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ABSTRACT: This article describes a solvent-free enzymatic esterification
process for the production of pentyl acetate or pentyl propanoate from
pentanol and the corresponding acetic or propanoic acids. Both reactions
were carried out in a continuous packed bed reactor (PBR) using the
immobilized lipase Lipozyme435 as the catalyst. The effect of several variables
was analyzed to determine the most suitable conditions: temperature,
proportion of reactants, and flow rate of the products in the reactor. High
conversions of the acid substrate (above 80%) were obtained at all working
temperatures for an alcohol-to-acid molar ratio of 2 and flow rates up 1 mL/
min, demonstrating the technical feasibility of the reactor configuration for
this type of synthesis. However, it was observed that the enzyme lost activity
due to the synergistic effect of high temperatures (>70 °C) and an equimolar
alcohol-to-acid ratio, exhibiting a behavior similar to that observed when

using a batch stirring reactor (BSTR). In contrast to observations in a batch stirring reactor (BSTR) under the same conditions, the
synthesis process in the PBR at 70 and 80 °C with a 2:1 alcohol-to-acid molar ratio showed no signs of enzymatic deactivation. This
behavior suggests that scaling up the process for continuous industrial production is more advantageous than using small-scale batch
processes. The economic indicators of the biocatalytic processes calculated here also indicated that PBR reactors are preferable for

large-scale production.

1. INTRODUCTION

Biocatalytic processes have great potential for industrial
applications. However, their use in industrial sectors is limited
by the nonviability of the process, as determined by certain
economic metrics such as the achievable concentration of the
product in the reaction medium, the yield (calculated as the
percentage ratio of the mass of product to achievable mass of the
substrate), the volumetric yield (defined as the product mass/
time/reactor volume), and the catalyst yield (defined as product
mass/catalyst mass).l’2 These and other limitations can be
overcome by certain bioprocess intensification strategies, as
proposed by several authors.” Some are (i) using enzymes
immobilized on solid supports,” (ii) using solvent-free reactive
processes,4 and (iii) using continuous flow reactors.”® However,
in order to make the processes industrially scalable, most of the
current research on enzymatic esterification processes focuses
on using batch reactors that work with low concentrations of
reactants in organic solvents. Therefore, the synthesis processes
proposed in this work will be approached with the aim of
evaluating the aforementioned strategies using a continuous
flow reactor, as indicated in (iii).

The current literature contains few publications on
immobilized enzymatic esterification processes involving
reactions of short-chain carboxylic acids with alcohols in
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continuous-flow-reactors.” ** Moreover, only three of these
publications'*'®"” provide information on reactive systems
under solvent-free conditions. Of these, only one'” uses acetic or
propanoic acid as an acyl donor without considering the acidic
effect on enzyme stability.

In this work, the solvent-free heterogeneous enzymatic
esterification process was studied by reacting pentan-1-ol with
acetic acid and propanoic acid to produce the corresponding
esters of pentyl acetate and propanoate. These esters have a wide
range of applications as additives in the flavor and fragrance
industry, in the manufacture of adhesives and plastics, and as
solvents in the chemical and pharmaceutical industries. The
extraction of penicillin is a notable and special case.”** Previous
investigations on the synthesis of pentyl acetate in a batch
reactor without using solvents” showed promising results.
Here, we analyzed and compared the results obtained using a
batch stirrer tank reactor (BSTR) with those obtained using a
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continuous flow-packed bed reactor (PBR), assessing the effects
of different operating conditions by modifying the following
variables: temperature, molar ratio of reagents, and flow rate
through the reactor. Thus, the heterogeneous enzymatic
esterification process was explored from a broad research
perspective by simultaneously considering the three aforemen-
tioned strategies (i)—(iii) to improve the synthesis processes.
The results of the synthesis of the two pentyl esters in the PBR
were compared, from a technical and economic standpoint, with
those obtained in a BSTR™® reactor equipped with a U-shaped
paddle stirrer and operating with biocatalyst particles in
suspension. The aim of this comparison was to determine the
optimal conditions for producing the aforementioned pentyl
esters.

