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Abstract  

Alkyl levulinates such as n-butyl levulinate (BL) can play an important role in the fuel sector. 

Classically, BL is produced from the esterification of LA, but the butanolysis (or alcoholysis) of 

sugars requires less stages. The industrialization of this process requires the development of 

process flow diagrams and thus, the knowledge of reaction kinetics and thermodynamics. To 

the best of our knowledge, there are no kinetic models for the production of BL from sugar 

butanolysis over heterogeneous catalysts. The kinetics of sugar monomer butanolysis is 

complex over heterogeneous catalysts due to several side-reactions, e.g., esterification and 

humins productions. Hence, developing a kinetic model strategy is vital by primarily focusing 

on the butanolysis of 5-HMF over Amberlite IR-120. The butanolysis of 5-

(hydroxymethyl)furfural (5-HMF) is the crucial step for the production of BL. The effect of 

temperature, catalyst and 5-HMF loadings, and catalyst deactivation on the kinetics of the 

different species were investigated. Then, different kinetic models were developed and tested 

by cross-validation. Special attention was given to vary widely the reaction temperature, 

catalyst and 5-HMF loadings. To increase the accuracy of the estimation stage, independent 

experiments of levulinic and formic acids esterification, side-products of 5-HMF dehydration, 

were included. It was found that the developed model with more reaction steps and by 

considering the reaction of humins production from 5-HMF as first-order was the most reliable 

model.   

Keywords: Lignocellulosic biomass, Cellulose valorization, Butyl levulinate production, 5-

(hydroxymethyl) furfural) alcoholysis, Amberlite IR-120, Humins production, Kinetic modeling, 

K-fold method 
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1. Introduction  

Fossil raw materials in modern society plays a crucial role. However, using such raw materials 

has several drawbacks: non-renewable, difficult to extract (i.e., not full extraction), resources 

are not well-distributed at global scale and negative environmental impacts such as 

perturbation in the carbon cycle (released of greenhouse gas) or oil spills.  

In order to overcome these drawbacks, the shift from fossil non-renewable raw materials to 

biomass renewable raw materials can aid our modern societies to continue their developments 

with a minimum impact on the environment. Biomass valorization faces several challenges 

such as biomass collection network, catalyst development, diversity of biomass content, 

oxygen and water presence, pretreatment,1 etc. The use of biomass for chemical production 

is not new in chemical processes, one can cite the production of alcohol from cereals or sugar 

juice. Nevertheless, the use of such raw materials competes with food. To avoid the food 

versus fuel dilemma, agricultural waste or non-alimentary plants should be favored.  

Lignocellulosic biomass can avoid such a dilemma and enhance the circular economy.2–4 

Lignocellulosic biomass has a fascinating structure made of lignin (natural aromatic polymer) 

and cellulose/hemicellulose which are sugar polymers. The composition of these elements is 

different for each plant, implying that operating conditions should be tuned for each biomass. 

The first stage is to separate lignin, cellulose and hemicellulose, i.e., the fractionation stage. 

The valorization of lignin is still under development for industrial application.5–8 The valorization 

of cellulose and hemicellulose is more developed,9–13 notably for the industrial production of 

cellulosic ethanol.  

From the cellulose or hemicellulose valorization, it is possible to develop several platform 

molecules such as: 1,4-diacid, 5-(hydroxymethyl)furfural (5-HMF), 2,5-furandicarboxylic acid  

(2,5-FDCA), aspartic acid, glutamic acid, glucaric acid, itaconic acid, sorbitol, acetone-butanol-

ethanol (ABE process) or levulinic acid 14–16. Some of them are already at the industrial scale, 

such as levulinic acid one.17,18  
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Levulinic acid can be the starting materials for several chemicals (solvents, materials or fuels) 

like γ-valerolactone19,20,21, succinic acid,22–24 2-methylene γ-valerolactone25 or 2-

methyltetrahydrofuran (2-MTHF).26–28 The classical production of LA is from the hydrolysis of 

cellulose using homogeneous catalysts.29–32 Nevertheless, the low yields in LA production, 

together with high costs in separation and purification of this acid, make the direct production 

of alkyl levulinates more beneficial via sugar alcoholysis 33.   

Among alkyl levulinates, methyl, ethyl and butyl levulinates are the most studied and used in 

the literature. As shown in the review of Di Menno Di Bucchianico et al.,33 alcoholysis of sugars 

over heterogenous acid catalysts should be favored for the production of alkyl levulinates 

compared to the traditional homogeneous acids. Zhou et al.,34 reported the production of 

methyl levulinate from glucose, catalyzed by aluminum sulfate at 160 °C for 3 h, obtaining a 

production yield of 64%. Saravanamurugan and Riisager35 studied the production of ML from 

fructose over zeolite (H-USY) at 160 °C for 20 h with a final ML yield of 51 %. The production 

of methyl levulinate was also investigated starting from 5-HMF by Hu et al.,36 using Amberlyst 

70 at 120 °C for 2 h and resulting in a final yield of 61.7 %. Wang et al.,37 reported the total 

conversion of 5-HMF and the final yield in ML of 69.6 % over the zeolite H-beta-40. From a 

green-chemistry aspect, ethyl and butyl levulinates production can be considered greener 

because ethanol and butanol are produced from renewable raw materials. Ethyl levulinate 

production has been studied over a wide range of heterogeneous catalysts and starting 

materials. Liu et al.,38 have investigated the conversion of fructose over Amberlyst-15 at 120 

°C for 24 h, obtaining a final yield of 73 % for ethyl levulinate and 89 % for butyl levulinate. 

