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Abstract

The use of enzymes to catalyze chemical reactions has increased these recent years.
Several models have been developed to express the kinetics over these biocatalysts.
The most well-known of them, Michaelis-Menten, is used when only one substrate
adsorbs on the enzyme. In the case of the esterification reaction, i.e., bimolecular
system, a more complex kinetic model such as the Ping-Pong Bi-Bi should be applied.
The use of such advanced models is essential for reactor scaleup and to optimize
production. However, these models usually do not consider the reaction temperature.
To fill this gap, a Ping-Pong Bi-Bi model was developed to produce butyl levulinate
from the esterification of levulinic acid over an immobilized enzyme, Novozym®435.
Microfluidic technology was used to ensure ideal mixing conditions. The Ping-Pong
model, considering inhibition mechanisms, fits the experimental concentrations. ePC-

SAFT equation of state was used to estimate the equilibrium constants.
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Kinetic modeling, ePC-SAFT, Enzyme, Ping-Pong mechanism
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1. Introduction

Lignocellulosic biomass (LCB) is seen as the best alternative to fossil raw materials to
make the chemical and fuel industries sustainable [1-3]. Compared to first-generation
biomass, LCB is not competing with the food sector, avoiding the fuel versus food
dilemma. The chemistry of this LCB valorization focuses on the production of platform

molecules [4—6] and lignin valorization [4-6].

The platform molecule levulinic acid production has gained much interest these last
years [7-9]. Levulinic acid or alkyl levulinates are starting materials for producing
another platform molecule y-valerolactone (GVL) [10-17]. Alkyl levulinates can be
used directly as blending components for biodiesel or as a fuel oxygenate additives
[18,19], and can also find applications as additives, solvents, and intermediates in fine
chemistry [9]. In the study of Christensen et al., they showed that butyl levulinate (BL)
improved conductivity, cold flow properties, and lubricity of diesel fuel and reduced its
vapor pressure [20]. Moreover, it was found that BL remains in solution with diesel
down to the fuel cloud point and has more compatibility with elastomers, compared to
ethyl levulinate, which tends to separate from diesel at a temperature below 0 °C and
results to be more corrosive [20]. Frigo et al., demonstrated that diesel fuel blended
with a mixture of dibutyl ether and BL could reduce particulate emissions without

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

Alkyl levulinates can be produced via the alcoholysis of sugar monomers or LA
esterification [7,8,22]. The latter route can be done via homogenous [23],
heterogeneous [24—30] or enzymatic catalysis [31-37]. The use of heterogeneous
catalysts such as resins, zeolite or immobilized enzymes should be favored to avoid
additional separation stages [23]. From a chemical engineering viewpoint, using a

continuous reactor for biomass valorization should be favored for large production [38].

3
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Microreactor or microfluidic technology has raised interest in the scientific community

because concentration and temperature gradients are reduced.

Production of n-butyl levulinate from LA esterification over lipase catalysis has been
scarcely studied [32,34]. Yadav and Borkar [34] developed a kinetic model of LA
esterification by butanol over Novozym®435, without considering the reversibility of
this reaction or the temperature effect. Bhavsar and Yadav [34] showed that a

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

There is a need to intensify this reaction from an industrial [39] and fundamental
standpoint. The use of a microreactor enables to operate in the absence of gradients
allowing to use plug-flow model and thus simplifying the kinetic modeling stage [40].
The developed models proposed in the literature for the esterification of carboxylic acid
over enzyme do not consider the temperature effect, and the knowledge of this effect
on kinetic constants is mandatory for an industrial scaleup. In this manuscript, using
microfluidic technology, kinetic models for the synthesis of BL over commercial

Novozym®435 were developed and assessed at different temperatures.
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2. Experimental section

2.1 Chemicals

All the chemicals were used as provided, without further purification. Butan-1-ol (wt%
2 99.9%), levulinic acid (wWt% = 99%), (trimethylsilyl)diazomethane (2.0 M in hexane)
and the commercial supported Candida Antarctica lipase B (CAL-B), Novozym 435
(5000 U.mg?), were purchased from Sigma-Aldrich. Dichloromethane stabilized by
ethanol was purchased from CARLO ERBA Reagents. Deionized water from the

