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Abstract  12 

The use of enzymes to catalyze chemical reactions has increased these recent years. 13 

Several models have been developed to express the kinetics over these biocatalysts. 14 

The most well-known of them, Michaelis-Menten, is used when only one substrate 15 

adsorbs on the enzyme. In the case of the esterification reaction, i.e., bimolecular 16 

system, a more complex kinetic model such as the Ping-Pong Bi-Bi should be applied. 17 

The use of such advanced models is essential for reactor scaleup and to optimize 18 

production. However, these models usually do not consider the reaction temperature. 19 

To fill this gap, a Ping-Pong Bi-Bi model was developed to produce butyl levulinate 20 

from the esterification of levulinic acid over an immobilized enzyme, Novozym®435. 21 

Microfluidic technology was used to ensure ideal mixing conditions. The Ping-Pong 22 

model, considering inhibition mechanisms, fits the experimental concentrations. ePC-23 

SAFT equation of state was used to estimate the equilibrium constants.   24 

Keywords  25 

Kinetic modeling, ePC-SAFT, Enzyme, Ping-Pong mechanism  26 

  27 
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1. Introduction  28 

Lignocellulosic biomass (LCB) is seen as the best alternative to fossil raw materials to 29 

make the chemical and fuel industries sustainable [1–3]. Compared to first-generation 30 

biomass, LCB is not competing with the food sector, avoiding the fuel versus food 31 

dilemma. The chemistry of this LCB valorization focuses on the production of platform 32 

molecules [4–6] and lignin valorization [4–6].  33 

The platform molecule levulinic acid production has gained much interest these last 34 

years [7–9]. Levulinic acid or alkyl levulinates are starting materials for producing 35 

another platform molecule γ-valerolactone (GVL) [10–17]. Alkyl levulinates can be 36 

used directly as blending components for biodiesel or as a fuel oxygenate additives 37 

[18,19], and can also find applications as additives, solvents, and intermediates in fine 38 

chemistry [9]. In the study of Christensen et al., they showed that butyl levulinate (BL) 39 

improved conductivity, cold flow properties, and lubricity of diesel fuel and reduced its 40 

vapor pressure [20]. Moreover, it was found that BL remains in solution with diesel 41 

down to the fuel cloud point and has more compatibility with elastomers, compared to 42 

ethyl levulinate, which tends to separate from diesel at a temperature below 0 °C and 43 

results to be more corrosive [20]. Frigo et al., demonstrated that diesel fuel blended 44 

with a mixture of dibutyl ether and BL could reduce particulate emissions without 45 

changing engine power efficiency or increasing the NOx emission [21]. 46 

Alkyl levulinates can be produced via the alcoholysis of sugar monomers or LA 47 

esterification [7,8,22]. The latter route can be done via homogenous [23], 48 

heterogeneous [24–30] or enzymatic catalysis [31–37]. The use of heterogeneous 49 

catalysts such as resins, zeolite or immobilized enzymes should be favored to avoid 50 

additional separation stages [23]. From a chemical engineering viewpoint, using a 51 

continuous reactor for biomass valorization should be favored for large production [38]. 52 
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Microreactor or microfluidic technology has raised interest in the scientific community 53 

because concentration and temperature gradients are reduced.  54 

Production of n-butyl levulinate from LA esterification over lipase catalysis has been 55 

scarcely studied [32,34]. Yadav and Borkar [34] developed a kinetic model of LA 56 

esterification by butanol over Novozym®435, without considering the reversibility of 57 

this reaction or the temperature effect. Bhavsar and Yadav [34] showed that a 58 

continuous packed bed reactor with immobilized Novozym can be used to produce BL.   59 

There is a need to intensify this reaction from an industrial [39] and fundamental 60 

standpoint. The use of a microreactor enables to operate in the absence of gradients 61 

allowing to use plug-flow model and thus simplifying the kinetic modeling stage [40]. 62 

The developed models proposed in the literature for the esterification of carboxylic acid 63 

over enzyme do not consider the temperature effect, and the knowledge of this effect 64 

on kinetic constants is mandatory for an industrial scaleup. In this manuscript, using 65 

microfluidic technology, kinetic models for the synthesis of BL over commercial 66 

Novozym®435 were developed and assessed at different temperatures. 67 

 68 

 69 

 70 

 71 

   72 

73 
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2. Experimental section  74 

 75 

2.1 Chemicals  76 

All the chemicals were used as provided, without further purification. Butan-1-ol (wt% 77 

≥ 99.9%), levulinic acid (wt% ≥ 99%), (trimethylsilyl)diazomethane (2.0 M in hexane) 78 

and the commercial supported Candida Antarctica lipase B (CAL-B), Novozym 435 79 

(5000 U.mg-1), were purchased from Sigma-Aldrich. Dichloromethane stabilized by 80 

ethanol was purchased from CARLO ERBA Reagents. Deionized water from the 81 

Aquadem™ system (Veolia) was used. 82 

2.2 Analytical method 83 

The aliquots taken at each residence time (tR) for the analysis of butyl levulinate 84 

concentration were analyzed on a Thermo Scientific™ TRACE™ 1310 GC-FID 85 

equipped with an apolar column (DB-5MS, 30 m × 0.250 mm ID × 0.250 µm film 86 

thickness). The initial temperature of the analysis method was set at 50 °C for 2 min to 87 

reach 250 °C with a temperature rate of 25 °C/min. The aliquots were diluted in 88 

dichloromethane, and an excess of trimethylsilyl diazomethane as carboxylic acid 89 

scavenger was added (to protect the GC column from corrosion); 1 µL of the resulting 90 

solution was injected into the GC. 91 

High field 1H NMR analyses were performed on a 300 MHz Bruker Spectrospin 92 

spectrometer. Chemical shifts (δ) are given with regard to TMS using residual CHCl3 93 

solvent as an internal reference. 94 

 95 

 96 
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2.3 Procedure for the biocatalyzed esterification of levulinic acid with butanol in a 97 

flow reactor  98 

The Luer-lock syringe, filled with levulinic acid, butanol and water, was connected to a 99 

preheating loop (PTFE tubing, ID = 1.59 mm, L = 126 cm) before the packed-bed 100 

reactor with an internal diameter of 6.6 mm. The packed-bed reactor was composed 101 

of an OmnifitTM column filled with Novozym®435 immerged in a thermostated bath (Fig. 102 

1). 103 

 104 

Fig.1. Process for the butyl levulinate synthesis with Omnifit cartridge. 105 

 106 

The kinetic measurements were performed. First, the flow system was filled with the 107 

solution at a flow rate of 5 mL/min. Then the flow-rate was increased step by step to 108 

reach the desired tR. The collection of aliquots began after running the system for 2 mL 109 

of reaction product collected, in order to reach the steady-state. The volume of the 110 

microreactor is related to the amount of the Novozym®435: 50 mg, 100 mg and 150 111 

mg of supported CAL-B were packed 195 µL, 390 µL and 520 µL, respectively. The 112 

kinetic monitoring was performed as described in Table 1. 113 

  114 

T°C 
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Table 1. Different flow-rates used for the kinetic monitoring. 115 

Mass of Novozym®435    

(mg) 