2. EXPERIMENTAL SECTION

2.1. Materials and Equipment. The reagents used in the
esterification reactions were pentan-1-ol, acetic acid, and
propanoic acid, supplied by Merck and of the highest
commercial quality. Due to the presence of water as the final
product of the reaction, the initial moisture content of the
compounds was determined by Karl Fischer coulometric
titration (Mettler, C-20). In addition, before use, the substances
were degassed by ultrasound and stored for several days in the
dark on a Fluka 3 A molecular sieve. Final quality was
determined by gas chromatography (Varian-450 GC) equipped
with a flame jonization detector and a standard HP-S capillary
column, programmed with an initial temperature of 80 °C, a
ramp of 10 °C/min, and a stabilization time of 10 min at 120 °C.
Helium was used as a carrier gas at a flow of 2 mL/min. The
purity values were slightly better than those stated by the
manufacturer. After these operations, the density (Anton-Paar,
60/602) and the refractive index (Zuzi, 320) were measured at
298.15 K and atmospheric pressure, giving values in agreement
with those of literature,”*™*” see Table SI.

Blue dextran (Merck) and sodium azide (Panreac), of purity
quality >99%, were used as pulse tracers in the residence time
distribution (RTD) experiments. In the esterification process,
the enzyme Lipozyme43S supplied by Novonesis (formerly
Novozymes) was used, an enzymatic catalyst obtained by
immobilization of Candida antarctica lipase B on the macro-
porous poly(methyl methacrylate) (PMMA, main component
of the particles) Lewatit VP OC 1600 resin.’’ The manufacturer
specifies that the enzyme has an activity of 9000 PLU/g.

2.2. Packed Bed Reactor Configuration. The continuous
reaction process was carried out in a PBR consisting of a glass
column (@ = 1.6 cm and L = 14 cm), filled with 6 g (%2 cm”) of
biocatalyst. The reactive process in the PBR was quasi-
isothermal at (¢ + 0.1) °C, achieved by supplying a constant
water flow rate of 12 L min™" using a thermostatically controlled
bath (P-Selecta, TFT-10), through a concentric jacket with the
main body of the reactor, as shown in Figure 1. A Heidolph
peristaltic pump (model 5201 C8) was used to flow the reagents
through the PBR.

One of the most important aspects of modeling the reactive
process in the PBR was the characterization of the support used
for lipase immobilization and the biocatalyst bed in the reactor.
This was done by determining two relevant parameters: the
particle size distribution (PSD) and porosity &,, of the support
and the porosity of the bed &;,. The procedure is described below.

a To determine the PSD, which characterizes the enzyme
on a dry basis, a Malvern Mastersizer 2000 (Malvern,

| e

Figure 1. PBR setup.

Instruments, UK) was used. The chamber was filled with
~0.7 g, using distilled water as the liquid medium and
stirring the solution at 850 rpm to ensure a turbulent flow
inside the chamber. The laser provided values that
estimated the PSD for a mean particle diameter, which
after several experiments was of 593 ym (~0.6 nm), as
shown in Figure 2. This value is slightly higher than those
found in other works.””*' The uniformity was 0.3 with a
span of 0.976, indicating adequate monodispersity.
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Figure 2. PSD of the Lipozyme435 catalyst (wet basis, Mastersizer
2000). Colors represent each experiment.

b The porosity of the particles ¢, was determined using two
different methods.

b.1 Using the BET method for the dry material, which is
based on the adsorption of nitrogen (NS), as an adsorbate,
at low temperature to determine the area of a solid. The
samples were predegassed at 110 °C for 2 h under a
stream of dry N, in a Micromeritics FlowPrep 060 system.
The adsorption—desorption isotherms were calculated by
maintaining the temperature of the Dewar vessel at —196
°C with liquid N,, a temperature at which thermal
degradation was not expected. The surface area and pore
volume were calculated using a Micromeritics Gemini VII
2390t, and the BET analysis revealed a surface area of 64.2
m* g~' with an average pore size of 11.6 nm. The total
specific pore volume was estimated from the isotherm to
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be 0.19 cm® g™, Considering the actual density (1170 kg/
m*) of PMMA, the porosity of dry particles was €,=0.22.

