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h i g h l i g h t s

� Butyl butyrate synthesis by
Enzymatic Reactive Distillation is
possible.

� Established rate-based model to
describe Enzymatic Reactive
Distillation.

� First time validation for an Enzymatic
Reactive Distillation process model.
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a b s t r a c t

For enzyme-catalyzed reactions, batch processes using stirred tank reactors are the state-of-the-art pro-
duction mode. The yield of the process may be limited by reaction equilibrium, product inhibition of the
enzyme, low concentrations and possibly low reaction rates, while the recovery of the product may be
limited due to thermodynamic constraints such as azeotropes. Using enzymes in an integrated reactive
distillation process can overcome these limitations and provides a cost advantage over classic batch reac-
tor processes.
The aim of this paper is i) to report the successful pilot-scale experimental validation of an Enzymatic

Reactive Distillation (ERD) process for the synthesis of butyl butyrate and ii) to establish a rate-based
model for conceptual process design which can be quickly adapted to other systems.
The main novelty is the application of a continuous RD column with enzymes as a heterogeneous cat-

alyst provided in two different types of catalytic packing: loosely filled immobilized enzyme beads in
standard packings with catalyst pockets and gauze packings with catalytic coating.
Experimental pilot-scale experiments show the feasibility of ERD and allow the comparison of the dif-

ferent packing types based on catalytic performance as well as stability. Furthermore, these experiments
are used to validate a predictive rate-based model to describe ERD which can be used to check the sen-
sitivity of process and design parameters as well as to provide a quick adaption to other systems for quick
evaluation.
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1. Introduction

Biocatalysis underpins some of the oldest chemical transforma-
tions known to humankind, and it has become a key component in
the toolbox of chemists and chemical engineers, allowing new
green chemistry and highly productive processes to be developed
[1]. Enzyme-catalyzed processes are used in many industrial pro-
cesses, as for example the synthesis of enantiomerically pure
chemicals which are important as intermediates in the pharma-
and agro-industry [2]. The pharmaceutical and fine chemicals
industry is demanding for economically more attractive processes
[2]. Still, the most commonly used production mode for enzyme-
catalyzed reactions is based on batch processes using stirred tank
reactors [3]. These processes lack in productivity and product pur-
ity [1]. A key problem is the increasing concentration of the reac-
tion products that can cause inhibitory or toxic effects or
promote unfavorable equilibria. In such cases, in-situ product
removal is used to remove the product as soon as it is formed in
order to overcome the constraints and increase the productivity
and space-time-yield of the bioprocess [4]. In fine chemicals or
pharmaceutical production, continuous production can signifi-
cantly enable increased throughput, process safety, greener pro-
duction [5], process automatization and control, easier modeling,
smaller hold-up of solvents, improved heat transfer and a cost
reduction in operation and installation [6].

Integrated and/or intensified processes are important tools for
the successful and cost-efficient realization – one technique of pro-
cess intensification is reactive distillation (RD) which realizes the
integration of reaction and product removal by distillation in one
apparatus, which opens up for potential higher conversion, selec-
tivity, efficiency and capacity [7]. Using enzymes in combination
with a RD process instead of a classic batch process can overcome
chemical and phase equilibrium, and can deliver a cost-effective
alternative to classic batch processes [8]. Heils et al. (2015) inves-
tigated an enantio-selective biocatalytic reaction carried out in a
fully integrated batch RD setup [9].

However, as RD using chemical catalysts either homogeneous or
heterogeneous has been presented many times before [10,11],
while to the best of our knowledge there are no experimental
reports on continuous Enzymatic Reactive Distillation (ERD)
processes. Furthermore, different models such as equilibrium or
rate-based approaches for RD using chemical catalysts have been
developed and successfully used to evaluate feasibility, cost com-
petitiveness or process optimization [12]. However, such models
do not yet exist for ERD processes. Therefore, this study aims to fill
this gap i) by being the first to report the pilot-scale experimental
validation of an ERD process based on the synthesis of butyl buty-
rate and ii) by establishing and validating a rate-based model of
the ERD.