 

 

50 mg 

 

100 mg 

 

150 mg 

30 6.5 µL/min 13 µL/min 17.33 µL/min 

20 9.75 µL/min 19.5 µL/min 26 µL/min 

15 13 µL/min 26 µL/min 34.66 µL/min 

10 19.5 µL/min 39 µL/min 52 µL/min 

7 27.85 µL/min 55.71 µL/min 74.28 µL/min 

5 39 µL/min 78 µL/min 104 µL/min 

3 65 µL/min 130 µL/min 173.33 µL/min 

2 97.5 µL/min 195 µL/min 260 µL/min 

1 195 µL/min 390 µL/min 520 µL/min 

0 0 µL/min 0 µL/min 0 µL/min 

 116 

Repeatability was assessed by collecting three samples after the steady-state, and it 117 

was found that the standard deviation was lower than 0.05 mol.L-1. Furthermore, one 118 

run was repeated two times (Run 4) on different days to verify the repeatability of the 119 

whole system (Fig. S1.1). Fig. S1.1 shows that the repeatability is good.  120 

 Table 2 shows the experimental matrix used in this study.  121 

  122 

Residence Time 

 (min) 
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Table 2. Experimental matrix for esterification. 123 

    Inlet (mol/L)  

Run 
Temperature 

(°C) 
Mass of 

catalyst (mg) 
Void volume 

(μL) 
BL LA BuOH W Ratio [BuOH]in/[LA]in 

1 20 100 390 0.00 2.61 7.81 0.34 3.00 

2 35 100 390 0.00 2.61 7.81 0.34 3.00 

3 50 100 390 0.00 2.61 7.81 0.34 3.00 

4 65 100 390 0.00 2.61 7.82 0.34 3.00 

5 80 100 390 0.00 2.61 7.81 0.34 3.00 

6 65 150 520 0.00 2.61 7.81 0.34 2.99 

7 65 50 195 0.00 2.61 7.81 0.34 2.99 

8 65 100 390 0.00 5.09 5.09 0.31 1.00 

9 50 100 390 0.00 5.16 5.16 0.32 1.00 

10 35 100 390 0.00 5.09 5.09 0.31 1.00 

11 20 100 390 0.00 5.09 5.09 0.31 1.00 

12 65 150 520 0.00 5.09 5.09 0.31 1.00 

13 65 50 195 0.00 5.09 5.09 0.31 1.00 

14 65 100 390 0.00 1.74 8.71 0.32 4.99 

15 50 100 390 0.00 1.77 8.83 0.33 5.00 

16 35 100 390 0.00 1.79 8.95 0.33 4.99 

17 20 100 390 0.00 1.82 9.07 0.34 4.99 

18 65 50 195 0.00 1.74 8.71 0.32 4.99 

19 65 150 520 0.00 1.74 8.71 0.32 4.99 

20 65 100 390 0.00 2.59 7.76 0.70 3.00 

21 50 100 390 0.00 2.59 7.76 0.70 3.00 

22 35 100 390 0.00 2.59 7.76 0.70 3.00 

23 20 100 390 0.00 2.59 7.76 0.70 3.00 

24 65 100 390 0.00 2.46 7.78 1.20 3.17 

25 50 100 390 0.00 2.57 7.69 1.20 3.00 

26 35 100 390 0.00 2.46 7.78 1.20 3.17 

27 20 100 390 0.00 2.46 7.78 1.20 3.17 

 124 

  125 
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2.4 Stability of Novozym 435 126 

It is fundamental to evaluate the Novozym 435 stability to know if there are enzymes 127 

or another product leaching from support denaturation. Two experiments were 128 

performed: a degradability test for Novozym 435 in butanol solvent in a batch reactor 129 

and deactivation in the microfluidic system.  130 

The degradability test was performed as follows: 100 mg of Novozym 435 were placed 131 

into 390 µL of a solution containing a [BuOH]inlet/[LA]inlet ratio = 5. The mixture was 132 

heated at 65°C. After 1 h, the sample was filtered through a 30 µm PTFE frit of the 133 

Omnifit column (the exact same one that we used for the kinetic study), then CDCl3 134 

was added, and a 1H NMR analysis was performed. The obtained spectrum was 135 

compared to those of authentic samples of butyl levulinate, n-butanol and levulinic 136 

acid, as well as those from PMMA and methyl methacrylate from the literature [41]. 137 

The deactivation test was carried out at 65 °C with 100 mg of catalyst and inlet levulinic 138 

acid concentration of 2.61 mol.L-1. The outlet concentration of BL was followed with 139 

time-on-stream at 65°C.  140 
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3. Results  141 

3.1 External and internal mass transfer evaluation  142 

Besides the effect of mass transfer resistance on the kinetics, the presence or absence 143 

of flow maldistribution should be determined [42–44]. According to Doraiswamy and 144 

Tajbl [42], if the ratio reactor diameter on particle diameter is higher than 4, then they 145 

conclude that there is a proper liquid distribution with no channeling. In this system, 146 

this ratio is higher than 10. Thus, we concluded the absence of flow maldistribution.   147 

To evaluate the influence of both effect, the same methodology presented by Leveneur 148 

et al. [45] was applied.  149 

External mass transfer for each experiment was evaluated throughout the coefficient 150 

fe (Equation (1)) defined by Villermaux [46]. If fe is lower than 5%, then the external 151 

mass transfer is negligible.   152 

𝑓𝑒 =
𝑟𝑂𝑏𝑠̅̅ ̅̅ ̅ ∙ 𝐿

𝑘𝐷 ∙ 𝐶𝑏
 (1) 153 

where, L is the ratio particle volume (VP) on the external particle surface (AP),  𝑟𝑂𝑏𝑠̅̅ ̅̅ ̅ is 154 

the initial observed rate of esterification, 𝑘𝐷 is the mass transfer coefficient and 𝐶𝑏 the 155 

concentration in the bulk phase. In Equation (1), the concentration of LA in the bulk 156 

phase was used because butanol is in excess. The mean particle size of 157 

Novozym®435 is equal to 0.65 mm, and thus L is equal to 1.08.10-4 m [47]. 158 

The mass transfer coefficient 𝑘𝐷 can be estimated via the Sherwood number (Sh) 159 

expressed as 160 

𝑆ℎ =
𝑘𝐷 ∙ 𝑑𝑃

̅̅ ̅

𝐷
= 2 + 1.8 ∙ 𝑅𝑒𝑃

1
2 ∙ 𝑆𝑐

1
3 (2) 161 



11 
 

where, 𝑑𝑃 is the mean diameter of the catalyst particle, and Sc stands for the 162 