Considering different feedstocks, Quereshi et al.,39 showed the increase in EL yield passing 

from glucose (23 %), to fructose (25 %) and to 5-HMF (37.2 %) over a metal salt. 5-HMF 

alcoholysis in ethanol was also studied on zeolite (MZSM-5) by Chithra and Srinivas40 with a 

final EL yield of 85.2 % at 150 °C for 12 h. Studies on the production of butyl levulinate are 

mainly from sugar alcoholysis, as the investigation of Di Menno Di Bucchianico et al.,41 on 

fructose conversion over Amberlite IR120 with a final yield 60.4 % at 110 °C for 7 h or the work 
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of An et al.,42 with Fe2(SO4)3 reporting a final BL yield of 62.8 % at 190 °C. Fewer literature 

data are on the production of butyl levulinate, although, from an energy point of view, the use 

of butyl levulinate as blend in fuels has certain advantages compared to ethyl levulinate in 

terms of conductivity, cold flow properties, diesel lubrication, reduced vapour pressure, 

corrosivity and miscibility with fuels even at very low temperatures.41 

Some kinetic models of sugar hydrolysis to levulinic acid and esterification (levulinic acid to 

alkyl levulinates and formic acid to alkyl formate) can be found in the literature29,43–50. However, 

the development of kinetic models for the alcoholysis of sugars to alkyl levulinates is scarce, 

and the kinetic constant comparison is difficult due to the different ways to derive reaction 

rates.51 The kinetic modeling of this system is complex because several reactions occur 

simultaneously in parallel and consecutive ways (Figure 1). Besides, humins production is 

complex to track. It is vital to have reliable kinetic and thermodynamic models to draw process 

flow diagrams for alkyl levulinate production. From the knowledge of these models, it is 

possible to determine the optimum reaction conditions.  

The kinetics of 5-HMF alcoholysis is in central position in the reaction scheme (Figure 1), 

because it can lead to the production of LA or BL. By considering solely the butanolysis of 5-

HMF, one can evaluate the production of humins from 5-HMF at different operating conditions. 

To the best of our knowledge, such model was not developed for the production of butyl 

levulinate over heterogeneous catalysts.    

This manuscript proposes to study the kinetics of 5-HMF butanolysis over Amberlite IR-120. 

Indeed, Ramirez et al.,39 showed the benefit of using cation exchange resin to produce BL from 

fructose butanolysis. Also, Di Menno Di Bucchianico et al.,41 showed the benefits of using 

Amberlite IR-120 and γ-valerolactone (GVL) as a co-solvent for the kinetics of fructose 

butanolysis. The second stage of this manuscript is the development of kinetic models to 

explain the reaction mechanism. Special attention was paid to vary widely the 5-HMF loading, 

catalyst loading and reaction temperature. The knowledge of a kinetic model for concentrated 

5-HMF solution is important for the alcoholysis of concentrated sugar solution. Besides, 
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independent esterification experiments were performed to ease the estimation stage. A cross-

validation stage was included to evaluate the developed models.  
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Figure 1. Reaction steps for the alcoholysis of fructose.53 
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2. Experimental section  

2.1 Chemicals  

5-(hydroxymethyl)furfural (5-HMF, 99% purity), 5-(ethoxymethyl)furfural (EMF, 97% purity), 

levulinic acid (LA, ≥ 97% purity), formic acid (FA, ≥ 95% purity) and γ-valerolactone (≥ 99% 

purity) were purchased from Sigma-Aldrich. 1-Butanol (BuOH, ≥ 99.5 % purity), butyl levulinate 

(BL, ≥ 98% purity), butyl formate (BF, ≥ 97% purity) and acetone (≥ 99.9% purity) from VWR 

chemicals. Amberlite IR120 H+ form (ion-exchange resin, native harmonic mean size: 0.620 to 

0.830 mm) commercial catalyst was provided by Acros Organics. Nitrogen gas (N2 purity > 

99.999 vol%) came from Linde. All chemicals were employed without further purification. 

2.2 Analytical methods 

Reaction samples were diluted in acetone and analysed by gas chromatograph Bruker Scion 

456-GC, equipped with a VF-1701ms Agilent column (60.0 m length x 250 µm inner diameter 

x 0.25 µm film thickness) and a flame ionization detector (FID). The injector was set with a 

temperature of 250 °C, injection volume of 1 µL and split ratio of 1:20. Helium (>99.999 vol%) 

is used as carrier gas at a constant flow rate of 1.0 mL/min to transfer the sample from the 

injector, through the column and into the FID-detector, whose temperature was set to 250 °C. 

The oven temperature was programmed from 40 °C to 240 °C with 20 °C/min of ramp rate. 

Reference samples with standard solutions of pure 5-HMF, LA, EMF, BL and BF were used 

as standards to prepare daily calibration curves. EMF was used as standard for BMF due to 

its commercial unavailability. A repetition of three injections for each sample was considered 

to estimate the uncertainty, measured by the standard deviation, in the analytical method. In 

this study, the standard deviation for the different concentrations was lower than 0.03 mol/L. 