b.2 On the other hand, the porosity of the wet particles of the
biocatalyst and the bed was determined by studying the
nonideal flow of two tracers, blue dextran and sodium
azide, through the reactor bed.”” The justification for
using these tracers is that the blue dextran has a high
molecular weight (>2000 kDa) and molecular size (~80
nm),” which prevents it from passing through the
particles pores (11.6 nm), diffusing only in the extra-
particle space. Conversely, sodium azide has a low
molecular weight (65 Da) and diffuses in the outer and
inner spaces of the particles, exhibiting a delayed RTD.
With the combination of both RTD results, the porosities
correspondin§ to the intraparticle and extra-particle are
determined.’” For both experiments, the water flow
through the PBR reactor was kept constant at 1.2 mL-
min~". Blue dextran (1 mg:-mL™") and sodium azide (0.1
mg-mL ") were administered separately in 8.4 mL pulses.
Aliquots of 1 mL were collected at the reactor outlet, and
the concentrations were obtained by spectrophotometry
(Shimadzu UV-1800) at 618 nm for blue dextran and at
236 nm for sodium azide. The graphical results of RTD
for both tracers are shown in Figure Al, see Appendix Al.
The calculated biocatalyst porosity was &, = 0.40, and the
corresponding porosity was &, = 0.64. This result may
raise doubts because of the difference with the value
obtained by the BET method. However, it is important to
take into account that the particles were wet and swollen
by water, as highlighted in a recent study.” The latter
value was used in the calculations, as the reactions studied
in this work occur in the liquid phase.

2.3. Description of the Esterification Procedure. The
esterification reactions for the two pentyl esters were carried out
in a PBR reactor, as described below. To determine the best
working conditions, the experiments were performed by setting
different values for the following variables: (i) temperature: t/°C
=40, 50, 60, 70, and 80; (ii) total flow rate through the reactor:
Q=0.7, 1,2, and 3 mL/min, corresponding to mean residence
times of 26, 18, 9, and 6 min, respectively, depending on the
reactor volume and bed porosity; and (iii) ratio of reagents:
Coslcohot/ Coacia = 1 and 2 when the reagent was propanoic acid,
and Cyconol/ Coacia = 2 when acetic acid reacted. In the latter
case, the ratio Cpcono/ Coacia = 1 Was not considered, since a
previous work™ showed that systems with a higher acid
concentration resulted in a loss of enzymatic activity. This is
because a possible acid inhibition prevents the substrate—
enzyme contact, hindering the biocatalysts action in the
reaction. The condition of Cy j.ohe1/ Coacia = 1 corresponds to
equimolar concentrations of the two reagents; ie., Cy,iq =
CO,alcohol = 53 IIlOl/L When CO,alcohol/CO,acid = 21 the
concentrations of alcohol and acid were Cg .o = 6.6 mol/L
and Cy,q = 3.3 mol/L, respectively, for the case of propanoic
acid, and Cg ,jcopo1 = 7.2 mol/L and Cy 4 = 3.6 mol/L for the case
of acetic acid.