Schmidt number expressed as 163 

𝑆𝑐 =
𝜇𝑓

𝜌𝑓 ∙ 𝐷
 (3) 164 

D is the molecular diffusion coefficient of LA in butanol calculated by the Wilke-Chang 165 

equation [48]. For instance, the molecular diffusion of LA in butanol at 50°C was found 166 

to be 9.02.10-10 m2.s-1. The terms 𝜇𝑓 and 𝜌𝑓 represent the viscosity and density of the 167 

fluid, i.e., butanol. These physicochemical properties were calculated from Ariba et al. 168 

work [49]. The fe values were found to be lower than 5% for each experiment showing 169 

the absence of external mass transfer.  170 

The internal mass transfer effect was evaluated via the Thieles modulus number 𝜙𝑆 171 

defined by Equation (4) [46]. 172 

𝜙𝑆
2 =

𝑟𝑂𝑏𝑠̅̅ ̅̅ ̅ ∙ 𝐿2

𝐷𝑒 . 𝐶𝑆
 (4) 173 

If  𝜑𝑆
′  is lower than 0.1, hence internal mass transfer can be assumed to be negligible. 174 

CS is the LA concentration at the particle surface and in this study CS=CB because 175 

there is no external mass transfer. The term De represents the effective diffusion 176 

coefficient defined as 𝐷𝑒 =
𝜀𝑃∙𝜎

𝜏
∙ 𝐷, where 𝜀𝑃, 𝜎 and 𝜏 represent the porosity, 177 

constriction factor and tortuosity of the particle, respectively. From Ravelo et al. [47], 178 

Novozym®435 porosity is equal to 0.5. The tortuosity and constriction factor values 179 

were fixed to 6 and 1 [50]. Based on the 𝜑𝑆
′  values of each experiment, the internal 180 

mass transfer can be assumed to be negligible. 181 

 182 

 183 
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3.2 Novozym 435 stability study  184 

Novozym 435 degradability test (S2) is an essential study because its acrylic 185 

support/matrix tends to dissolve in many organic solvents [51–53]. By spectrum 186 

comparison of the mixture with a 1H NMR analysis of different isolated products (butyl 187 

levulinate, n-butanol and levulinic acid), the mixture just contains n-butanol, levulinic 188 

acid and butyl levulinate and absolutely no traces of PMMA (or associate compound) 189 

were detected. Thus, our measurements are perfectly reliable with no interference from 190 

external chemicals. 191 

Fig. 2 shows the BL concentration at the outlet versus time-on-stream. From Fig. 2, 192 

one can notice that enzyme deactivation can be neglected during the experiment. 193 

 194 

Fig. 2. Evolution of experimental BL concentration (blue circle) with error bars (black) 195 

versus time-on-stream at 65°C, [LA]inlet=2.61 mol.L-1 and 100 mg of catalyst. 196 

3.3 Temperature effect  197 

Fig. 3 shows the effect of temperature on the ratio 
[𝐵𝐿]

[𝐿𝐴]𝑖𝑛𝑙𝑒𝑡
, where [BL] is the 198 

experimental outlet concentration of BL. To evaluate this effect, experimental data 199 
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obtained from Runs 1-4 were compared, because there were carried out in the same 200 

operating conditions, except for the reaction temperature (Table 2). As expected, the 201 

kinetics of esterification increases with temperature.  202 

These data can also be used to evaluate the effect of mass transfer. The natural 203 

logarithm of the initial rate constants versus 1/T was plotted (Fig. S3.1). From Fig. S3.1, 204 

the linearity between the natural logarithm of the initial rate constants and 1/T confirms 205 

the absence of mass transfer resistance.  206 

 207 

Fig.3. Effect of temperature on the experimental concentration ratio [BL]/[LA]inlet 208 

(Table 2): Run 1 at 20 °C (light blue circle), Run 2 at 35 °C (orange square), Run 3 at 209 

50 °C (grey square), Run 4 at 65 °C (yellow diamond) and error bars (black).   210 

3.4 Molar ratio effect  211 

The effect of 
[𝐵𝑢𝑂𝐻]𝑖𝑛𝑙𝑒𝑡

[𝐿𝐴]𝑖𝑛𝑙𝑒𝑡
 can affect the thermodynamics and kinetics of esterification [31]. 212 

Figs 4 and 5 show the effect of this ratio on the kinetics, via the normalized ratio 
[𝐵𝐿]

[𝐿𝐴]𝑖𝑛𝑙𝑒𝑡
. 213 
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Different experiments carried out in similar operating conditions, except the ratio 214 

[𝐵𝑢𝑂𝐻]𝑖𝑛𝑙𝑒𝑡

[𝐿𝐴]𝑖𝑛𝑙𝑒𝑡
,  were compared (Table 2). One can notice that when 

[𝐵𝑢𝑂𝐻]𝑖𝑛𝑙𝑒𝑡

[𝐿𝐴]𝑖𝑛𝑙𝑒𝑡
 is equal to 215 

3:1 or 5:1, then the reaction rates and equilibrium values are similar. For a 
[𝐵𝑢𝑂𝐻]𝑖𝑛𝑙𝑒𝑡

[𝐿𝐴]𝑖𝑛𝑙𝑒𝑡
 216 

equal to 1:1, there is a deviation when the reaction reaches the equilibrium.   217 

 218 

 219 

Fig.4. Effect of 
[𝐵𝑢𝑂𝐻]𝑖𝑛𝑙𝑒𝑡

[𝐿𝐴]𝑖𝑛𝑙𝑒𝑡
 ratio on experimental concentration ratio [BL]/[LA]inlet at 50°C 220 

(Table 2): Run 3 at 
[𝐵𝑢𝑂𝐻]𝑖𝑛𝑙𝑒𝑡

[𝐿𝐴]𝑖𝑛𝑙𝑒𝑡
= 3: 1 (orange circle), Run 15 at  

[𝐵𝑢𝑂𝐻]𝑖𝑛𝑙𝑒𝑡

[𝐿𝐴]𝑖𝑛𝑙𝑒𝑡
= 5: 1 (blue 221 

circle), Run 9 at  
[𝐵𝑢𝑂𝐻]𝑖𝑛𝑙𝑒𝑡

[𝐿𝐴]𝑖𝑛𝑙𝑒𝑡
= 1: 1 (orange square) and error bars (black).  222 

 223 
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 224 

Fig.5. Effect of 
[𝐵𝑢𝑂𝐻]𝑖𝑛𝑙𝑒𝑡

[𝐿𝐴]𝑖𝑛𝑙𝑒𝑡
 ratio on experimental concentration ratio [BL]/[LA]inlet at 35 225 

°C (Table 2): Run 2 at 
[𝐵𝑢𝑂𝐻]𝑖𝑛𝑙𝑒𝑡

[𝐿𝐴]𝑖𝑛𝑙𝑒𝑡
= 3: 1 (orange circle), Run 10 at  

[𝐵𝑢𝑂𝐻]𝑖𝑛𝑙𝑒𝑡

[𝐿𝐴]𝑖𝑛𝑙𝑒𝑡
= 1: 1 226 

(blue square), Run 16 at  
[𝐵𝑢𝑂𝐻]𝑖𝑛𝑙𝑒𝑡

[𝐿𝐴]𝑖𝑛𝑙𝑒𝑡
= 1: 1 (grey circle) and error bars (black).  227 
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3.5 Evaluation of equilibrium constant 229 