Aquadem™ system (Veolia) was used.
2.2 Analytical method

The aliquots taken at each residence time (tR) for the analysis of butyl levulinate
concentration were analyzed on a Thermo Scientific™ TRACE™ 1310 GC-FID
equipped with an apolar column (DB-5MS, 30 m x 0.250 mm ID x 0.250 pum film
thickness). The initial temperature of the analysis method was set at 50 °C for 2 min to
reach 250 °C with a temperature rate of 25 °C/min. The aliquots were diluted in
dichloromethane, and an excess of trimethylsilyl diazomethane as carboxylic acid
scavenger was added (to protect the GC column from corrosion); 1 uL of the resulting

solution was injected into the GC.

High field 'H NMR analyses were performed on a 300 MHz Bruker Spectrospin
spectrometer. Chemical shifts (8) are given with regard to TMS using residual CHCI3

solvent as an internal reference.
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2.3 Procedure for the biocatalyzed esterification of levulinic acid with butanol in a

flow reactor

The Luer-lock syringe, filled with levulinic acid, butanol and water, was connected to a
preheating loop (PTFE tubing, ID = 1.59 mm, L = 126 cm) before the packed-bed
reactor with an internal diameter of 6.6 mm. The packed-bed reactor was composed
of an Omnifit™ column filled with Novozym®435 immerged in a thermostated bath (Fig.

1).

[
|
S |
|: \n/\)LOH/\/\OHj @m I Novozym 435 I
I\ > J :
|
\

= — — -

U 0 H,O

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

The kinetic measurements were performed. First, the flow system was filled with the
solution at a flow rate of 5 mL/min. Then the flow-rate was increased step by step to
reach the desired tR. The collection of aliquots began after running the system for 2 mL
of reaction product collected, in order to reach the steady-state. The volume of the
microreactor is related to the amount of the Novozym®435: 50 mg, 100 mg and 150
mg of supported CAL-B were packed 195 uL, 390 pL and 520 pL, respectively. The

kinetic monitoring was performed as described in Table 1.
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Table 1. Different flow-rates used for the kinetic monitoring.

ass of Novozym®435

(mg)
Residence Time 50 mg 100 mg 150 mg
(min)
30 6.5 pL/min 13 pL/min 17.33 pL/min
20 9.75 pL/min 19.5 pL/min 26 pL/min
15 13 pL/min 26 pL/min 34.66 pL/min
10 19.5 pL/min 39 pL/min 52 pL/min
7 27.85 puL/min 55.71 puL/min 74.28 pL/min
5 39 pL/min 78 pL/min 104 pL/min
3 65 pL/min 130 pL/min 173.33 pL/min
2 97.5 pL/min 195 pL/min 260 pL/min
1 195 pL/min 390 pL/min 520 pL/min
0 0 pL/min 0 pL/min 0 pL/min

Table 2 shows the experimental matrix used in this study.

Repeatability was assessed by collecting three samples after the steady-state, and it
was found that the standard deviation was lower than 0.05 mol.Lt. Furthermore, one
run was repeated two times (Run 4) on different days to verify the repeatability of the

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




123 Table 2. Experimental matrix for esterification.

Inlet (mol/L)
Run Tem?%at“re Cat'\;l";‘lssst ?r;g) Vo'd(xcl_’;“me BL | LA | BUOH | W | Ratio [BUOH]/[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 0.002.61| 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| 516 |0.32 1.00
10 35 100 390 0.005.09| 509 |0.31 1.00
11 20 100 390 0.005.09| 509 |0.31 1.00
12 65 150 520 0.005.09| 509 |0.31 1.00
13 65 50 195 0.005.09| 509 |0.31 1.00
14 65 100 390 0.00|1.74| 871 |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| 871 |0.32 4.99
19 65 150 520 0.00|1.74| 871 |0.32 4.99
20 65 100 390 0.00|259| 7.76 |0.70 3.00
21 50 100 390 0.00|259| 7.76 |0.70 3.00
22 35 100 390 0.00|259| 7.76 |0.70 3.00
23 20 100 390 0.00|259| 7.76 |0.70 3.00
24 65 100 390 0.00|2.46| 7.78 |1.20 3.17
25 50 100 390 0.00 257 | 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

It is fundamental to evaluate the Novozym 435 stability to know if there are enzymes
or another product leaching from support denaturation. Two experiments were
performed: a degradability test for Novozym 435 in butanol solvent in a batch reactor

and deactivation in the microfluidic system.

