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ABSTRACT

The pharmaceutical industry is on the cusp of a technological revolution especially with
regards to its manufacturing practices. At the center of this advancement, is the Quality
by Design paradigm—which was initiated by the U.S. Food and Drug Administration—to
guide the development of future manufacturing processes for small and large molecule
drugs.

Moreover, it has been identified by academia and industry alike that process systems
engineering will play a crucial role in making Quality by Design possible. A focal point
of process systems engineering is a systems-oriented framework that is based on chemical
engineering unit operations. While the unit operations approach has served the chemi-
cal industries, there are recent ideas for designing manufacturing processes by leveraging
ideas from process intensification. A recent idea in process intensification is the concept
of elementary process functions (EPF) which proposes designing processes by considering
their inherent functionalities instead of already prescribed unit operations. By so doing,
the optimal route in thermodynamic state space can be obtained and then technically ap-
proximated by either an appropriate off-the-shelf unit operation or could lead to the design
of novel processes. So far the, EPF approach has found success specifically in the area of
reactor design for the production of bulk chemicals. Therefore, the major goal of this the-
sis is to extend the EPF approach to design optimal reactors for pharmaceutical process
development and manufacturing.

There are four main contributions in this thesis. First, it is shown how the EPF con-
cept can be adapted to design reactors for the synthesis of active pharmaceutical ingredi-
ents—small molecule drugs—and organic intermediates. By considering the nucleophilic
aromatic substitution as a case study, it is demonstrated that the residence time in compar-
ison to results from the literature could be reduced by 33% by only exploiting the heating
flux and that dosing strategies have no benefits in this case.

Second, the EPF approach was extended to enzyme-catalyzed reactions specifically ben-
zaldehyde lyase (BAL)-catalyzed carboligation. In contrast to the preceding case study, it
was shown that dosing strategies could lead to a 13% improvement of the final product
concentration in comparison to a reference batch reactor. Moreover, this result was experi-
mentally validated.

Based on this improvement, a robust optimal reactor for the BAL-catalyzed carboliga-
tion was designed as the third contribution of this thesis. In doing so, a systematic reactor
design approach that combines the EPF conceptual framework, global sensitivity analysis,
and a novel point estimate method-based back-off strategy was proposed. It was shown
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