2.3 Kinetic experiments 

Under isothermal and isobaric conditions, kinetic experiments were carried out in a 300 mL 

Parr stainless steel batch reactor, equipped with an electric heating system. The presence of 

a gas entrainment impeller (diameter 2.5 cm) with a hollow shaft provided a uniform mixing of 
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the reacting mixture. As shown in Table 1, the reactor was loaded with HMF initial mass varying 

between 1.6 and 7 g, catalyst mass up to 15.3 g and a fixed solvent volume of butanol-GVL 

with ratio 70:30 wt%.41 In runs 10-16, levulinic acid and levulinic-formic acid mixture 

esterification (initial concentration range 0.05 – 0.5 mol/L) were performed in the same solvent 

system and by using the same catalyst, i.e, Amberlite IR-120. Nitrogen was used to pressurize 

the system at 20 bars to limit gas-liquid partition of the liquid phase. 41 Rotation speed was set 

to 800 rpm, since previous studies on fructose butanolysis by using Amberlite IR120 in the 

same apparatus have demonstrated the negligibility of external and internal mass transfer 

limitations by using the native catalyst particle size distribution at this rotation speed. 41 

Amberlite IR120 was pre-treated as described by Di Menno Di Bucchianico et al. 41 The catalyst 

was washed with distilled water and, then with pure butanol, before being dried in an oven at 

90 °C for 5 hours under atmospheric pressure. For each kinetic experiment (Table 1), we used 

fresh catalysts. Catalyst reusability was also tested by re-treating the used-catalyst, as 

described above, before reusing it in a second run. In kinetic runs, temperature was set 

between 80 and 115 °C, without exceeding 120 °C. Indeed, sulfonic active sites from Amberlite 

IR-120 can leach for temperature higher than 120°C. During the heating phase, the 

temperature ramp of the system has been recorded for each experiment. After a first sample 

collected at ambient temperature to measure the initial concentration of the loaded reagents, 

intermediate samples were collected to monitor the catalytic reaction, since the catalyst was 

loaded into the system at the beginning and therefore in contact with the reagents during the 

heating step. Once the set temperature was reached, a sample was taken and the next ones 

at 5 min, 30 min, and then every hour for up to 7 h. 
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Table 1. Experimental matrix 

Exp. 
Temp. 

°C 
mHMF0 

g 
mBuOH0 

g 
mGVL0 

g 
mdried cat. 

g 
mLA0 

g 
mFA0 

g 
[GVL]0 
mol.L-1 

[BuOH]0 
mol.L-1 

[HMF]0 
mol.L-1 

[LA]0 
mol.L-1 

[FA]0 
mol.L-1 

1 110 1.6 85.2 36.5 4.9 0.00 0.0 2.40 7.57 0.08 0.00 0.00 

2 100 1.6 85.2 36.5 4.9 0.00 0.0 2.40 7.57 0.08 0.00 0.0 

3 90 1.6 85.2 36.5 4.9 0.00 0.0 2.40 7.57 0.08 0.00 0.00 

4 110 7.0 85.2 36.5 8.0 0.00 0.0 2.31 7.27 0.31 0.00 0.00 

5 100 3.0 85.2 36.5 9.2 0.00 0.0 2.38 7.49 0.16 0.00 0.00 

6 100 3.0 85.2 36.5 4.9 0.00 0.0 2.38 7.49 0.15 0.00 0.00 

7 80 3.0 85.2 36.5 4.9 0.00 0.0 2.38 7.49 0.15 0.00 0.00 

8 85 7.0 85.2 36.5 8.0 0.00 0.0 2.31 7.27 0.32 0.00 0.00 

9 105 3.0 85.2 36.5 10.0 0.00 0.0 2.38 7.49 0.14 0.0 0.00 

10 80 0.0 80.9 34.7 4.0 8.13 0.0 2.28 7.17 0.00 0.51 0.00 

11 95 0.0 80.9 34.7 4.0 8.13 0.0 2.28 7.17 0.00 0.51 0.00 

12 110 0.0 80.9 34.7 3.0 8.13 0.0 2.28 7.17 0.00 0.51 0.00 

13 80 0.0 84.0 36.0 2.0 1.64 0.63 2.39 7.53 0.00 0.10 0.09 

14 110 0.0 84.0 36.0 2.0 1.63 0.64 2.39 7.53 0.00 0.10 0.09 

15 95 0.0 84.5 36.3 6.0 1.00 0.40 2.40 7.57 0.00 0.06 0.06 

16 100 0.0 84.0 36.0 8.0 1.63 0.64 2.39 7.53 0.00 0.12 0.09 

17 100 5.0 85.2 36.5 15.3 0.00 0.0 2.34 7.37 0.28 0.00 0.00 

18 115 3.0 85.2 36.5 10.0 0.00 0.0 2.37 7.49 0.17 0.00 0.00 

19 100 3.0 85.2 36.5 1.0 0.00 0.0 2.37 7.49 0.17 0.00 0.00 

20 100 3.0 85.2 36.5 0.0 0.00 0.0 2.37 7.49 0.17 0.00 0.00 
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3. Results  

3.1 Repeatability  

Besides analyzing each sample three times, two experiments were repeated: 1 and 6. Figures 

S1.1 shows the normalized ratio of each species to the initial HMF concentration calculated at 

initial reaction temperature (ambient temperature) versus time ( 
[𝐻𝑀𝐹]

[𝐻𝑀𝐹]0
, 

[𝐿𝐴]

[𝐻𝑀𝐹]0
, 

[𝐵𝑀𝐹]

[𝐻𝑀𝐹]0
 and 

[𝐵𝐿]

[𝐻𝑀𝐹]0
 

) for Experiment 1 and 1-repeated. One can notice that kinetic profiles are similar for both 

experiments. Also, LA concentration is lower than BL or BMF concentrations.  

Figures S1.2 display the kinetic profiles for the different species during the alcoholysis of 5-

HMF. One can observe that Experiment 6 and 6-repeated are similar from a kinetic standpoint.  

Concentrations displayed in Figures S1.1 and S1.2 confirm that our experimental procedure is 

repeatable, which is essential to estimate kinetic constants from experimental data.   