The degradability test was performed as follows: 100 mg of Novozym 435 were placed
into 390 pL of a solution containing a [BuOH]iniet/[LA]inlet ratio = 5. The mixture was
heated at 65°C. After 1 h, the sample was filtered through a 30 um PTFE frit of the
Omnifit column (the exact same one that we used for the kinetic study), then CDCIs
was added, and a 'H NMR analysis was performed. The obtained spectrum was
compared to those of authentic samples of butyl levulinate, n-butanol and levulinic

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

The deactivation test was carried out at 65 °C with 100 mg of catalyst and inlet levulinic
acid concentration of 2.61 mol.L"1. The outlet concentration of BL was followed with

time-on-stream at 65°C.
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3. Results

3.1 External and internal mass transfer evaluation

Besides the effect of mass transfer resistance on the kinetics, the presence or absence
of flow maldistribution should be determined [42-44]. According to Doraiswamy and
Tajbl [42], if the ratio reactor diameter on particle diameter is higher than 4, then they
conclude that there is a proper liquid distribution with no channeling. In this system,

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

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

et al. [45] was applied.

External mass transfer for each experiment was evaluated throughout the coefficient
fe (Equation (1)) defined by Villermaux [46]. If fe is lower than 5%, then the external

mass transfer is negligible.

:TObs'L
€ kD'Cb

(1)

where, L is the ratio particle volume (Vp) on the external particle surface (Apr), 7gps IS
the initial observed rate of esterification, kj, is the mass transfer coefficient and C, the
concentration in the bulk phase. In Equation (1), the concentration of LA in the bulk
phase was used because butanol is in excess. The mean particle size of

Novozym®435 is equal to 0.65 mm, and thus L is equal to 1.08:10* m [47].

The mass transfer coefficient k;, can be estimated via the Sherwood number (Sh)

expressed as

kD'E :

= 1
Sh = 5 =2+ 18 ReZ-Sc3 (2)

10
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where, dp is the mean diameter of the catalyst particle, and Sc stands for the

Schmidt number expressed as

Ky
Sc=—— (3)
pr-D

D is the molecular diffusion coefficient of LA in butanol calculated by the Wilke-Chang
equation [48]. For instance, the molecular diffusion of LA in butanol at 50°C was found
to be 9.02:101° m2.s. The terms uy and p represent the viscosity and density of the
fluid, i.e., butanol. These physicochemical properties were calculated from Ariba et al.
work [49]. The fe values were found to be lower than 5% for each experiment showing

the absence of external mass transfer.

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

defined by Equation (4) [46].

L T2
2 _ Tobs L
& =

D,.Cs

(4)

If ¢s is lower than 0.1, hence internal mass transfer can be assumed to be negligible.
Cs is the LA concentration at the particle surface and in this study Cs=Cgs because
there is no external mass transfer. The term De represents the effective diffusion

Ep'o

coefficient defined as De=T-D, where &p, o andt represent the porosity,

constriction factor and tortuosity of the particle, respectively. From Ravelo et al. [47],
Novozym®435 porosity is equal to 0.5. The tortuosity and constriction factor values
were fixed to 6 and 1 [50]. Based on the ¢; values of each experiment, the internal

mass transfer can be assumed to be negligible.

11
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3.2 Novozym 435 stability study

Novozym 435 degradability test (S2) is an essential study because its acrylic
support/matrix tends to dissolve in many organic solvents [51-53]. By spectrum
comparison of the mixture with a *H NMR analysis of different isolated products (butyl
levulinate, n-butanol and levulinic acid), the mixture just contains n-butanol, levulinic
acid and butyl levulinate and absolutely no traces of PMMA (or associate compound)
were detected. Thus, our measurements are perfectly reliable with no interference from

external chemicals.

