12x10*  >100 8.28x102 >100 1.12x10* >100
R? % 99.94 - 99.96 - 99.94 -

k, k; and k, values were estimated at 100 °C

*Units of the parameter k are mol g~ min™!

is desorbed of the catalyst (IV), and the desorption of water occurs (V), thereby
regenerating the catalyst.

Conclusions

Dowex® 50WX8 emerged as a highly active and selective commercial catalyst for
the esterification of levulinic acid with pentanol under microwave irradiation, yield-
ing levulinate, a potent compound with noteworthy applications as an oxygenated
additive to biofuels, facilitating a substantial reduction in pollutant emissions. The
systematic exploration of critical parameters, including the pentanol/acid molar
ratio, reaction temperature, and catalyst amount, provided valuable insights into the
kinetic behavior of the reaction. The integration of a dual-model approach, combin-
ing a pseudo-homogeneous model to address the microwave effect and catalytic con-
tributions modeled through LHHW and Eley—Rideal mechanisms, yielded a com-
prehensive understanding of the reaction kinetics.

The selection of the most fitting model, guided by Markov Chain Monte Carlo
(MCMC) analysis derived from contour plots depicting the relationship between
pairs and MCMC distributions, revealed that the LHHW model with the surface
reaction as the limiting step effectively captured the complexities of the esterifica-
tion process. The determined activation energy of 50.6 kJ mol™' provides critical
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Scheme 2 Plausible reaction mechanism for the esterification of levulinic acid over Dowex® 50WX8 as
a catalyst

insights into the catalytic synthesis of pentyl levulinate, underscoring the signifi-
cance of Dowex® 50WXS in this reaction.

This study further elucidated the crucial role of alcohol in the esterification route,
explaining its influence on the reaction pathway and confirming the detrimental
influence of alcohol structures with higher steric hindrance. The confirmed catalytic
stability of the commercial catalyst over multiple cycles underscores its practical
applicability. Notably, the absence of mass transfer limitations, as demonstrated by
the Weisz—Prater criterion, enhances confidence in the reliability of our findings and
the developed kinetic modeling.

In summary, this research not only advances our comprehension of the kinetic
aspects of levulinic acid esterification but also establishes a robust foundation for
future studies. The proposed reaction pathway and insights gained contribute valu-
able knowledge to the field, emphasizing the promising role of Dowex® 50WXS as
a catalyst in the synthesis of pentyl levulinate.
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