 

3.2 Catalyst reused 

We reused the catalyst from Run 6, and tested the catalyst reuse in the same operating 

conditions. Figures 2 show the kinetic profiles for each species. The evolution of the normalized 

concentrations 
[𝐻𝑀𝐹]

[𝐻𝑀𝐹]0
 versus time are very similar for Run 6 and Run 6 with the first reused. 

For the ratio 
[𝐵𝑀𝐹]

[𝐻𝑀𝐹]0
, one can notice that the kinetics of BMF generation is slightly affected. 

Nevertheless, the ratio 
[𝐵𝐿]

[𝐻𝑀𝐹]0
 are similar for both experiments, maybe because of the 

production of BL from LA esterification. Catalyst deactivation can be considered negligible.  
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Figures 2. Effect of catalyst deactivation on the alcoholysis of HMF-5.  
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3.3 Effect of temperature 

The temperature effect on kinetics was studied by comparing Runs 1, 2 and 3. The 

concentrations versus time were normalized by the initial concentration of 5-HMF. One should 

keep in mind that it is challenging to compare the first 15 minutes, because during this period, 

the reaction temperature increases to reach the desired temperature. From Figures 3, it is 

obvious that the kinetics depend on the reaction temperature. As the temperature increases, 

the kinetics is faster. The rise from 90 to 110 °C accelerates the kinetics of BMF production 

and consumption into BL and BF. The production of LA can be considered as low (Figure 3B), 

and one can notice that the kinetics of BL and BF are similar (Figure 3F). This similarity is 

higher when the temperature increases, meaning that the production of LA from HMF can be 

considered negligible.  Mass balance on the initial concentration of HMF shows a loss of HMF 

to humins, which varies from 15 to 20%.    
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Figures 3. Effect of temperature on the kinetics of HMF-5 alcoholysis.  
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3.4 Effect of 5-HMF loading 

To evaluate the effect of HMF loading on the kinetics, Runs 2, 5 and 17 were compared. In 

these experiments, the molar ratio nHMF0/nH+,apparent were kept the same. Figure 4A shows that 

the kinetics of 5-HMF consumption is slightly faster for high HMF loading, i.e., Run 17. 

Interestingly, this higher amount of 5-HMF leads to a higher production of LA in Run 17 (Figure 

4B), which is usually lower. This significant production of LA decreases the linearity/parity 

between BL and BF concentrations in Run 17 (Figure 4E). High HMF loading increases the 

BMF concentration, leading to a higher BL production in Run 17. The linearity decrease 

between BL and BF in Run 17 is shown in Figures 4D and 4E, where the ratio 
[𝐵𝐹]

[𝐻𝑀𝐹]0
 reached 

a plateau and not ratio 
[𝐵𝐿]

[𝐻𝑀𝐹]0
. In Run 17, the fact that the ratio 

[𝐵𝐹]

[𝐻𝑀𝐹]0
 reached a plateau and 

the increase of the ratio 
[𝐿𝐴]

[𝐻𝑀𝐹]0
 could be linked. If the concentration of LA increases, thus the 

FA concentration also increases, but the volatility of the latter is higher than LA. Thus, there 

was less FA than LA in the liquid phase limiting the esterification of FA by butanol to produce 

BF.  

For this series of experiments, the mass balance on the initial concentration of HMF shows a 

side-reaction of HMF degradation into humins.  
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Figures 4. Effect of HMF loading on the kinetics.  
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protons is two times higher than the amount of HMF; in other words, more acid sites are 

available than chemical reactions.    
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The blank experiment (Run 20) shows that during the first 50 minutes, HMF is consumed, but 

then the kinetics of decomposition is slower. These two kinetic regimes might be linked to the 

production of humins and BMF. One cannot say that there are no chemical reactions without 

acid catalysts. Nevertheless, this production could be initiated by some small amount of proton 

and then by LA production. Figure 5F shows that in the absence of catalysts, the linearity 

between BF and BL decreases, which might be due to a longer lifetime of LA and FA. Figures 

5 show that protons catalyze each reaction step.  
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Figures 5. Effect of catalyst loading on the kinetics of HMF butanolysis.  

3.6 Esterification reactions 

The hydrolysis of HMF leads to the production of LA and FA. These species can be esterified 

into BL and BF. It is very challenging to track the concentrations of LA and FA during the 

alcoholysis because their concentrations can be low, and FA is volatile. To overcome this 

issue, we performed independent experiments of esterification using the same solvent 

environment and LA and FA as starting materials. Figures 6 show the effect of temperature on 

the kinetics of esterification. One can notice that in these conditions, the esterification reactions 

can be considered irreversible because no water was added to the reaction mixture. The 

kinetics of FA esterification is faster than LA esterification. Interestingly, under these operating 

conditions, the temperature increase does not significantly affect the rate of esterification for 

FA esterification.  
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Figures 6. Effect of temperature on esterification kinetics in the same operating 

conditions as alcoholysis.  
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4. Discussion on kinetics  

The reaction mechanism of 5-HMF hydrolysis is still under debate. This difficulty is increased 

by the side-reaction of humin production, where the hydroxyl group of 5-HMF plays an 

important role.1,52,53 The solvent role also interferes with the kinetics and thermodynamics of 

this reaction system and its capacity to dissolve 5-HMF or humins.54 Online analysis to track 

the different intermediates of this reaction system is cumbersome, so some research groups 

have used DFT calculation to unravel some elementary steps.51,55,56 

From the Results section, one can consider that all esterification reactions are irreversible and 

humins production must be considered in these operating conditions. The fact that 

esterification are irreversible in this system is due to the very low concentration of water, i.e., 

no water was added. We assumed that the etherification of HMF to BMF is an irreversible 

reaction.   