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

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

1.60
1.40 s ¢ B £ -
1.20

7, 1.00

go.so

3 0.60
0.40
0.20

0.00 e
0.00 100.00 200.00 300.00 400.00

Time-on-stream (min)

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

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

3.3 Temperature effect

[BL]

[L ]inlet

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

experimental outlet concentration of BL. To evaluate this effect, experimental data

12
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obtained from Runs 1-4 were compared, because there were carried out in the same
operating conditions, except for the reaction temperature (Table 2). As expected, the

kinetics of esterification increases with temperature.

These data can also be used to evaluate the effect of mass transfer. The natural
logarithm of the initial rate constants versus 1/T was plotted (Fig. S3.1). From Fig. S3.1,
the linearity between the natural logarithm of the initial rate constants and 1/T confirms

the absence of mass transfer resistance.

0.80
0.70
. 3
0.60
& T
50.50 -
= s ®
< -
=.0.40 .
) = o
2.0.30 .
§ n @
020 o oRunl_20°C
' ) o Run2_35°C
0.10 | °F ® Run3_50°C
.. ¢ o Run4_65°C
0.00 ©
0 10 20 30 40

Residence time (min)

Fig.3. Effect of temperature on the experimental concentration ratio [BL])/[LA]inlet
(Table 2): Run 1 at 20 °C (light blue circle), Run 2 at 35 °C (orange square), Run 3 at

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

3.4 Molar ratio effect

The effect of Ex2iniet .o affect the thermodynamics and kinetics of esterification [31].

[L ]inlet

[BL]

Figs 4 and 5 show the effect of this ratio on the kinetics, via the normalized ratio Al
inlet

13
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Different experiments carried out in similar operating conditions, except the ratio

[BuOH]in et BuOH]net

, were compared (Table 2). One can notice that when [ is equal to
[LA]inlet [LA]inlet
3:1 or 5:1, then the reaction rates and equilibrium values are similar. For a %
inlet
equal to 1:1, there is a deviation when the reaction reaches the equilibrium.
0.70
0.60 ]
0.50 *
g B
T 0.40 .
= B
=70.30 .
o, s O
0.20 . B Run3_Ratio BUOH:LA 3:1
° Runl5 Ratio BuOH:LA 5:1
0.10 Run9_Ratio BUuOH:LA 1:1
0.00 =
0 5 10 15 20 25 30 35

Residence time (min)

Fig.4. Effect of 1BuOH]imtet atin on experimental concentration ratio [BL]/[LA]iniet at 50°C

[ ]inlet

BuOH]intet _ BuOH]inter _

(Table 2): Run 3 at 1BuOH]imter _ 3. 1 (orange circle), Run 15 at 1BuOH]intet _ 5, 1 (blue
[LAliniet [LAliniet
circle), Run 9 at % = 1: 1 (orange square) and error bars (black).
inlet
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Fig.5. Effect of 1BuOH]miet atin on experimental concentration ratio [BL]/[LA]iniet at 35
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[LA]inlet

[BuOH]intet
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3.5 Evaluation of equilibrium constant

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

expresses the residual Helmholtz energy a"®® as shown in Equation 5.
a’es = ahc + adisp + assoc (5)

Thereby the hard-chain (a”¢) reference system represents the repulsive interactions
between the molecules. The attractive interactions, such as the dispersion (a%*?),
association (a?5°¢), are described as perturbations of the reference system. More
details on the modeling procedure and parameters used can be found in
Supplementary Information (S4). Thermodynamic modeling of the reaction equilibrium
is based on the temperature and pressure-dependent equilibrium constant Kin. It is
calculated by the reacting agent concentrations in the equilibrium and activity

coefficients according to Equation 6.

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

equilibrium constant Kin.

Kth(Tf p) = Keq(Tl P, X) ) Ky(T: P, X) = Hi(Xi ’ Yi)vi (6)

where, Keq is determined from the experimental equilibrium concentrations and the
activity coefficients are obtained by PC-SAFT [54-59]. The activity coefficient of each
reactant i in the mixture is calculated from the ratio of the fugacity coefficients in the

mixture and of the fugacity coefficient of the pure component.