The PC-SAFT equation of state first published by Gross and Sadowski [54] 230 

expresses the residual Helmholtz energy 𝑎𝑟𝑒𝑠 as shown in Equation 5. 231 

𝑎𝑟𝑒𝑠 = 𝑎ℎ𝑐 + 𝑎𝑑𝑖𝑠𝑝 + 𝑎𝑎𝑠𝑠𝑜𝑐        (5) 232 

Thereby the hard-chain (𝑎ℎ𝑐) reference system represents the repulsive interactions 233 

between the molecules. The attractive interactions, such as the dispersion (𝑎𝑑𝑖𝑠𝑝), 234 

association (𝑎𝑎𝑠𝑠𝑜𝑐), are described as perturbations of the reference system. More 235 

details on the modeling procedure and parameters used can be found in 236 

Supplementary Information (S4). Thermodynamic modeling of the reaction equilibrium 237 

is based on the temperature and pressure-dependent equilibrium constant Kth. It is 238 

calculated by the reacting agent concentrations in the equilibrium and activity 239 

coefficients according to Equation 6. 240 

Based on Equation 5, we can calculate the temperature and pressure-dependent 241 

equilibrium constant Kth. 242 

Kth(T, p) = Keq(T, p, x) ⋅  Kγ(T, p, x) =  ∏ (xi ⋅ γi)
νi

i     (6) 243 

where, Keq is determined from the experimental equilibrium concentrations and the 244 

activity coefficients are obtained by PC-SAFT [54–59]. The activity coefficient of each 245 

reactant i in the mixture is calculated from the ratio of the fugacity coefficients in the 246 

mixture and of the fugacity coefficient of the pure component.  247 

𝛾𝑖 =
φi(T,p,𝑥)

φ0i(T,p,xi=1)
         (7) 248 

The equilibrium constant Kth for each temperature enables the calculation of 249 

equilibrium concentrations at different conditions, i.e., molar ratios. The equilibrium 250 
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constant Kth was calculated based on the experiments with a molar ratio of BuOH:LA 251 

3:1 (Table 3). 252 

Table 3. Calculated equilibrium constant 𝐾𝑡ℎ based on the equilibrium concentrations 253 

of Runs 1-5 (Table 2). 254 

T / °C Keq Kγ Kth 

20 0.157 3.578 0.56 

35 0.309 2.793 0.67* 

50 0.356 2.308 0.82 

65 0.491 1.969 0.97 

80 0.695 1.732 1.20 

*interpolated value 255 

 256 

  257 
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4. Discussion 258 

4.1 Ping-Pong Models  259 

Several authors showed that the Ping-Pong Bi-Bi mechanism can be used for the 260 

esterification reactions [32,60–66]. Several of them showed that alcohol and carboxylic 261 

acid can inhibit the enzyme, but none developed a kinetic model considering the 262 

reversibility of this reaction and the temperature effect on the kinetic constants.  263 

Fig. 6 shows the Ping-Pong Bi-Bi mechanism for the esterification of LA by butanol.  264 

 265 

Fig. 6. Ping-Pong Bi-Bi and inhibition mechanism for the esterification of LA. 266 

From Varma and Madras study [65], the rate equation can be derived as 267 

𝑟𝐸𝑠𝑡𝑒𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 =

𝑘𝑓 ∙ 𝑘𝑏 ∙ [𝐸]0
2 ∙ ([𝐿𝐴] ∙ [𝐵𝑢𝑂𝐻] −

[𝐵𝐿] ∙ [𝑊]
𝐾𝑒𝑞

)

𝐷
(8)

 268 

where, [𝐿𝐴], [𝐵𝑢𝑂𝐻], [𝐵𝐿] and [𝑊] are the outlet concentrations of levulinic acid, 269 

butanol, butyl levulinate and water, respectively. The term [𝐸]0 stands for the initial 270 

concentration of enzyme. The denominator D is expressed as    271 

E

LA

E-LA E*-W

W

E*

BuOH

E*-BuOH E-BL E

BL

E*-LA E*-BL

+ LA + BL

E*-W E*-BuOH

+ W + BuOH
Inhibition
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𝐷 = 𝑘𝑏 ∙ [𝐸]0 ∙ [𝐿𝐴] ∙ [𝐵𝑢𝑂𝐻] + 𝑘𝑏 ∙ [𝐸]0 ∙ 𝐾𝐵𝑢𝑂𝐻 ∙ [𝐿𝐴] ∙ (1 +
[𝐿𝐴]

𝐾𝐼𝐿𝐴
)

+𝑘𝑏 ∙ [𝐸]0 ∙ 𝐾𝐿𝐴 ∙ [𝐵𝑢𝑂𝐻] ∙ (1 +
[𝐵𝑢𝑂𝐻]

𝐾𝐼𝐵𝑢𝑂𝐻
) +

𝑘𝑓 ∙ [𝐸]0 ∙ 𝐾𝑊

𝐾𝑒𝑞
∙ [𝐵𝐿] ∙ (1 +

[𝐵𝐿]

𝐾𝐼𝐵𝐿
)

+
𝑘𝑓 ∙ [𝐸]0 ∙ 𝐾𝐵𝐿

𝐾𝑒𝑞
∙ [𝑊] ∙ (1 +

[𝑊]

𝐾𝐼𝑊
)

+
𝑘𝑓 ∙ [𝐸]0

𝐾𝑒𝑞
∙ [𝑊] ∙ [𝐵𝐿] +

𝑘𝑓 ∙ 𝐾𝐵𝐿 ∙ [𝐸]0

𝐾𝐼𝐼𝐿𝐴 ∙ 𝐾𝑒𝑞
∙ [𝑊] ∙ [𝐿𝐴] +

𝑘𝑏 ∙ 𝐾𝐿𝐴 ∙ [𝐸]0

𝐾𝐼𝐼𝐵𝐿
∙ [𝐿𝐴] ∙ [𝐵𝐿]

+
𝑘𝑏 ∙ 𝐾𝐿𝐴 ∙ [𝐸]0

𝐾𝐵𝑢𝑂𝐻−𝑊
∙ [𝑊] ∙ [𝐵𝑢𝑂𝐻] +

𝑘𝑏 ∙ 𝐾𝐵𝑢𝑂𝐻 ∙ [𝐸]0

𝐾𝐿𝐴−𝐵𝐿
∙ [𝐿𝐴] ∙ [𝐵𝐿] (9)

 272 

The terms 𝑘𝑓 ∙ [𝐸]0 and 𝑘𝑓 ∙ [𝐸]0 represent kinetic rate constants. The terms 𝐾𝐿𝐴, 𝐾𝐵𝐿, 273 

𝐾𝐵𝑢𝑂𝐻 and 𝐾𝑊 are the Michaelis constants for LA, BL, BuOH, and W, respectively. The 274 

inhibition constants by levulinic acid and BL are defined by 𝐾𝐼𝐼𝐿𝐴 and 𝐾𝐼𝐼𝐵𝐿. The 275 

dissociation constants, representing the dissociation of the inhibitor from the 276 

corresponding enzyme-inhibitor, are 𝐾𝐼𝐿𝐴, 𝐾𝐼𝐵𝐿, 𝐾𝐼𝐵𝑢𝑂𝐻 and 𝐾𝐼𝑊. The adsorption 277 

constants 𝐾𝐵𝑢𝑂𝐻−𝑊 and 𝐾𝐿𝐴−𝐵𝐿 are lumped constants.  278 

Mitchell and Krieger proposed a new rate expression of this Ping-Pong Bi-Bi 279 

mechanism [63],  280 

𝑟𝐸𝑠𝑡𝑒𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 =
(𝑘𝐿𝐴 ∙ [𝐿𝐴] ∙ 𝑘𝐵𝑢𝑂𝐻 ∙ [𝐵𝑢𝑂𝐻] − 𝑘𝐵𝐿 ∙ [𝐵𝐿] ∙ 𝑘𝑊 ∙ [𝑊]) ∙ [𝐸]0