The sequence of the procedure for each experiment is as
follows: Once the working temperature t/°C was set, the
reaction began with the pumping of the reagent mixture and
setting the conditions (ii) and (iii) described above. In all cases,
the duration of each reaction cycle was set to approximately 3 h.
The first sample of the effluent of the reactor was taken after 10
min and then repeatedly every 30 min. The steady state was

reached approximately 30 min after starting. The samples were
analyzed using acid—base titration of the unreacted carboxylic
acid with a standard NaOH solution and phenolphthalein (1%
in ethanol) as an indicator. The estimated error in calculating the
sample concentration was less than 5%. The results were verified
by GC and showed little differences from the stated procedure.
Before each experiment, it was also checked that the hydrolysis
of the ester did not affect the titration results. The conversion
percentage was calculated using the simple following relation-
ship: 100(Cyacia — Ciacia)/ Coacia-

3. RESULTS AND DISCUSSION

The conversions achieved in the PBR for the different operating
conditions mentioned in the previous section are shown in
Figure 3. When Cy jconol/ Coacia = 2 (i-e., with a double excess of
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Figure 3. Conversion achieved in the PBR reactor as a function of
different values of the following variables: temperature, flow rates, and
alcohol/acid molar ratio. (a) Synthesis of pentyl acetate with Cp yicenol/
Coacid = 25 (b) synthesis of pentyl propanoate with Cy yiconol/ Coacia = 1
(c) synthesis of pentyl propanoate with Cy yjcool/ Cocid = 2- £/°C = (@)
40, (@—red) SO, (@—blue) 60, (®@—green) 70, and (@—ryellow) 80.

alcohol), the results of synthesizing both esters were similar. The
conversion was higher at higher temperatures but decreased
with increased flow rate Q; see Figures 3a,c and S1. The
evolution of the conversion seems logical and suggests the
following: (a) the enzyme deactivation was almost nonexistent
when Cy_jconol/ Coacia = 2 and did not depend on the working
temperature and (b) the increase in flow rate was inversely
proportional to the degree of conversion as the reagent/catalyst
contact decreases.

The results with the ratio Cy jconot/ Coacia = 1, i-€., an equimolar
solution, showed a different trend, Figure 3b. At first glance, the
conversion percentages were lower than in previous cases, but in
addition, the dependence of the conversion on the temperature
was irregular. Figures Sla,b shows that at low flow rates (0.7—1
mL/min), the conversion increases with temperature up 70 °C
and subsequently decreases up to 80 °C. At higher flow rates
(2—3 mL/min), the conversion increases up 60 °C and then
gradually decreases; see Figures Slc,d. This indicates that the
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enzymatic deactivation occurs above 70 °C for the equimolar
ratio of reagents concentration, as discussed in the introduction.
However, in addition to the above, the acid inhibition of the
biocatalyst, which prevents catalyzing the reaction, causing the
conversion to decrease, cannot be ruled out.’

In summary, the synthesis of pentyl esters in a PBR exhibited a
good operating stability considering for the experiences of this
work an operational time of 3 h, see Figure S2. This suggests that
such a reactor configuration could be useful for larger scale
applications. Based on the experience of previous works,” in
which the enzyme was reused for up to ten successive 8 h cycles
without deactivation, it was expected that the enzyme would also
remain stable in the PBR for over 8 h of operation.

The information obtained makes it possible to compare the
results of the esterification process for producing pentyl esters in
two types of reactors, PBR and BSTR, operating under the same
conditions. The kinetics in a BSTR reactor, previously
described,” produced the data shown in Figures S3 and S4.
Figure 4 compares the degree of conversion results as a function
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Figure 4. Conversion achieved in the BSTR (red) and PBR (black)
reactors as a function of temperature considering the synthesis of (a)
pentyl acetate with Cyeonot/ Coaca = 2; (b) pentyl propanoate with
CO,alcohol/CO,acid = 1; and (C) Pent}’l propanoate With CO,alcohol/CO,acid =2.
In the BSTR, the reaction proceeded at a weight ratio of wygiys/Wacia =
0.1 for S h. In the PBR, the reaction proceeded at Q = 0.7 mL/min, see
Table S2.

of the temperature in both reactors. These figures reveal several
interesting facts:

(1) The enzyme shows a higher thermal stability in the PBR.
(2) In the synthesis of pentyl acetate, the figures show that,
using a ratio Cpconol/Coacia = 2 in the PBR, the
temperature hardly affects the deactivation of the enzyme,
but it does occur in the BSTR from 60 °C, see Figure 4a.
However, in the synthesis of pentyl propanoate carried
out in the PBR with Cgconot/ Coaaa = 1, @ slight loss of
enzymatic activity is observed from 70 °C, see Figure 4b,
whereas in the BSTR, a strong deactivation of the enzyme
occurs from 60 °C. This fact, in addition to other factors
that will discuss, can also be explained by the inhibitory

action of the enzyme, as indicated above. Other
researchers have reported this for different enzymes.**™**
Some authors®®*? suggested that the lower deactivation of
the enzyme in the PBR is due to the constant flow of
reagent, which prevents both the heat energy accumu-
lation and the local temperature increase. Others*
explain this by considering a combination of thermo-
mechanical effect on the catalyst in the batch reactor due
to the shear forces of the stirrer (this is a function of the
number of rpm) and the inhibition by the product. Figure
4c shows that, in the case of synthesis of pentyl
propanoate with the initial concentration ratio of
Coatcohol/ Coacia = 2, the degree of conversion was quite
similar in both reactors, although with a slight increase
with temperature, as previously mentioned.

In addition, the information obtained allows the calculation of
certain economic metrics applicable to the scaling-up of
biocatalytic processes. These metrics consider each reactor, as
described by Tufvesson et al,,! see Table S2, in order to estimate
the operating window in which the process could be feasible.
Threshold values for specific chemicals were used for screening
(conversion >80% and Kg..r-Kgpiocatayst ~ > 100). This initial
screening reduced the number of reaction experiments from 84
to 31, see Figure Sa. With this information, we can make other
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Figure S. Benchmarking to optimize the scaling-up of reaction
conditions according to different metrics"* and considering the reactor
type: BSTR (red) and PBR (black). Symbols indicate the ester: X
pentyl acetate and () pentyl propanoate. The blue numbers refer to the
codes established in Table S2, which considers the experimental
conditions. (a) % conversion vs biocatalyst yield, (b) biocatalyst
productivity vs biocatalyst yield, (c) volumetric productivity vs
biocatalyst yield, and (d) operating temperature vs biocatalyst yield.

general considerations, taking into account the different
conditions used in this work, which we briefly discuss. For
BSTR reactors, an operating window can be established with a
catalyst loading of less than 10 wt %, Figure SS, in the reaction
medium and temperatures within the range of 40—70 °C, except
for the synthesis of pentyl propanoate with a ratio of Cy ,jcohol/
Coacia = 2, at t =40—80 °C. For PBR, see Figure S6, the operating
window for the same ratio corresponded to flow rates of up to 1
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mL/min and temperatures between 50 and 80 °C. PBR systems
with Coconot/ Coacia = 1 are not suitable for scale-up because
none meets the specified criteria.

Other productivity-related metrics were evaluated to
determine the optimal conditions for synthesizing each ester.
Figure Sa shows the conversion vs the biocatalyst yield. Figure
Sb shows the biocatalyst productivity, kgeste,'kgbiocmlyst_l‘h_l vs
biocatalyst yield, kgester-kgbiocamyst_l. Nondominated points were
selected for each reaction system, including the closely related
ones, reducing the number of reaction conditions according to
different metrics to 10. The production capacity was analyzed by
comparing the volumetric productivity, g...,'L~'+h™", see Figure
Sc. This revealed that continuous flow was 7—3S times more
productive than batch systems. Similar results were obtained for
all calculated metrics for these PBR systems, so a final selection
was made based on the operating temperature, Figure 5d. The
optimal conditions for PBR were a flow rate of 1 mL-min",
which correspond to a residence time of 18 min, a Cy ;iconot/ Cojacid
=2 and a temperature of 60 °C, for pentyl acetate synthesis and
70 °C for pentyl propanoate synthesis.