_ [ (T'p'x) (7)

']/. =
t (poi(T'p'Xizl)

The equilibrium constant Kin for each temperature enables the calculation of

equilibrium concentrations at different conditions, i.e., molar ratios. The equilibrium

16



251  constant Kin was calculated based on the experiments with a molar ratio of BUOH:LA

252 3:1 (Table 3).

253  Table 3. Calculated equilibrium constant K;; based on the equilibrium concentrations

254 of Runs 1-5 (Table 2).
T/°C Keq Ky Kith

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

255 *interpolated value

256

257
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4. Discussion

4.1 Ping-Pong Models

Several authors showed that the Ping-Pong Bi-Bi mechanism can be used for the
esterification reactions [32,60—66]. Several of them showed that alcohol and carboxylic
acid can inhibit the enzyme, but none developed a kinetic model considering the

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

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

LA w BuOH BL
| ‘ [
‘ [ v v >
E > ELA &> E*~W > E¥ .~ > E*BuOH . "EBL_—*E
. « .
S S+ BL 7 .+ BuOH .
* LA RN * W/,/;:/ U — Inhibition
E*-LA E*-BL E*-W E*-BuOH

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

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

kep - Ky - [E]G - ([LA] - [BuOH] _UBL}{&)

— eq
rEsterification - D (8)

where, [LA], [BuOH], [BL] and [W] are the outlet concentrations of levulinic acid,
butanol, butyl levulinate and water, respectively. The term [E], stands for the initial

concentration of enzyme. The denominator D is expressed as

18
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D = ky - [Ely - [LA] - [BuOH] + ky - [Eo - Kouon - [LA] - (1 n M)

KivLa
+ky - [Ely - Koy - [BuOH] <1 + [IlquH]> A [?0 UMY (1 + Ef_L]>
IBUOH eq IBL
ke [Elo - Kgy (W]
g, W <1 ¥ m)
+kf [Elo . [W]- [BL] +kf'KB—L'[E]O. [W] - [LA] +kb.KL—AI[E]O- [LA] - [BL]
Keq Kiipa * Keq 11BL
v Kaa By pyopy 4 Ko Kowon o )y 1y ©)
Kpuor-w Kia-p1

The terms k- [E], and kg - [E], represent kinetic rate constants. The terms K, 4, Kp,,
Kg.on @and Ky, are the Michaelis constants for LA, BL, BUOH, and W, respectively. The
inhibition constants by levulinic acid and BL are defined by K;;;, and K;;5,. The
dissociation constants, representing the dissociation of the inhibitor from the
corresponding enzyme-inhibitor, are K;; 4, Kig., Kiguoy and K. The adsorption

constants Kz, ou—w and K; 4,_g; are lumped constants.

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

mechanism [63],

_ (kpa - [LA] - kgyon - [BuOH] — kg, - [BL] - ky - [W]) - [E]o
rEsterification - D' (10)

where, the denominator D’ is

(W] 4 [BuOH]

Kuw ~ Kpuon
(W] N [BuOH ])

KW KIIBuOH

D' =ky, - [LA]- <1 + ) + kgyon * [BuOH] + ky, - [W]

+kp, - [BL] - <1 + (11)
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The terms k; 4, kguon, kgrand ky, are the specific constants of the enzyme for levulinic
acid, butanol, butyl levulinate and water, respectively. Kz, oy and Ky, are Michaelis-
type constants for butanol and water, respectively. K;;g,0n @nd K;;y, are the inhibition

constants for butanol and water, respectively.

By considering the binding of BUOH or water with the free enzyme, D’ becomes D”

D" =k, ,-[LA]- (1 + W + [BuOH]> + (kgyon - [BuOH] + ky, - [W]) - (1 + [BuOH]> . (1 + [W]>

KIIW BuOH KsiBuOH KsiW

(W] 4 [BuOH]) (12)

KW KIIBuOH

+kg;, - [BL] - <1 +

where, Kgguon and Ky, Stand for the constants between BuOH and water with the

free enzyme.