Figure 7 shows a simplified reaction scheme for the production of BL from 5-HMF alcoholysis.  

 

Figure 7. Simplified reaction steps for the butanolysis of 5-HMF.  
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Based on the work of Wang et al.,51 we have proposed another reaction scheme illustrated in 

Figure 8. We assumed that there is another rate-determining step before the production of LA 

and BL.   

 

Figure 8. Reaction mechanism considering an intermediate Int1. 

Another possible side reaction is the etherification of butanol to dibutyl ether57, but such a 

reaction was not observed in this study. For humins production from 5-HMF, several authors 

expressed its reaction rate as a first-order according to 5-HMF concentration. If humins 

production is a polymerization reaction system, this first-order might be wrong. In this 

manuscript, both orders will be evaluated.  

All the reaction steps were considered to be catalyzed by the protons from Amberlite IR-120 

(Figures 5). The catalytic effect due to LA was considered to be negligible due to the low 

concentration of LA. A pseudo-homogeneous approach was used to describe the role of proton 

from the resins.58 In other words, protons from the sulfonic groups are considered to have a 

high degree of freedom. The developed models did not consider the adsorption and desorption 

steps on sulfonic groups. The proton concentration was calculated based on the acid capacity 

of Amberlite IR-120.59–61 

[𝑃𝑟𝑜𝑡. ] =
𝑚𝑑𝑟𝑖𝑒𝑑 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡∙𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (

𝑚𝑜𝑙 𝑜𝑓𝑃𝑟𝑜𝑡𝑜𝑛

𝑚𝑑𝑟𝑖𝑒𝑑 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡
)

𝑉𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛
      Eq. (1) 
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The volume of reaction VReaction was calculated based on the total mass ratio to the density of 

butanol at the corresponding temperature.44 The effect of sampling was taken into account.  
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4.1 Models   

Four models were developed based on Figures 6 and 7, and by testing first and second order 

for humins production rate.  

A. Model 1  

From Figures 6, each step was considered an elementary one; thus, the reaction rates can 

be expressed as 

𝑅1 = 𝑘1 ∙ [𝐻𝑀𝐹] ∙ [𝑃𝑟𝑜𝑡. ]        Eq. (2) 

𝑅2 = 𝑘2 ∙ [𝐻𝑀𝐹] ∙ [𝐵𝑢𝑂𝐻] ∙ [𝑃𝑟𝑜𝑡. ]       Eq. (3) 

𝑅3 = 𝑘3 ∙ [𝐵𝑀𝐹] ∙ [𝐵𝑢𝑂𝐻] ∙ [𝑃𝑟𝑜𝑡. ]       Eq. (4) 

𝑅4 = 𝑘4 ∙ [𝐿𝐴] ∙ [𝐵𝑢𝑂𝐻] ∙ [𝑃𝑟𝑜𝑡. ]       Eq. (5) 

𝑅5 = 𝑘5 ∙ [𝐹𝐴] ∙ [𝐵𝑢𝑂𝐻] ∙ [𝑃𝑟𝑜𝑡. ]       Eq.(6) 

𝑅6 = 𝑘6 ∙ [𝐻𝑀𝐹] ∙ [𝑃𝑟𝑜𝑡. ]        Eq.(7) 

Water was not added to the reaction mixture but was present in the atmosphere at an 

infinitesimal concentration and produced during the reaction. Thus, the quantification of water 

in this reaction system is not possible. For that reason, water concentration was merged into 

the rate constant k1. The degradation of HMF into humins was assumed to be of first order.  

Ideal flow conditions were assumed for the batch reactor. Thus, material balances can be 

derived as  

𝑑[𝐻𝑀𝐹]

𝑑𝑡
= −𝑅1−𝑅2−𝑅6         Eq.(8) 

𝑑[𝐵𝑀𝐹]

𝑑𝑡
= 𝑅2−𝑅3         Eq.(9) 

𝑑[𝐿𝐴]

𝑑𝑡
= 𝑅1−𝑅4          Eq.(10) 

𝑑[𝐵𝐿]

𝑑𝑡
= 𝑅3+𝑅4          Eq.(11) 
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𝑑[𝐵𝑢𝑂𝐻]

𝑑𝑡
= −𝑅2−2 ∙ 𝑅3−𝑅4−𝑅5       Eq.(12) 

𝑑[𝐹𝐴]

𝑑𝑡
= 𝑅1−𝑅5          Eq.(13) 

𝑑[𝐵𝐹]

𝑑𝑡
= 𝑅3 + 𝑅5         Eq.(14) 

𝑑[𝐻𝑢𝑚𝑖𝑛𝑠]

𝑑𝑡
= 𝑅6          Eq.(15) 

 

B. Model 2  

The difference with Model 1 is that reaction R6 was considered to be of second-order with 

respect to HMF concentration.  