4. MODELING THE ESTERIFICATION PROCESS IN A
PBR

According to the RTD results in Appendix A, the axial dispersion
model® is an effective alternative for modeling the PBR, as it
represents a piston flow with a minimal axial dispersion. When
the radial dispersion is neglected, the differential equation
describing the variation of the concentration with time and
length of PBR the axial dispersion model is described by the
following equation:

0% & 0z (1)

The values in Table B1 indicate that the effects of external
mass transfer are not significant in the PBR; however, the
internal mass transfer must be considered, resulting in the
following equation:

’C  uadC
5 T T T =0
oz &, 0z (2)

ax

On the other hand, the reaction rate r,, is modeled by the so-
called Bi—Bi Ping Pong kinetic mechanism in the case of
biocatalytic reactions. This model produced good results in the
synthesis of pentyl acetate carried out in a BSTR.” Therefore, its
application in this work is also discussed in the Supporting
Information, where it was used as a method to calculate the
reaction rate for PBR modeling, complementing the dispersion
model.

Since the experimental value D,, in Table Al was determined
for a single value of flow and temperature, for using in eq 2, the
value of D, is calculated using the method of Chung and Wen,**
expressed by

ud
g,—> = 020 + 0.011Re™*
D, (3)

The resolution of this equation is formulated as a boundary
problem applying on it the conditions established by
Danckwerts,*> where

aC
Cuflz=0)=Cy,.q—HAz=L)=0
acnd< > 0,acid oz < > (4)

This was solved numerically for each of the conditions
imposed on the reaction using a widely used Runge—Kutta (RK)
method, the fourth-order Lobatto ITIA type.* The results of the
RK-Lobatto IITA binomial implementation are listed in Figure
6a—c. Depending on the temperature range, the comments on

100
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Figure 6. Modeling of the kinetics (solid-lines) in a PBR according to
eqs 2—4 for the synthesis of (a) pentyl acetate at Cg 1conol/ Coacia = 25 (b)
pentyl propanoate at Cyjcohol/ Coaca = 1; and (c) pentyl propanoate at
Co,atcohol/ Coacid = 2, as a function of flow rate and temperature. Symbols
correspond to experimental values at different temperatures: (@) 40 °C
(®@—red) S0 °C, (®@—blue) 60 °C, (®@—green) 70 °C, and (@—
yellow) 80 °C.

the modeling of the kinetics in the PBR were set according to
two different scenarios:

(i) 40—60 °C: In this range, up to 60 °C, the conversion
found by the model is very similar to the experimental one
and independent of the flow. The largest deviation
corresponds to the synthesis of pentyl propanoate with a
ratio of Co ,jconot/ Coacia = 1, as the model overestimates the
achievable conversion.

(ii) 70—80 °C: In this temperature range, the model
underestimates the conversions for the synthesis of pentyl
acetate when Coconol/Coacia = 2 and that of pentyl
propanoate for Cy icohol/ Coacia = 1. The reason for this is
that the calculation of the reaction rate is based on batch
experiments, and for these systems, a strong enzyme
deactivation is observed at these temperatures, whereas
the thermal stability of the enzyme, and thus the reaction
rate, is much higher in the PBR, as discussed in Section 3.
On the other hand, for the synthesis of pentyl propanoate
with Cy iconot/ Coacia = 2, Figure 5S¢, the model represents
well the experimental conversion since for this system, the
enzyme stability in the batch reactor was found to be in
agreement with that shown for the PBR.

