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Figure 1
Overview of the online NMR module: Reacting mixtures were pumped through a NMR flow cell within the
module. For data evaluation of the low-field NMR spectra, a spectral modeling procedure based on Indirect
Hard Modeling (IHM) was developed and validated. Online concertation profiles were shared with process
control systems via an integrated OPC UA server over intrinsically safe Ethernet cable or Wi-Fi connection.

Figure 2
(a) Illustration of the NMR module at a pilot plant
for continuous production of 2-Nitrodiphenylamine
(b) Illustration of tubular reactor and filter section
within the bypass to the NMR module.

Integrated Process Design using Modular
Plants
Novel discoveries, developments, and
concepts in the field of process engineering
and in particular process intensification are
currently promoted for analysis and design
of innovative equipment and processing
methods. Compared to traditional batch
processes, intensified continuous production gives admittance to new and difficult to
produce compounds, leads to better product
uniformity, and drastically reduces the
consumption of raw materials and energy.
Consequently, full automation is a prerequisite to realize such beneﬁts of intensiﬁed
continuous plants.
The recent developments of inovative
compact NMR spectrometers are therefore
remarkable due to their possible application
in process analytical technology (PAT) in an
industrial environment without high maintenance requirements.

The developed online NMR module (Fig. 1)
was provided in an explosion proof housing
and involves a compact NMR spectrometer
together with an automated data acquisition and evaluation unit, ﬂow control, as well
as data communication.
Results: Continuous Pharmaceutical
Reaction Step in a Modular Plant
The coupling of two aromats using a lithium
base, as important example of a pharmaceutical reaction step in industry, was
demonstrated (Fig. 2, 3). The reaction takes
place in a 5-10 wt% solution in tetrahydrofurane. Deviations from unknown starting
material and reactant concentrations
together with the precipitation of LiF will
lead to severe fouling and blocking of the
modules. Typically, metal organic reactants
are difficult to analyze due to the sensitivity
to air and moisture. Thus, this example
reaction was chosen in CONSENS to develop
and validate a compact NMR sensor to
maintain an optimal stoichiometry during
the full course of the continuous production.

From Lab Bench to Industrial Scale
Compared to conventional optical spectroscopic methods, NMR spectroscopy offers
some unique features for online reaction
monitoring [2]. However, those benefits have
not been exploited for PAT applications so
far.
Within the CONSENS Project [1], the challenge to adapt a commercially available benchtop NMR spectrometer to the full requirements of an automated chemical production
environment was tackled successfully.
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Figure 3: Scheme of modularized and continuous
production of 2-Nitrodiphenylamine
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