According to Mitchell and Krieger [63], these equations are mathematically symmetric
and less-lumped parameters. Different models were evaluated based on reaction rates

developed by Mitchell and Krieger [63] and Varma and Madras [65].
4.2 Kinetic modeling

Experiments were performed in isothermal conditions, and internal and external mass
transfers were found to be negligible. Plug-flow model was used; thus, material

balances for each species can be written as

dt Esterification
d[BuOH]
T = —TEsterification (14)
dt Esterification
d[W]
dr = TEsterification (16)
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where, t is the space time defined as %, VL and Q are the volume of the liquid in the

reactor and volumetric flow-rate, respectively.

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

algorithm, via a damped Newton method [67].

For the non-linear regression, the concentration of BL was used as an observable. The
estimation of the different kinetic constants (Equations (8)-(12)) was done via the

minimization of the objective function S(8) expressed as

SO = ) W~ (BLloxpu = [BLIsima)* = SSR (a7

u=1
where, w,, is the weigh factor for the experimental value u.

The objective function is expanded as a quadratic function of the parameters around
the initial parameter values of the current iteration. The resulting quadratic minimization
problem is solved with a modified Gauss-Jordan algorithm within a user-defined
feasible region; then, a weak line search is conducted to establish an improved
objective value and initial parameter vector for the next iteration. Interval estimates for
the individual estimated parameters are then calculated from the final quadratic
expansion of the objective function. This minimization is done by the package
GREGPLUS to provide optimal parameter estimates with the 95% confidence
intervals, expressed by the highest probability density (HPD). GREGPLUS provides

the normalized parameter covariance matrix.

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

Studio® 14.2 [68] used in this study.
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326  Different models were evaluated based on the Ping-Pong Bi-Bi mechanism developed
327 by the Varma and Madras study [65] and the Mitchell and Krieger study [63]. The term
328 [E],was expressed by the catalyst loading penzyme, i.€., the mass of catalyst divided by

329 the volume of liquid in the reactor.

330 The general equation for esterification can be derived as

1 [BL]- W]
331 TEsterification — kEsterification " PEnzyme B [LA] - [BuOH] — K— (18)
eq

332 Different models were assessed, as summarized in Table 4.
333 Model 1 is the simplest one, by letting the denominator D equal to 1.

334 Models 2-4 are derived from Varma and Madras. Equation (8) was divided by k;,.To
335 ease the parameter estimation and avoid division by very low number (close to zero)

336  or high number, the following modification were included

Kpuon Kia Kw Kgi, 1519 1 1
Kiia = , Kipuon = Ky =—— Kg, = Kip =7— K = kg Ky - —" 7,
KILA “ KIBuOH Keq Keq KIBL 4 kb Keq
KII
KI,I;V __ Ay ,
337 Kiw
1 1
KzlaL—k "Kp " 77—
! kb Keq
K _ kf 17} _ KLA K” _ KLA and K” _ KBuOH
L =7 . BupL — yBRpuon-w — LA-BL —
ume kb ’ Keq KiipL “ Kpuon-w Kia-pL

338  Model 2 ignores the inhibition mechanism, hence K| 4, K/, Kivw, Kiguon: KiiLa» KiisL,

339 K/Y4_g., and Kg,,oy_w Were fixed to zero.

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

n

341 hence Kjj 4, Kig, Kiw, Kiira» KiigL, K[ 4—gL, @and Kg,,ony—w Were fixed to zero.
342  Model 4 considers all inhibition mechanisms.

343  Models 5-6 are derived from Mitchell and Krieger.
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Model 5 is based on Equation (10) and Equation (11) divided by kg, 0y- The following

notations are used

kLA ) kBuOH kLA kW kBL 1 1
K, =—K =—"—K,=—— K, =— K]} = Ky = —,
e kgL - ky ! kpuon g kpuon 3 kpuon 1BuoH Kiguon v Ky
143 1 144 1 14 1 rn 1
Kpuon = Ko Kiw = Ko Kpyon-w = 5——— and K[ y_p;, = K
BuOH w BUOH-W LA-BL

Model 6 is based on Equation (10) and divided Equation (12) by kg,0x- The following

notations are included

144 1 144 1
Ksiguon = Keipuon and Ky, = Koo (19)
siBu si

Table 4. Kinetic models tested in this study.