5. CONCLUSIONS

In this work, we examined the feasibility of carrying out the
continuous production of pentyl acetate and pentyl propanoate
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from their respective carboxylic acids and pentanol in solvent-
free conditions using a PBR with a biocatalyst Lypozyme43S5.
We found no similar proposals in the literature regarding
configuration or working conditions of the reactor for
synthesizing short-chain esters, as most of the studies explore
batch reactors using low reagent concentrations. It has been
shown that the experiments in a PBR improve the process
metrics in relation to the results achieved in a batch reactor
(BSTR) in terms of productivity and biocatalyst stability. We
have found that the deactivation of the enzyme was caused by
the combined effects of high temperature and initial equimolar
alcohol/acid concentration ratio; the effect being stronger when
acetic acid was used instead of propanoic acid. In the PBR, a loss
of enzyme activity was observed at approximately 80 °C for
pentyl propanoate with an alcohol/acid concentration ratio of 1,
indicating that the PBR configuration increases the stability of
the immobilized enzyme. The combination of the Bi—Bi Ping—
Pong kinetic model and the axial dispersion flow model provides
an acceptable description of the experimental behavior observed
in both reactors, except under conditions where the enzymatic
activity in the BSTR is notably lower than that in the PBR. We
consider this work an advance in knowledge for achieving
improved esterification processes in terms of sustainabilit;r and
performance. It is an alternative to others proved by us®’ that
have yield interesting results. In future works, economic
indicators will be included to assess the purification of products
resulting from the reactive operation.

B APPENDIX

Appendix A RTD Data Processing
The RTD function, E(6), and the corresponding cumulative
function, F(@), were obtained from experimental data of the
pulse tracer concentration versus time @ according to the
following:
0
50) = 2 o) = QL
/(; 6(9 )dg 0 ( A.l)

where the integration is performed numerically. These
functions, see Figure Al, were used to determine other relevant
RTD moments, namely, the mean residence time, variance, and
skewness," expressed by

g, = f “OE0)d0 o = f (6 - 6.7E@6)d0
1

S3=

- fo (6 - 6.)°E@0)do

o (A2)

These moments enable the calculation of the Peclet number,
which is used to calculate the axial dispersion coefficient via the
following equations:

2
o 2 8 L
Zr=—4+— D=
6. Pe Pe Pe (A.3)

The correlations of Kim and Kim*® and Khaled et al.>" are
useful for calculating the porosity knowing the axial dispersion,
ie.:

1 166, ;066
L arSeuq?

T 20,19

ax (A4)

The extraparticle or bed porosity is calculated directly by
applying this procedure to the blue dextran RTD. The total
porosity (extraparticle and intraparticle) is obtained from the
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Figure Al. Experimental data of pulse tracer for ((0)) blue dextran and
(<) sodium azide vs time & for (a) concentration, (b) RTD function,
E(6), and (c) cumulative RTD function, F(8).

sodium azide RTD as explained in Section 2.2. The intraparticle
porosity is calculated by the relationship between extraparticle
and total porosity; the results are shown in Table Al.

er =€, + ep(l - &) (A3)

The shape of the measured RTDs indicates that the flow
pattern in the packed-bed reactor is a plug-flow with a slight
asymmetric axial dispersion effect, as evidenced by the calculated
Peclet numbers (Pe = 24—29). Furthermore, the single clean
peak shown in the RTD indicates adequate reactor packing, with
no significant channeling or dead volume.”"*” The average

Table Al. Parameters Calculated from RTD Experiments

RTD-related parameters blue dextran sodium azide

space—time (s—t, min) 23.46 23.46
mean residence time (6,,, min) 19.07 24.27
variance (0%, min?) 27.83 56.84
dimensionless variance (6%/6,,2) 0.076S 0.0965
skewness (s) 11.93 16.75
Peclet number (Pe) 29.67 24.15
axial dispersion (D,,, cm*/min) 0.282 0.346
porosity

total (&) 0.78

bed (&) 0.64

particle (e,) 0.40
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residence times show similar space-time values, see Table Al,
and the calculated value of particle porosity, €, = 0.4, agrees well
with other values found in the literature of ¢, = 0.349" and €=
0.5.%*
Appendix B Mass Transfer Calculations

B.1 External Mass Transfer. The influence of external mass
transfer on the reaction rate was verified using the external
effectiveness parameter 77z For a second-order reaction in an
isothermal reactor, this parameter is defined as follows:”

rO, obs

2
g = (1 - Daobs) Daobs =
F kSaCcatCO (Bl)

The fluid—solid mass transfer coefficient kg shown in eq B.1

was calculated using the Sherwood number correlation for PBR
56 . . . :

reactors,” depending on the following dimensionless parame-

ters:

ked dyup
Sh = =r 1.17Re0'5858c1/3; being: Re = P
D H
D
sc = *2
p (B.2)

The calculation of diffusivity coefficients has been described
previously.”