The chemical model system used for this study is the production
of butyl butyrate (BuBu), a volatile ester with a pleasant aroma,
used in the flavor industry to create sweet fruity flavors similar to
that of pineapple. This transesterification reaction of ethyl butyrate
(EtBu)with n-butanol (BuOH) forming ethanol (EtOH) uses lipase as
catalyst (Eq. (1)). This chemical system is suitable for RD according
to the feasibility scheme of Shah et al. (2012) [13].

EtBuþ BuOH�BuBuþ EtOH ð1Þ
Among the enzymes used industrially, the B-component lipase

from the yeast Candida antarctica (CalB) is a particularly efficient
and robust lipase catalyzing a large diversity of organic reactions,
including transesterification [14]. The enzymatic catalyst is immo-
bilized in two different configurations, either as enzyme beads
sandwiched in structured packing or as enzyme containing silica-
gel based coating applied onto structured packing (Fig. 1). Both cat-
alytic packings are introduced in the pilot-scale RD column at the

Laboratory of Fluid Separations, TU Dortmund University, for
experimental investigation.

A comprehensive rate-based model is extended from the former
developed rate-based model [15], incorporating mass and energy
transfer, packing properties and the reaction kinetics. The main
approach is to use ‘‘offline” measurement of kinetics and thermo-
dynamics at lab scale together with hydrodynamic investigations
of the influence of enzyme as beads or as coating in a binary
non-reactive system. All these models are afterwards incorporated
into one rate-based model. This model allows analyzing the exper-
imental results to gain more insights into the experiments. There-
fore, a sensitivity analysis was performed to efficiently identify
sensitive process and design variables as literature examples show
[16–18], which can be used for future improvement as well as
enable efficiently the identification of a feasible operating window.

2. Problem statement

For the evaluation of ERD processes, reliable process models are
needed to provide predictions of operating states, scale-up possi-
bilities and production cost calculations. To fill this gap, we pro-
pose to establish such a model on a fundamental basis of
experiments as described in a recent publication [19]. The steps
to an evaluation of this technology are: 1) collection of fundamen-
tal data (and experiments), 2) identification of an operating win-
dow, 3) development of a mathematical model, 4) model-based
process analysis, 5) equipment-based experiments, 6) model vali-
dation and 7) optimization of the process.

The collection of fundamental data including property data [20]
and the reaction kinetics [21] was presented recently. In this paper,
we address the investigations of packing properties, we identify
the operating window and we develop a mathematical model, fol-
lowed by experiments which were carried out in a pilot-scale ERD
column and a conventional distillation column. The aim is to pro-
pose an accurate rate-based model that describes ERD and to pro-
vide an experimental basis to prove the feasibility of ERD
processes. The packing properties and correlations like hold-up,
mass transfer and specific surface area, are required, but not avail-
able for the coated packing used in this study and are therefore
investigated in a distillation set-up for a close-boiling binary sys-
tem of iso-butanol (IBU) and BuOH and broadened afterwards to
a rate-based model with the Maxwell-Stefan approach.

3. Experimental

In the experimental part of theworkwe address thematerials and
methods that were used to investigate the ERD, including descrip-
tions of the ERD column and gas chromatographic (GC) analysis. A
binary distillation system is used to ascertain properties of the
used coated packing. The ERD experiments are conducted to show
the feasibility of the ERD and to be able to validate the ERD model.

As both, reaction and separation, occur simultaneously in a RD
unit, there must be a proper match between the temperatures and
pressures required for reaction and separation translated into an
overlapping window of the operating conditions [7]. Fig. 2 illus-
trates the temperature and pressure range for the ERD process
described in this study. This assessment is required for any exper-
imental work. More details are provided in a subsequent section.

3.1. Material & methods

3.1.1. Chemicals
Table 1 provides the list of used chemicals, including the sub-

stance name, its purity and the producer, as well as the application
area.
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