𝐷′
(10) 281 

where, the denominator D’ is 282 

𝐷′ = 𝑘𝐿𝐴 ∙ [𝐿𝐴] ∙ (1 +
[𝑊]

𝐾𝐼𝐼𝑊
+

[𝐵𝑢𝑂𝐻]

𝐾𝐵𝑢𝑂𝐻
) + 𝑘𝐵𝑢𝑂𝐻 ∙ [𝐵𝑢𝑂𝐻] + 𝑘𝑊 ∙ [𝑊]

+𝑘𝐵𝐿 ∙ [𝐵𝐿] ∙ (1 +
[𝑊]

𝐾𝑊
+

[𝐵𝑢𝑂𝐻]

𝐾𝐼𝐼𝐵𝑢𝑂𝐻
) (11)

 283 

 284 

 285 
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The terms 𝑘𝐿𝐴, 𝑘𝐵𝑢𝑂𝐻, 𝑘𝐵𝐿and 𝑘𝑊 are the specific constants of the enzyme for levulinic 286 

acid, butanol, butyl levulinate and water, respectively. 𝐾𝐵𝑢𝑂𝐻 and 𝐾𝑊 are Michaelis-287 

type constants for butanol and water, respectively. 𝐾𝐼𝐼𝐵𝑢𝑂𝐻 and 𝐾𝐼𝐼𝑊 are the inhibition 288 

constants for butanol and water, respectively.  289 

By considering the binding of BuOH or water with the free enzyme, D’ becomes D’’ 290 

𝐷′′ = 𝑘𝐿𝐴 ∙ [𝐿𝐴] ∙ (1 +
[𝑊]

𝐾𝐼𝐼𝑊

+
[𝐵𝑢𝑂𝐻]

𝐾𝐵𝑢𝑂𝐻

) + (𝑘𝐵𝑢𝑂𝐻 ∙ [𝐵𝑢𝑂𝐻] + 𝑘𝑊 ∙ [𝑊]) ∙ (1 +
[𝐵𝑢𝑂𝐻]

𝐾𝑠𝑖𝐵𝑢𝑂𝐻

) ∙ (1 +
[𝑊]

𝐾𝑠𝑖𝑊

)

+𝑘𝐵𝐿 ∙ [𝐵𝐿] ∙ (1 +
[𝑊]

𝐾𝑊

+
[𝐵𝑢𝑂𝐻]

𝐾𝐼𝐼𝐵𝑢𝑂𝐻

) (12)

 291 

where, 𝐾𝑠𝑖𝐵𝑢𝑂𝐻 and 𝐾𝑠𝑖𝑊 stand for the constants between BuOH and water with the 292 

free enzyme.  293 

According to Mitchell and Krieger [63], these equations are mathematically symmetric 294 

and less-lumped parameters. Different models were evaluated based on reaction rates 295 

developed by Mitchell and Krieger [63] and Varma and Madras [65].   296 

4.2 Kinetic modeling  297 

Experiments were performed in isothermal conditions, and internal and external mass 298 

transfers were found to be negligible. Plug-flow model was used; thus, material 299 

balances for each species can be written as 300 

𝑑[𝐵𝐿]

𝑑𝜏
= 𝑟𝐸𝑠𝑡𝑒𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 (13) 301 

𝑑[𝐵𝑢𝑂𝐻]

𝑑𝜏
= −𝑟𝐸𝑠𝑡𝑒𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 (14) 302 

𝑑[𝐿𝐴]

𝑑𝜏
= −𝑟𝐸𝑠𝑡𝑒𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 (15) 303 

𝑑[𝑊]

𝑑𝜏
= 𝑟𝐸𝑠𝑡𝑒𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 (16) 304 
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where, 𝜏 is the space time defined as 
𝑉𝐿

𝑄
, VL and Q are the volume of the liquid in the 305 

reactor and volumetric flow-rate, respectively.   306 

Ordinary differential equations ODEs (13)-(16) were solved by the solver DDALPUS 307 

algorithm, via a damped Newton method [67].  308 

For the non-linear regression, the concentration of BL was used as an observable. The 309 

estimation of the different kinetic constants (Equations (8)-(12)) was done via the 310 

minimization of the objective function 𝑆(𝜃) expressed as 311 

𝑆(𝜃) = ∑ 𝑤𝑢 ∙ ([𝐵𝐿]𝑒𝑥𝑝,𝑢 − [𝐵𝐿]𝑠𝑖𝑚,𝑢)
2

𝑛

𝑢=1

= 𝑆𝑆𝑅 (17) 312 

where, 𝑤𝑢 is the weigh factor for the experimental value u.  313 

The objective function is expanded as a quadratic function of the parameters around 314 

the initial parameter values of the current iteration. The resulting quadratic minimization 315 

problem is solved with a modified Gauss-Jordan algorithm within a user-defined 316 

feasible region; then, a weak line search is conducted to establish an improved 317 

objective value and initial parameter vector for the next iteration. Interval estimates for 318 

the individual estimated parameters are then calculated from the final quadratic 319 

expansion of the objective function. This minimization is done by the package 320 

GREGPLUS to provide optimal parameter estimates with the 95% confidence 321 

intervals, expressed by the highest probability density (HPD). GREGPLUS provides 322 

the normalized parameter covariance matrix. 323 

The GREGPLUS package and DDAPLUS solver are implemented in the Athena Visual 324 

Studio® 14.2 [68] used in this study.  325 
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Different models were evaluated based on the Ping-Pong Bi-Bi mechanism developed 326 

by the Varma and Madras study [65] and the Mitchell and Krieger study [63]. The term 327 

[𝐸]0was expressed by the catalyst loading ρEnzyme, i.e., the mass of catalyst divided by 328 

the volume of liquid in the reactor. 329 

The general equation for esterification can be derived as 330 

𝑟𝐸𝑠𝑡𝑒𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 = 𝑘𝐸𝑠𝑡𝑒𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 ∙ 𝜌𝐸𝑛𝑧𝑦𝑚𝑒 ∙
1

𝐷
∙ ([𝐿𝐴] ∙ [𝐵𝑢𝑂𝐻] −

[𝐵𝐿] ∙ [𝑊]