𝑅6 = 𝑘6 ∙ [𝐻𝑀𝐹]2 ∙ [𝑃𝑟𝑜𝑡. ]        Eq.(16) 

Material balance is different for HMF and is expressed as  

𝑑[𝐻𝑀𝐹]

𝑑𝑡
= −𝑅1−𝑅2−2 ∙ 𝑅6        Eq.(17) 

 

C. Model3 

From Figure 7, each step was considered an elementary one. Thus, the reaction rates can 

be expressed as 

𝑅1 = 𝑘1 ∙ [𝐻𝑀𝐹] ∙ [𝑃𝑟𝑜𝑡. ]        Eq. (18) 

𝑅2 = 𝑘2 ∙ [𝐼𝑁𝑇1] ∙ [𝑃𝑟𝑜𝑡. ]        Eq. (19) 

𝑅3 = 𝑘3 ∙ [𝐻𝑀𝐹] ∙ [𝐵𝑢𝑂𝐻] ∙ [𝑃𝑟𝑜𝑡. ]       Eq. (20) 

𝑅4 = 𝑘4 ∙ [𝐵𝑀𝐹] ∙ [𝐵𝑢𝑂𝐻] ∙ [𝑃𝑟𝑜𝑡. ]       Eq. (21) 

𝑅5 = 𝑘5 ∙ [𝐼𝑁𝑇1] ∙ [𝐵𝑢𝑂𝐻] ∙ [𝑃𝑟𝑜𝑡. ]       Eq.(22) 
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𝑅6 = 𝑘6 ∙ [𝐹𝐴] ∙ [𝐵𝑢𝑂𝐻] ∙ [𝑃𝑟𝑜𝑡. ]       Eq.(23) 

𝑅7 = 𝑘7 ∙ [𝐿𝐴] ∙ [𝐵𝑢𝑂𝐻] ∙ [𝑃𝑟𝑜𝑡. ]       Eq.(24) 

𝑅8 = 𝑘8 ∙ [𝐻𝑀𝐹] ∙ [𝑃𝑟𝑜𝑡. ]        Eq.(25) 

The degradation of HMF into humins was assumed to be of first-order.  

Material balances can be derived as  

𝑑[𝐻𝑀𝐹]

𝑑𝑡
= −𝑅1−𝑅3−𝑅8         Eq.(26) 

𝑑[𝐵𝑀𝐹]

𝑑𝑡
= 𝑅3−𝑅4         Eq.(27) 

𝑑[𝐼𝑁𝑇1]

𝑑𝑡
= 𝑅1−𝑅2 + 𝑅4−𝑅5        Eq.(28) 

𝑑[𝐿𝐴]

𝑑𝑡
= 𝑅2−𝑅7          Eq.(29) 

𝑑[𝐵𝐿]

𝑑𝑡
= 𝑅5+𝑅7          Eq.(30) 

𝑑[𝐵𝑢𝑂𝐻]

𝑑𝑡
= −𝑅3−𝑅4−𝑅5−𝑅6−𝑅7       Eq.(31) 

𝑑[𝐹𝐴]

𝑑𝑡
= 𝑅1−𝑅6          Eq.(32) 

𝑑[𝐵𝐹]

𝑑𝑡
= 𝑅4 + 𝑅6         Eq.(33  

𝑑[𝐻𝑢𝑚𝑖𝑛𝑠]

𝑑𝑡
= 𝑅8          Eq.(34) 
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D. Model4 

The difference with Model 3 is that reaction R8 was considered to be of second order with 

respect to 5-HMF concentration.  

𝑅8 = 𝑘8 ∙ [𝐻𝑀𝐹]2 ∙ [𝑃𝑟𝑜𝑡. ]        Eq.(35) 

Material balance is different for HMF and can be expressed as  

𝑑[𝐻𝑀𝐹]

𝑑𝑡
= −𝑅1−𝑅3−2 ∙ 𝑅8        Eq.(36) 

 

4.2 Modeling 

Simulation and parameter estimation stages were carried out by commercial software Athena 

Visual Studio.62,63  

The experimental concentrations of HMF, LA, BMF, BF and BL were used as observables. For 

such multi-response parameter estimation case, the Bayesian framework is more suitable than 

the non-linear least squares approach.64,65 Indeed, the minimization of the objective function 

requires the determination of the determinant criterion.66 

The Ordinary Differential Equations (ODEs) issued from material balances were integrated by 

the DDAPLUS solver, included in Athena Visual Studio software. This solver is developed 

based on a modified Newton algorithm.67  

The minimization of the objective function (OF), the determination of the credible intervals for 

each estimated parameter and the calculation of the normalized parameter covariance were 

done by the subroutine GREGPLUS.  

GREGPLUS uses successive quadratic programming to minimize OF.63,65  

𝑂𝐹 = (𝑎 + 𝑏 + 1) ∙ 𝑙𝑛|𝜐|        Eq.(37) 
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where, 𝑏 is the number of responses, 𝑎 is the number of events in response, and |𝜐| is the 

determinant of the covariance matrix of the responses. Each element of this matrix is  

𝜐𝑖𝑗 = ∑ [𝐶𝑖𝑢 − 𝐶̂𝑖𝑢] ∙ [𝐶𝑗𝑢 − 𝐶̂𝑗𝑢]𝑛
𝑢=1         Eq.(38) 

with Ciu the experimental concentration and 𝐶̂𝑖𝑢 the estimated value for response i and event 

u; 𝐶𝑗𝑢 the experimental concentration and 𝐶̂𝑗𝑢 the estimated value for response j and event u.   

The interval estimates for each estimated parameter are calculated from the final quadratic 

expansion of the OF. The uncertainty of the estimated parameters was evaluated by the 

marginal highest posterior density (HPD), which was calculated by GREGPLUS package. 

The temperature dependence of rate constants was expressed by a modified Arrhenius 

equation. Indeed, there is a strong correlation between the pre-exponential factor and 

activation energy. This strong correlation can increase the confidence intervals, and thus the 

uncertainty. To avoid such effect, Buzzi-Ferraris recommended to linearize the Arrhenius 

equation,68 hence the following expression was used to express rate constants,  

𝑘(𝑇) = 𝑒𝑥𝑝 [𝑙𝑛 (𝑘(𝑇𝑟𝑒𝑓)) +
𝐸𝑎

𝑅∙𝑇𝑟𝑒𝑓
∙ (1 −

𝑇𝑟𝑒𝑓

𝑇
)]     Eq.(39) 

where 𝑇𝑟𝑒𝑓 is the reference temperature, which was the median of the different reaction 

temperatures. 