Model Kinetic term Denominator
Model 1 kEsterification'pEnzyme 1
Model 2 Kt PEnzyme [LA] - [BuOH] + Kgyon - [LA]

+K,, - [BuOH]
+Ky, - [BL]
+Kg), - [W]

+KLump ) [W] ) [BL]

Model 3 Kt PEnzyme [LA] - [BuOH] + Kgyon - [LA]
+K, 4 - [BuOH] + K/§,,0p - [BUOH]?
+Kyy - [BL]
+Kpy, - [W]

+KLump -[W]- [BL]
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355

356

357

Model 4 K PEnzyme [LA] - [BuOH] + Koy - [LA] + K] 4 - [LA]?
+K, 4 ' [BuOH] + K/} o - [BuOH|?
+Kjy - [BL] + K/, - [BL]?
+Kgy, - W]+ Kpy - [W]?
+KLump - [W]-[BL] + KI’IILI,A - [W] - [LA]
+Kijp, - [LA] - [BL]
+Kguon-w * [W] - [BuOH]

+Kl,,:4—BL ' [LA] ' [BL]

Model 5 KLA PEnzyme K; - [LA] + K[y, - [W] - [LA] + Kgyon - [BuOH] - [LA]
+[BuOH] + K, - [W]

+K3 - [BL] + Ky, - [W] - [BL] + K{guon * [BuOH] - [BL]

Model 6 KLA PEnzyme K, - [LA] + K}ty - [W] - [LA] + Kpop - [BuOH] - [LA]
+([BuOH] + K, - [W]) - (1 + K{{gyon - [BuOH])
(1 + Kgiy - [W])

+K; - [BL] + Ky, - [W] - [BL] + K[gyon * [BuOH] - [BL]

To decrease the correlation between the pre-exponential factor and activation energy
and ease the parameter estimation stage, the following modified Arrhenius equation

was used [69].

k.(T) = exp [ln (kC(Tref)) + - E’; - . (1 _ Tr;f)l (20)

where, Trf is a reference temperature which is the average temperature of the

experimental matrix (Table 1).
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The following constants were estimated: (n (kC(Tref)), %“f, Michaelis-Menten and

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

temperature independent.

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

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

SSR )

number of independant event
+2 - Number of estimated parameters (21)

AIC = Number of independant event - ln(
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4.3 Modeling results

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

zero. Thus, these parameters were discarded:

-For Model 2, Ky, Ki,mp and Kg; were discarded in the modeling.
-For Model 3, K; 4, Ky, and Kg; were not considered.

-For Model 4, Kgyou, Krar K. Kpp Kiump: KifLas Kigr, Ky and K, and Kjy_p, were

neglected.
-For Model 5, Ky, K}y, K1, K5, Kjg,on @nd K5 were neglected.
-For Model 6, K/gyom, Kiws Kewon» K2, Ky and K5 were neglected.

By discarding these parameters, the reduced models are displayed in Table 5. Table
6 is a summary of the modeling output for the different models. SSR is the sum of
squared residuals, the difference between the experimental and simulated
concentrations. AIC values showed that Model 4 is the most probable one (Table 4).
Due to space limitation of the journal, the modeling results of the other models are

displayed in Supporting Information (S5).
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Table 5. Reduced kinetic models for the esterification of levulinic acid over

immobilized enzyme.

Model Kinetic term Denominator
Model 1 | Kesterification'PEnzyme 1
Model 2 Kt PEnzyme [LA] - [BuOH] + Kgyon - [LA]
+K,, - [BuOH]
Model 3 Kt PEnzyme [LA] - [BuOH] + Kgyoy - [LA]
+Kiguon - [BUOH)? + Kpymp - [W] - [BL]
Model 4 Kr PEnzyme [LA] - [BuOH] + K}, - [LA]?
+Kpuon - [BuOH]?
+Kguon-w * [W] - [BuOH]
Model 5 KLA PEnzyme Kgon - [BuOH] - [LA]
+[BuOH]
Model 6 KLA'PEnzyme K, - [LA] + ([BuOH]) - (1 + K./gon - [BuOH])
(1 + Kgw - [W])
Table 6. Modeling results for each Model.
Model1 | Model 2 | Model 3 | Model 4 | Model5 | Model 6
SSR 15.85 15.16 14.83 13.66 15.48 14.03
Number of estimated 5 4 5 5 3 5
parameters
AIC -2311.47 | -2335.50 | -2347.36 | -2398.81 | -2324.11 | -2381.86
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Table 7 shows the estimated values with their confidence intervals. One can notice