𝐾𝑒𝑞
) (18) 331 

Different models were assessed, as summarized in Table 4.  332 

Model 1 is the simplest one, by letting the denominator D equal to 1.  333 

Models 2-4 are derived from Varma and Madras. Equation (8) was divided by 𝑘𝑏.To 334 

ease the parameter estimation and avoid division by very low number (close to zero) 335 

or high number, the following modification were included  336 

𝐾𝐼𝐿𝐴
′′ =

𝐾𝐵𝑢𝑂𝐻

𝐾𝐼𝐿𝐴
, 𝐾𝐼𝐵𝑢𝑂𝐻

′′ =
𝐾𝐿𝐴

𝐾𝐼𝐵𝑢𝑂𝐻
, 𝐾𝑊

′′ =
𝐾𝑊

𝐾𝑒𝑞
, 𝐾𝐵𝐿

′′ =
𝐾𝐵𝐿

𝐾𝑒𝑞
, 𝐾𝐼𝐵𝐿

′′ =
𝐾𝑊

′′

𝐾𝐼𝐵𝐿
, 𝐾𝑊

′ = 𝑘𝑓 ∙ 𝐾𝑊 ∙
1

𝑘𝑏
∙

1

𝐾𝑒𝑞
,

𝐾𝐼𝑊
′′ =

𝐾𝐵𝐿
′′

𝐾𝐼𝑊
,

  𝐾𝐵𝐿
′ = 𝑘𝑓 ∙ 𝐾𝐵𝐿 ∙

1

𝑘𝑏
∙

1

𝐾𝑒𝑞

  𝐾𝐿𝑢𝑚𝑝 =
𝑘𝑓

𝑘𝑏 ∙ 𝐾𝑒𝑞
 , 𝐾𝐼𝐼𝐵𝐿

′′ =
𝐾𝐿𝐴

𝐾𝐼𝐼𝐵𝐿
, 𝐾𝐵𝑢𝑂𝐻−𝑊

′′ =
𝐾𝐿𝐴

𝐾𝐵𝑢𝑂𝐻−𝑊
 𝑎𝑛𝑑 𝐾𝐿𝐴−𝐵𝐿

′′ =
𝐾𝐵𝑢𝑂𝐻

𝐾𝐿𝐴−𝐵𝐿
  

 337 

Model 2 ignores the inhibition mechanism, hence 𝐾𝐼𝐿𝐴
′′ , 𝐾𝐼𝐵𝐿

′′ , 𝐾𝐼𝑊
′′ , 𝐾𝐼𝐵𝑢𝑂𝐻

′′ , 𝐾𝐼𝐼𝐿𝐴
′′ , 𝐾𝐼𝐼𝐵𝐿

′′ , 338 

𝐾𝐿𝐴−𝐵𝐿
′′ , and 𝐾𝐵𝑢𝑂𝐻−𝑊

′′  were fixed to zero.  339 

Model 3 considers the inhibition by butanol and ignores the other inhibition mechanism, 340 

hence 𝐾𝐼𝐿𝐴
′′ , 𝐾𝐼𝐵𝐿

′′ , 𝐾𝐼𝑊
′′ , 𝐾𝐼𝐼𝐿𝐴

′′ , 𝐾𝐼𝐼𝐵𝐿
′′ , 𝐾𝐿𝐴−𝐵𝐿

′′ , and 𝐾𝐵𝑢𝑂𝐻−𝑊
′′  were fixed to zero. 341 

Model 4 considers all inhibition mechanisms.  342 

Models 5-6 are derived from Mitchell and Krieger.  343 
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Model 5 is based on Equation (10) and Equation (11) divided by 𝑘𝐵𝑢𝑂𝐻. The following 344 

notations are used 345 

𝐾𝑒𝑞 =
𝑘𝐿𝐴 ∙ 𝑘𝐵𝑢𝑂𝐻

𝑘𝐵𝐿 ∙ 𝑘𝑊
, 𝐾1 =

𝑘𝐿𝐴

𝑘𝐵𝑢𝑂𝐻
, 𝐾2 =

𝑘𝑊

𝑘𝐵𝑢𝑂𝐻
, 𝐾3 =

𝑘𝐵𝐿

𝑘𝐵𝑢𝑂𝐻
, 𝐾𝐼𝐵𝑢𝑂𝐻

′′ =
1

𝐾𝐼𝐵𝑢𝑂𝐻
 , 𝐾𝑊

′′ =
1

𝐾𝑊
,

  𝐾𝐵𝑢𝑂𝐻
′′ =

1

𝐾𝐵𝑢𝑂𝐻
, 𝐾𝐼𝑊

′′ =
1

𝐾𝐼𝑊
, 𝐾𝐵𝑢𝑂𝐻−𝑊

′′ =
1

𝐾𝐵𝑢𝑂𝐻−𝑊
 𝑎𝑛𝑑 𝐾𝐿𝐴−𝐵𝐿

′′ =
1

𝐾𝐿𝐴−𝐵𝐿
  

 346 

Model 6 is based on Equation (10) and divided Equation (12) by 𝑘𝐵𝑢𝑂𝐻. The following 347 

notations are included 348 

𝐾𝑠𝑖𝐵𝑢𝑂𝐻
′′ =

1

𝐾𝑠𝑖𝐵𝑢𝑂𝐻
 𝑎𝑛𝑑 𝐾𝑠𝑖𝑊

′′ =
1

𝐾𝑠𝑖𝑊

(19) 349 

Table 4. Kinetic models tested in this study. 350 

Model  Kinetic term Denominator 

Model 1 kEsterification
.ρEnzyme 1 

Model 2 kf
.ρEnzyme [𝐿𝐴] ∙ [𝐵𝑢𝑂𝐻] + 𝐾𝐵𝑢𝑂𝐻 ∙ [𝐿𝐴] 

+𝐾𝐿𝐴 ∙ [𝐵𝑢𝑂𝐻] 

+𝐾𝑊
′′ ∙ [𝐵𝐿] 

+𝐾𝐵𝐿
′′ ∙ [𝑊] 

+𝐾𝐿𝑢𝑚𝑝 ∙ [𝑊] ∙ [𝐵𝐿]  

Model 3 kf
.ρEnzyme [𝐿𝐴] ∙ [𝐵𝑢𝑂𝐻] + 𝐾𝐵𝑢𝑂𝐻 ∙ [𝐿𝐴] 

+𝐾𝐿𝐴 ∙ [𝐵𝑢𝑂𝐻] + 𝐾𝐼𝐵𝑢𝑂𝐻
′′ ∙ [𝐵𝑢𝑂𝐻]2 

+𝐾𝑊
′′ ∙ [𝐵𝐿] 

+𝐾𝐵𝐿
′′ ∙ [𝑊] 

+𝐾𝐿𝑢𝑚𝑝 ∙ [𝑊] ∙ [𝐵𝐿]  
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Model 4 kf
.ρEnzyme [𝐿𝐴] ∙ [𝐵𝑢𝑂𝐻] + 𝐾𝐵𝑢𝑂𝐻 ∙ [𝐿𝐴] + 𝐾𝐼𝐿𝐴

′′ ∙ [𝐿𝐴]2 

+𝐾𝐿𝐴 ∙ [𝐵𝑢𝑂𝐻] + 𝐾𝐼𝐵𝑢𝑂𝐻
′′ ∙ [𝐵𝑢𝑂𝐻]2 

+𝐾𝑊
′′ ∙ [𝐵𝐿] + 𝐾𝐼𝐵𝐿

′ ∙ [𝐵𝐿]2 

+𝐾𝐵𝐿
′′ ∙ [𝑊] + 𝐾𝐼𝑊

′′ ∙ [𝑊]2 

+𝐾𝐿𝑢𝑚𝑝 ∙ [𝑊] ∙ [𝐵𝐿] + 𝐾𝐼𝐼𝐿𝐴
′′′ ∙ [𝑊] ∙ [𝐿𝐴] 