B.2 Internal Mass Transfer. The influence of internal mass
transfer on the overall reaction rate was checked through the
internal effectiveness parameter 77;,”® which is explicitly given by
the relation:

rO,obs =y = i[ 1 _ L]
) I ¢l tanh(39p) 3¢ (B.3)
where ¢ is the Thiele modulus, defined for spherical particles as
d "o ép
¢ =— D,y is calculated by D,y = D—
6 \ Dyco T (B.4)

According to Chowdhury et al.,>” a tortuosity value of 7 = 5.3
was used.”’ The results found for the factors 5z and 7; are
presented in Table B1.

The external mass transfer coeflicients are very close to unity
for all experiments, indicating that the transport external
resistance does not affect the process rate. In contrast, the

Table B1. Mass Transfer Effectiveness Factors for PBR
Experiments

external effectiveness factor, 7

acetic acid, propanoic acid, propanoic acid,

t/°C  Coacoholl/ Copcia = 2 Cojatconol/ Copcid = Cojatcohol/ Coacia = 1
40 0.998 0.999 0.999
50 0.999 0.999 0.999
60 0.999 0.999 0.999
70 0.999 0.999 0.999
80 0.999 0.999 0.999

internal effectiveness factor, #;

acetic acid,
t/°C  Coaconot/ Cocia = 2

propanoic acid,
Coacoholl/ Coacia = 2

propanoic acid,
Copconoll/ Copcia = 1

40 0.869 0.852 0.893
50 0.870 0.861 0.903
60 0.893 0.869 0.943
70 0.965 0.878 0.990
80 0.995 0.884 0.998

internal mass transfer affects the reaction rate in the PBR reactor,
with #; values in the range [0.85—1]. These values approach
unity as the temperature increases, mainly due to the decrease in
viscosity, which facilitates mass transport into the catalyst pores.
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(Tables S1—S3) show, respectively, the properties of pure
compounds, the working experimental conditions estab-
lished, and the parametrization results obtained for the
Bi—Bi-Ping—Pong. (Figure S1), shows the temperature
effect on the conversion grade in PBR. (Figure S2)
stability operation of the PBR. (Figures S3 and S4) show
the effects of temperature and biocatalyst concentration
on the reaction kinetic in BSTR. (Figures SS and S6)
show the operating window for BSTR and PBR (PDF)
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Bl ABBREVIATIONS

a, catalyst-specific surface area

C, concentration

C,, initial concentration of acid or alcohol
d, diameter

Da, dimensionless Damkohler number
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D, diffusivity coefficient

D, internal effective diffusivity coefficient
D.,,, axial dispersion

E(#), RTD function

F(0), camulative RTD function

g, gram

ks, fluid—solid mass transfer coeflicient

L, PBR length

np, refractive index

Pe, Peclet number

Q, liquid volumetric flow

r, reaction rate

Re, Reynolds number

Sc¢, Schmidt number

Sh, Sherwood number

s>, skewness

t, Celsius temperature, °C

T, temperature K

u, fluid velocity

w, weight

z, longitudinal distance

€, porosity

€,y enzyme porosity

&y, bed porosity

¢, Thiele’s module

7, external mass transfer effectiveness coefficient
7, internal mass transfer effectiveness coefficient
U, Viscosity

0, residence time

6,,, mean residence time

p, density

67, variance

7, tortuosity

BET, Brunauer—Emmett—Teller method
BSTR, Batch stirred tank reactor

PLU, propylene laurate units specific unit of measurement for
lipase activity

PBR, packed-bed-reactor

PSD, particle size distribution

RTD, residence time distribution
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