Preliminary modeling shows that Runs 19 and 20 could not be modeled correctly. Run 20 was 

performed without catalyst, and 19 was performed with low catalyst loading. The reaction 

mechanism in the presence of a low amount of Brønsted acid sites is different (Figures 5), thus 

they were discarded in the modeling stage.  

Our modeling strategy included some kinetic experiments with only esterification reactions 

(Table 1) in the same operating conditions as the butanolysis ones. This inclusion was due to 

the fact that LA and FA concentrations were low, and thus the estimation of their rates 

constants just from BL and BF could lead to some estimation bias.   
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Table 2 summarizes the sum of squared residuals (SSR) for each compound and model, the 

number of estimated parameters for each model, the Akaike Information Criterion for each 

model,20,69, and coefficients of determination for each compound.  

It is complicated to find the best model based on SSR or R2 values (Table 2). Therefore, the 

criterion AIC was also used.  

𝐴𝐼𝐶 = 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑑𝑒𝑝𝑒𝑛𝑑𝑎𝑛𝑡 𝑒𝑣𝑒𝑛𝑡𝑠 ∙ 𝑙𝑛 (
𝑆𝑆𝑅

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑑𝑒𝑝𝑒𝑛𝑑𝑎𝑛𝑡 𝑒𝑣𝑒𝑛𝑡𝑠
) + 2 ∙

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑠       Eq.(40) 

This criterion takes into account the number of estimated parameters. Lower is the AIC value, 

and higher is the model quality. Table 2, one can notice that Model 3 is more reliable than the 

others.  

The values of the estimated constants as well as the credible intervals are given in Table S2.1 

and Table S2.2 (Supporting information S2). In Table S2.3, the estimated activation energies 

obtained from this work and found in literature45–50 are displayed. It is not possible to compare 

the activation energies, because solvent/reactant and proposed models by other authors 

(reaction rate expression) were not the same.  

For Models 1 and 2, one can consider that the credible intervals are low, meaning that the 

values were well identified. The credible intervals for the estimated kinetic constants for the 

hydrolysis of 5-HMF (Step 1) and esterification of FA was slightly wider, which is due to the 

low concentration of LA and FA. For Models 3 and 4, the credible intervals are wider for the 

transformation of Int1 to LA and FA and to BL and BF. These wider credible intervals are linked 

to the fact that the concentration of Int1 was not tracked. 

Parity plots for each observable and each model are displayed in Supporting information (S3). 

One can notice that parity is good for HMF, LA, BF and BL concentrations because the 

coefficient of determination is higher than 0.95. The parity between experimental and 

estimated BMF concentrations is slightly lower, i.e., R2 is ca. 0.9. The mechanism could 

explain this lower value from HMF to BMF is more complex.  
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Residual plots for each compound and model are displayed in Supporting information (S4). 

One can notice that residual values versus experimental and estimated concentrations are 

randomly distributed, meaning that the defined rate equations were well identified.    

Correlation matrix for the estimated parameters were included in Supporting information (S5). 

The estimated parameters were not correlated to each other because all binary correlation 

coefficients are lower than 0.95.70  

Table 2. Summary of modeling results.  

 Model 1 Model 2 Model 3 Model 4 

Number of 
Parameters 

12 12 16 16 

SSR_HMF 0.11 0.12 0.11 0.12 

SSR_BMF 0.08 0.09 0.08 0.09 

SSR_LA 0.09 0.10 0.08 0.08 

SSR_BL 0.21 0.20 0.21 0.20 

SSR_BF 0.03 0.03 0.03 0.03 

SSR_all 0.52 0.54 0.51 0.53 

AIC -23435 -23312 -23495 -23378 

R2_HMF 0.97 0.96 0.97 0.96 

R2_BMF 0.89 0.89 0.90 0.89 

R2_LA 0.99 0.99 0.99 0.99 

R2_BL 0.97 0.97 0.97 0.97 

R2_BF 0.98 0.98 0.98 0.98 
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The fit of Model 3 to some experimental data are shown in Figures 9-15. A general overview 

shows that Model 3 can fit the experimental concentrations in different operating conditions 

such as low 5-HMF loading (Experiment 3, Figures 14), high 5-HMF loading (Experiments 8 

and 17; Figures 9 and 12), low reaction temperature (Experiment 3; Figure 14), high reaction 

temperature (Experiment 18; Figures 13) and high catalyst loading (Experiment 17; Figures 

12).  

In the case of 5-HMF-free experiments (Experiments 14 and 16; Figures 11 and 15), Model 3 

slightly underestimates experimental concentrations of BL and BF for Experiment 14, but 

overestimates the BL experimental concentrations for Experiment 16.  

  

 

Figure 9. Fit of Model 3 to experimental concentrations (Experiment 8). 
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Figure 10. Fit of Model 3 to experimental concentrations (Experiment 9). 

  

Figure 11. Fit of Model 3 to experimental concentrations (Experiment 14) 
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Figure 12. Fit of Model 3 to experimental concentrations (Experiment 17) 
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Figure 13. Fit of Model 3 to experimental concentrations (Experiment 18). 
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Figure 14. Fit of Model 3 to experimental concentrations (Experiment 3). 