+𝐾𝐼𝐼𝐵𝐿
′′′ ∙ [𝐿𝐴] ∙ [𝐵𝐿] 

+𝐾𝐵𝑢𝑂𝐻−𝑊
′′ ∙ [𝑊] ∙ [𝐵𝑢𝑂𝐻] 

+𝐾𝐿𝐴−𝐵𝐿
′′ ∙ [𝐿𝐴] ∙ [𝐵𝐿]  

Model 5 kLA
.ρEnzyme 𝐾1 ∙ [𝐿𝐴] + 𝐾𝐼𝑊

′′ ∙ [𝑊] ∙ [𝐿𝐴] + 𝐾𝐵𝑢𝑂𝐻
′′ ∙ [𝐵𝑢𝑂𝐻] ∙ [𝐿𝐴] 

+[𝐵𝑢𝑂𝐻] + 𝐾2 ∙ [𝑊] 

+𝐾3 ∙ [𝐵𝐿] + 𝐾𝑊
′ ∙ [𝑊] ∙ [𝐵𝐿] + 𝐾𝐼𝐵𝑢𝑂𝐻

′ ∙ [𝐵𝑢𝑂𝐻] ∙ [𝐵𝐿] 

Model 6 kLA
.ρEnzyme 𝐾1 ∙ [𝐿𝐴] + 𝐾𝐼𝑊

′′ ∙ [𝑊] ∙ [𝐿𝐴] + 𝐾𝐵𝑢𝑂𝐻
′′ ∙ [𝐵𝑢𝑂𝐻] ∙ [𝐿𝐴] 

+([𝐵𝑢𝑂𝐻] + 𝐾2 ∙ [𝑊]) ∙ (1 + 𝐾𝑠𝑖𝐵𝑢𝑂𝐻
′′ ∙ [𝐵𝑢𝑂𝐻])

∙ (1 + 𝐾𝑠𝑖𝑊
′′ ∙ [𝑊]) 

+𝐾3 ∙ [𝐵𝐿] + 𝐾𝑊
′ ∙ [𝑊] ∙ [𝐵𝐿] + 𝐾𝐼𝐵𝑢𝑂𝐻

′ ∙ [𝐵𝑢𝑂𝐻] ∙ [𝐵𝐿] 

 351 

To decrease the correlation between the pre-exponential factor and activation energy 352 

and ease the parameter estimation stage, the following modified Arrhenius equation 353 

was used [69]. 354 

𝑘𝑐(𝑇) = 𝑒𝑥𝑝 [𝑙𝑛 (𝑘𝑐(𝑇𝑟𝑒𝑓)) +
𝐸𝑎

𝑅 ∙ 𝑇𝑟𝑒𝑓
∙ (1 −

𝑇𝑟𝑒𝑓

𝑇
)] (20) 355 

where, Tref is a reference temperature which is the average temperature of the 356 

experimental matrix (Table 1). 357 
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The following constants were estimated: 𝑙𝑛 (𝑘𝑐(𝑇𝑟𝑒𝑓)), 
𝐸𝑎

𝑅∙𝑇𝑟𝑒𝑓
, Michaelis-Menten and 358 

inhibition constants. Michaelis-Menten and inhibition constants were assumed to be 359 

temperature independent.  360 

The effect of the number of estimated parameters on the models was evaluated via 361 

the AIC number standing for Akaike Information Criterion [16,17,70].  362 

𝐴𝐼𝐶 = 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑑𝑒𝑝𝑒𝑛𝑑𝑎𝑛𝑡 𝑒𝑣𝑒𝑛𝑡 ∙ 𝑙𝑛 (
𝑆𝑆𝑅

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑑𝑒𝑝𝑒𝑛𝑑𝑎𝑛𝑡 𝑒𝑣𝑒𝑛𝑡
)

+2 ∙ 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑠 (21)

 363 

  364 
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4.3 Modeling results  365 

In the first step, preliminary modeling results showed that some parameters tend to 366 

zero. Thus, these parameters were discarded:  367 

-For Model 2,  𝐾𝑊
′′ , 𝐾𝐿𝑢𝑚𝑝 and 𝐾𝐵𝐿

′′  were discarded in the modeling.  368 

-For Model 3, 𝐾𝐿𝐴, 𝐾𝑊
′′  and 𝐾𝐵𝐿

′′  were not considered.   369 

-For Model 4, 𝐾𝐵𝑢𝑂𝐻, 𝐾𝐿𝐴,  𝐾𝑊
′′ , 𝐾𝐵𝐿

′′ , 𝐾𝐿𝑢𝑚𝑝, 𝐾𝐼𝐼𝐿𝐴
′′′ , 𝐾𝐼𝐵𝐿

′ , 𝐾𝐼𝑊
′′  and 𝐾𝐼𝐵𝐿

′′′  and 𝐾𝐿𝐴−𝐵𝐿
′′  were 370 

neglected. 371 

-For Model 5, 𝐾𝑊
′′ , 𝐾𝐼𝑊

′′ , 𝐾1, 𝐾2, 𝐾𝐼𝐵𝑢𝑂𝐻
′  and 𝐾3 were neglected. 372 

-For Model 6, 𝐾𝐼𝐵𝑢𝑂𝐻
′′ , 𝐾𝐼𝑊

′′ , 𝐾𝐵𝑢𝑂𝐻
′′ , 𝐾2, 𝐾𝑊

′  and 𝐾3 were neglected. 373 

By discarding these parameters, the reduced models are displayed in Table 5. Table 374 

6 is a summary of the modeling output for the different models. SSR is the sum of 375 

squared residuals, the difference between the experimental and simulated 376 

concentrations. AIC values showed that Model 4 is the most probable one (Table 4). 377 

Due to space limitation of the journal, the modeling results of the other models are 378 

displayed in Supporting Information (S5).  379 

  380 
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Table 5. Reduced kinetic models for the esterification of levulinic acid over 381 

immobilized enzyme. 382 

Model  Kinetic term Denominator 

Model 1 kEsterification
.ρEnzyme 1 

Model 2 kf
.ρEnzyme [𝐿𝐴] ∙ [𝐵𝑢𝑂𝐻] + 𝐾𝐵𝑢𝑂𝐻 ∙ [𝐿𝐴] 

+𝐾𝐿𝐴 ∙ [𝐵𝑢𝑂𝐻] 

Model 3 kf
.ρEnzyme [𝐿𝐴] ∙ [𝐵𝑢𝑂𝐻] + 𝐾𝐵𝑢𝑂𝐻 ∙ [𝐿𝐴] 

+𝐾𝐼𝐵𝑢𝑂𝐻
′′ ∙ [𝐵𝑢𝑂𝐻]2 + 𝐾𝐿𝑢𝑚𝑝 ∙ [𝑊] ∙ [𝐵𝐿]  