Eq
R'Tref

that the confidence intervals for In (kc (Tre f)) and

K;; 4 are small, meaning that the initial operating condition variation was well designed
to estimate these parameters. Based on our experimental data, it was not possible to

n

calculate the credible interval for K3y, the optimum value was 51.52 mol.L™.

Table 7 presents the Normalized parameter covariance matrix for Model 4. According
to Toch et al. [71], two parameters are correlated if their binary correlation coefficient
is higher than 0.95. From Table 8, one can notice that the estimated parameters are

not correlated.

Fig. 7 shows that the residuals, [BL]xpy — [BL]sim, are randomly distributed versus
the experimental concentration of BL ([BL]cxp,) and the simulated by Model 4

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

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

experimental data correctly.

Figs 9 show the fit of model 4 to some experimental concentrations of BL with the 95%
prediction intervals and the mean estimated values. From Figs 9, one can notice that
Model 4 fits well the experimental concentrations, and most of the experimental
concentrations lie between the intervals. The fact that some experimental
concentration points, in the majority at the beginning, are outside the prediction
intervals can be because the LA dissociation is not considered in the modeling or the

adsorption and inhibition terms were not correctly defined.

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

with a molar ratio LA/BUOH: 1:1 is lower near to the equilibrium than for the other ratio.

28



411  This observation is because the equilibrium constant predicted by ePC-SAFT is less

412  reliable for this ratio.
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420

421 Table 7. Estimated values at Tret = 51°C and statistical data for Model 4.
Units Estimates HPD%
In (kf(Tyer)) | molgmin' -2.02 6.25
Eaf
- 11.01 5.56
R -Tyer
Kl mol-L 109.80 19.60
KIIéUOH mOIL-l 5152
422
423 Table 8. Normalized parameter covariance matrix for Model 4.
Ea
f n 12}
In (kf(Tref)) R-T,. KiLa Kpuon-w
re
In (kf (Tref)) 1
i 0.1 1
R " Tref )
K4 0.69 0.09 1
Kl onw 0.93 012 | 053 1
424
425
426
427
428
429
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Fig. 9. Fit of Model 4 to the experimental concentrations with 95% prediction
intervals: experimental concentration of BL (blue circle), error bars (black), simulated
concentration of BL using the mean estimated value from Table 7 (purple line),
simulated concentration of BL using the estimated values at the extreme of the

confidence intervals from Table 7 (orange lines).
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5. Conclusions

The synthesis of butyl levulinate from the esterification of levulinic acid over
Novozym®435, an immobilized enzyme, was investigated in microfluidic technology in
isothermal conditions. The enzyme's catalytic activity was found to be stable for 400
minutes. The internal and external mass transfer resistance was found to be negligible.

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

Several kinetic experiments were performed by varying the reaction temperature from
20to 80 °C, inlet LA concentration from 1.74 to 5.09 mol.L™, inlet butanol concentration
from 5.09 to 9.07 mol.Lt, mass of dried enzyme from 50 to 150 mg and residence time

from 1 to 30 minutes.
The equilibrium constants were evaluated via the ePC-SAFT equation of state.

We evaluated 6 kinetic models based on power law, the classical Ping-Pong Bi-Bi
mechanism and the modified one developed by Mitchell and Krieger. Based on the
Akaike information criterion, we found that the classical Ping-Pong model, including
the inhibition mechanism by butanol and levulinic acid, can fit the experimental
concentrations properly. This model can reasonably predict the experimental

concentration by considering the temperature effect on the rate constant.
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