 

   

Figure 15. Fit of Model 3 to experimental concentrations (Experiment 16). 
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4.3 Cross-validation  

 

The validation stage is important to finalize the assessment of the different models. A cross-

validation approach was used, and more specifically the K-fold method.71 The 18 experiments 

were randomly divided into 6 folds (Table 3) by paying attention that each fold contains at least 

one esterification experiments but not 3. The training (a.k.a regression) were made on 5 folds 

and testing (a.k.a validation) on the remaining fold as shown by Table 4. 

Table 3. Distribution of the 18 experiments in the 6 folds. 

Fold Experiment 

Fold 1  

12 

11 

5 

Fold 2  

6 

3 

10 

Fold 3  

7 

14 

8 

Fold 4  

16 

4 

17 

Fold 5  

1 

9 

13 

Fold 6  

18 

15 

2 

 

 

Table 4. Different sets for training and testing. 

Set Train Test 

Set 1 Folds 1-2-3-4-5 Fold 6 

Set 2 Folds 6-1-2-3-4 Fold 5 

Set 3 Folds 5-6-1-2-3 Fold 4 

Set 4 Folds 4-5-6-1-2 Fold 3 

Set 5 Folds 3-4-5-6-1 Fold 2 

Set 6 Folds 2-3-4-5-6 Fold 1 
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The kinetic constants 𝑙𝑛 (𝑘(𝑇𝑟𝑒𝑓)) and 
𝐸𝑎

𝑅∙𝑇𝑟𝑒𝑓
 for each reaction are estimated from each 

training stage, and these estimated constants are used for the testing stage. The prediction 

capacity of a model is evaluated by the 𝐶𝑉(𝐾) number. 

𝐶𝑉(𝐾) =
1

7
∙ ∑ (𝑌𝑖,𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 − 𝑌𝑖,𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑)

𝐾

27
𝐾=1      Eq. (41) 

As the 𝐶𝑉(𝐾)value is low, then the model is predictable. Table 5 shows that 𝐶𝑉(𝐾) numbers 

are lower for Models 1 and 3.  

Table 5. CV(K) and standard deviation for each model 

 Model 1 Model 2 Model 3 Model 4 

𝐶𝑉(𝐾) 0.130 0.144 0.126 0.248 
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5. Conclusions  

The butyl levulinate (BL) production from butanolysis of 5-HMF, without the addition of water, over 

Amberlite IR-120 was investigated in batch conditions and 20 bars of nitrogen. Butanolysis of 5-HMF is 

the central reaction system for the production of BL from glucose or fructose butanolysis. GVL was used 

as a co-solvent. It was found that experiments were repeatable and that catalyst did not undergo any 

significant deactivation. The analytical investigation showed that 5-(butoxymethyl)furfural (BMF), 

levulinic acid (LA), butyl formiate (BF) and butyl levulinate can be tracked during an experiment. We 

have also noticed a side-reaction of humins production from mass balance analysis. Preliminary 

observations showed that the increase of reaction temperature and catalyst loading increase the kinetics 

of all reaction steps. From our data, esterification reactions were found to be irreversible. The 

Etherification reaction was assumed to be irreversible.  

The second part of this manuscript was to develop and assess different kinetic models to explain the 

kinetics of this system. The assessment was done via the determination of AIC criteria for each model, 

and by the use of cross-validation. To ease the parameter estimation stage, independent LA and FA 

esterification experiments were performed. Operating conditions such as temperature, catalyst and 5-

HMF loading were widely varied to develop reliable kinetic model. Basically, two types of models were 

tested: one with 5 reaction steps and the other one with 8 reaction steps. We have also found that the 

production of humins was first-order. Based on the evaluation of the statistical output, AIC criterion and 

the cross-validation stage, it was found that Model 3, i.e., with 8 reaction steps and with a first-order 

reaction for humins production was the most probable model. Model 3 can simulate the alcoholysis of 

5-HMF for experiments with a 5-HMF loadings from 9.7 to 43.7 g/L, a dried Amberlite IR-120 loading 

from 29.1 to 93.8 g/L and a reaction temperature from 80 to 115°C.  

To improve the kinetic model of this reaction system, more investigations are needed to understand the 

mechanim of humins production and determine which intermediates are formed for the production of 

levulinates. Using quantum mechanics and advanced analytical techniques could unravel the reaction 

mechanism for this system and establish accurate material balances.  
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Notation 

𝐶̂𝑖𝑢 estimate concentration of specie i 

Ciu experimental concentration of specie i 

Eai activation energy of reaction i [J/mol]  

ki rate constant of reaction i 

nH+ number of proton moles  

[Prot] proton concentration [mol/L 

Ri reaction rate i [mol/L/min] 

R gas constant [J/K/mol] 

R2 coefficient of determination 

T temperature [K]  

VReaction volume of reaction liquid 

|𝜐| determinant of the covariance matrix of responses 
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Abbreviations 

AIC Akaike information criterion 

Amb Amberlite IR-120 

BF Butyl formiate 

BL Butyl levulinate 

BMF 5-(butoxymethyl)furfural 

BuOH Butanol 

Cat. Catalyst (Amberlite IR-120) 

EMF 5-(ethoxymethyl)furfural 

FA Formic acid 

GC Gas chromatography 

GVL γ-valerolactone 

HDP Highest Posterior Density 

5-HMF 5-(hydroxymethyl)furfural 

INT1 Intermediate 1 

LA Levulinic acid 

ODEs Ordinary differential equation system 

OF objective function 

Prot. Protons 

RMF 5-(alcoxymethyl)furfural 

ROH Alcohol  

SSR Sum of squared residuals 
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