Model 4 kf
.ρEnzyme [𝐿𝐴] ∙ [𝐵𝑢𝑂𝐻] + 𝐾𝐼𝐿𝐴

′′ ∙ [𝐿𝐴]2 

+𝐾𝐼𝐵𝑢𝑂𝐻
′′ ∙ [𝐵𝑢𝑂𝐻]2 

+𝐾𝐵𝑢𝑂𝐻−𝑊
′′ ∙ [𝑊] ∙ [𝐵𝑢𝑂𝐻] 

Model 5 kLA
.ρEnzyme 𝐾𝐵𝑢𝑂𝐻

′′ ∙ [𝐵𝑢𝑂𝐻] ∙ [𝐿𝐴] 

+[𝐵𝑢𝑂𝐻] 

Model 6 kLA
.ρEnzyme 𝐾1 ∙ [𝐿𝐴] + ([𝐵𝑢𝑂𝐻]) ∙ (1 + 𝐾𝑠𝑖𝐵𝑢𝑂𝐻

′′ ∙ [𝐵𝑢𝑂𝐻])

∙ (1 + 𝐾𝑠𝑖𝑊
′′ ∙ [𝑊]) 

 383 

Table 6. Modeling results for each Model. 384 

 Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 

SSR 15.85 15.16 14.83 13.66 15.48 14.03 

Number of estimated 
parameters 

2 4 5 5 3 5 

AIC -2311.47 -2335.50 -2347.36 -2398.81 -2324.11 -2381.86 

 385 

 386 

 387 
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Table 7 shows the estimated values with their confidence intervals. One can notice 388 

that the confidence intervals for 𝑙𝑛 (𝑘𝑐(𝑇𝑟𝑒𝑓)), 
𝐸𝑎

𝑅∙𝑇𝑟𝑒𝑓
 and   389 

𝐾𝐼𝐿𝐴
′′  are small, meaning that the initial operating condition variation was well designed 390 

to estimate these parameters. Based on our experimental data, it was not possible to 391 

calculate the credible interval for  𝐾𝐼𝐵𝑢𝑂𝐻
′′ , the optimum value was 51.52 mol.L-1. 392 

Table 7 presents the Normalized parameter covariance matrix for Model 4. According 393 

to Toch et al. [71], two parameters are correlated if their binary correlation coefficient 394 

is higher than 0.95. From Table 8, one can notice that the estimated parameters are 395 

not correlated.  396 

Fig. 7 shows that the residuals, [𝐵𝐿]𝑒𝑥𝑝,𝑢 − [𝐵𝐿]𝑠𝑖𝑚,𝑢, are randomly distributed versus 397 

the experimental concentration of BL ([𝐵𝐿]𝑒𝑥𝑝,𝑢) and the simulated by Model 4 398 

([𝐵𝐿]𝑠𝑖𝑚,𝑢). This means that there are no trends pertaining to the errors.   399 

Fig. 8 shows the parity plot, and one can notice that Model 4 can predict the 400 

experimental data correctly.  401 

Figs 9 show the fit of model 4 to some experimental concentrations of BL with the 95% 402 

prediction intervals and the mean estimated values. From Figs 9, one can notice that 403 

Model 4 fits well the experimental concentrations, and most of the experimental 404 

concentrations lie between the intervals. The fact that some experimental 405 

concentration points, in the majority at the beginning, are outside the prediction 406 

intervals can be because the LA dissociation is not considered in the modeling or the 407 

adsorption and inhibition terms were not correctly defined.    408 

However, the fit of Model 4 to experimental concentration for experiments carried out 409 

with a molar ratio LA/BuOH: 1:1 is lower near to the equilibrium than for the other ratio. 410 
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This observation is because the equilibrium constant predicted by ePC-SAFT is less 411 

reliable for this ratio.  412 

 413 

Fig. 7. Residual plots for Model 4. 414 

 415 

Fig. 8. Parity plot for Model 4. 416 

 417 

 418 
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 420 

Table 7. Estimated values at Tref = 51°C and statistical data for Model 4. 421 

 Units Estimates HPD% 

ln (𝑘𝑓(𝑇𝑟𝑒𝑓)) mol.g-1.min-1 -2.02 6.25 

𝐸𝑎𝑓

𝑅 ∙ 𝑇𝑟𝑒𝑓
 - 11.01 5.56 

𝐾𝐼𝐿𝐴
′′  mol.L-1 109.80 19.60 

𝐾𝐼𝐵𝑢𝑂𝐻
′′  mol.L-1 51.52  

𝐾𝐵𝑢𝑂𝐻−𝑊
′′  L.mol-1 148.65 45.13 

 422 

Table 8. Normalized parameter covariance matrix for Model 4. 423 

 ln (𝑘𝑓(𝑇𝑟𝑒𝑓)) 
𝐸𝑎𝑓

𝑅 ∙ 𝑇𝑟𝑒𝑓
 𝐾𝐼𝐿𝐴

′′  𝐾𝐵𝑢𝑂𝐻−𝑊
′′  

ln (𝑘𝑓(𝑇𝑟𝑒𝑓)) 1    

𝐸𝑎𝑓

𝑅 ∙ 𝑇𝑟𝑒𝑓
 0.1 1   

𝐾𝐼𝐿𝐴
′′  0.69 0.09 1  

𝐾𝐵𝑢𝑂𝐻−𝑊
′′  0.93 0.12 0.53 1 

 424 

 425 

 426 

 427 

 428 

 429 
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 430 

 431 
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 434 

Fig. 9. Fit of Model 4 to the experimental concentrations with 95% prediction 435 

intervals: experimental concentration of BL (blue circle), error bars (black), simulated 436 

concentration of BL using the mean estimated value from Table 7 (purple line), 437 

simulated concentration of BL using the estimated values at the extreme of the 438 

confidence intervals from Table 7 (orange lines).  439 

440 
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5. Conclusions   441 

The synthesis of butyl levulinate from the esterification of levulinic acid over 442 

Novozym®435, an immobilized enzyme, was investigated in microfluidic technology in 443 

isothermal conditions. The enzyme's catalytic activity was found to be stable for 400 444 

minutes. The internal and external mass transfer resistance was found to be negligible. 445 

Thus, a plug-flow model was used to estimate the kinetic constants.  446 

Several kinetic experiments were performed by varying the reaction temperature from 447 

20 to 80 °C, inlet LA concentration from 1.74 to 5.09 mol.L-1, inlet butanol concentration 448 

from 5.09 to 9.07 mol.L-1, mass of dried enzyme from 50 to 150 mg and residence time 449 

from 1 to 30 minutes. 450 

The equilibrium constants were evaluated via the ePC-SAFT equation of state.   451 

We evaluated 6 kinetic models based on power law, the classical Ping-Pong Bi-Bi 452 

mechanism and the modified one developed by Mitchell and Krieger. Based on the 453 

Akaike information criterion, we found that the classical Ping-Pong model, including 454 

the inhibition mechanism by butanol and levulinic acid, can fit the experimental 455 

concentrations properly. This model can reasonably predict the experimental 456 

concentration by considering the temperature effect on the rate constant.  457 

  458 
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