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Abstract: With ever-increasing pressure to optimize product quality, to reduce cost and to safely increase produc-
tion output from existing assets, all combined with regular changes in terms of feedstock and operational targets,
process monitoring with traditional instruments reaches its limits. One promising answer to these challenges is
in-line, real time process analysis with spectroscopic instruments, and above all Fourier-Transform Near Infrared
spectroscopy (FT-NIR). Its potential to afford decreased batch cycle times, higher yields, reduced rework and
minimized batch variance is presented and application examples in the field of fine chemicals are given. We
demonstrate that FT-NIR can be an efficient tool for improved process monitoring and optimization, effective
process design and advanced process control.
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1. Introduction

Process monitoring and control in the
fine chemical industry is today still mostly
limited to the measurement and control of
physico-chemical parameters like temper-
ature, pressure, density, conductivity, pH
or pO,. Information on a molecular level
typically provided by gas chromatography
(GC) or high-performance liquid chroma-
tography (HPLC) is mostly only available
in off-line mode (see Fig. 1). The tradi-
tional off-line (instrument located in a lab-
oratory) or at-line (instrument located in a
production area) modes require a sample
which is normally taken manually. This
sample is then analyzed by a technician
in a laboratory (off-line) or by an operator
with the instrument located in the produc-
tion area (at-line). It takes typically 30-60
minutes for the result to be available. The
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Fig. 1. Different production analysis principles.

whole process being rather labor intensive
clearly limits the potential sampling and
measurement frequency. The risk of con-
taminations of both the sample as well as
the process and in many cases the need for
sample quenching and/or stabilization are
further drawbacks. For fed-batch processes
off-line/at-line analysis often requires an
interruption of the process leading among
other consequences to an increased batch
cycle time.

These drawbacks call for in-line or on-
line measurement technologies providing
information on the molecular level at the
point of interest in real time without the
need for sampling. In the case of in-line
measurements, the probe is directly placed
in the vessel providing real time results at a
high frequency. On-line measurement tools
are often placed in a recirculation loop al-
lowing a variety of pre-treatments before
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analysis, leading to a short delay. Both in-
line and on-line instruments are less prone
to human error and typically directly linked
to the process control system for data vi-
sualization and recording. At the same
time, the results can be used without delay
for process control purposes. The last de-
cades have seen significant innovation and
development in the field of in-line/on-line
instrumentation and today a range of spec-
troscopic tools including FT-IR (Fourier
Transform Infrared) and FT-NIR (Fourier
Transform Near-Infrared) are available.
These methods allow fast and accurate in-
line sensing of key parameters including the
concentrations of substrates as well as main
and side products leading to comprehensive
reaction monitoring and ultimately process
control. These non-destructive techniques
provide a multi constituent analysis with
accuracies similar to currently used (off-
line) methods (i.e. GC, HPLC, NMR).

2. Spectroscopic Technology

2.1 FT-NIR - General Aspects

Today FT-NIR spectroscopy is increas-
ingly gaining popularity as an important
method for monitoring of chemical pro-
cesses.[ll A growing number of companies
complement or replace conventional ana-
lytical tools with spectroscopic methods
which yield analytical results within just a
few seconds. The main driver of these ef-
forts is always the potential to reduce costs
and increase competitiveness. Avoiding
time-intensive off-line analysis often en-
ables further optimization of production
processes.

The installation of NIR-systems is
rather straightforward: It only requires
introducing a probe or sensor head in the
process via a standard measurement port.
The measurement signal is transmitted to
the spectrometer via an optical fiber. The
spectrometer, which performs the mea-
surement, is connected to the PC, where
the evaluation is done. It transmits the re-
sults via a communication interface to the
process control system (see Fig. 2).

By virtue of this technique, to transmit
the signals via light, the spectrometer does
not need to be installed adjacent to the
production vessel as it would be the case
for FT-IR installations, thereby avoiding
costly investments for temperature and
humidity control, explosion prevention,
etc. Furthermore, besides the light source
which needs to be changed annually, a
spectrometer requires almost no consum-
ables causing therefore only negligible op-
erational and maintenance costs.

2.2 FT-NIR Application Fields
With one single NIR measurement of
the absorption of near-infrared light of the
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Fig. 2. Schematic view of a Bruker Matrix-F installation, where the system itself is outside the po-
tentially explosive zone (EX) and only the fibers and the probes are inside the EX-zone.

sample at different wavelengths, multiple
components can be analyzed in less than
one minute in solid samples as well as
in liquids. The recorded NIR spectrum is
characterized by overtones and combina-
tions of the fundamental molecular vibra-
tions of molecules containing C—H, N-H
or O—-H groups, making NIR spectroscopy
the first choice for the analysis of organic
materials in the chemical, pharmaceutical,
food, feed and agricultural industries. This
opens a wide field of applications, mak-
ing FT-NIR a valuable tool for raw mate-
rials inspections, in-process-monitoring/
control as well as final quality testing and
validation.]

2.2.1 Raw Materials Identification

Every organic material has a unique
NIR spectrum — like a finger print.
Therefore, NIR is widely used as a reli-
able tool for substance identification and
authentication, especially for inspection of
incoming raw materials. Fully automated
software routines provide quick informa-
tion whether a tested raw material is iden-
tical to the expected substance (identifi-
cation) and whether it meets its required
specifications (authentication). Along the
same lines, FT-NIR is also a powerful and
efficient tool to verify that the raw materi-
als charged into a vessel correspond well to
the established recipe, allowing to identify
again off specification material, raw mate-
rial concentration variations and contami-
nations as well as preparation and charging
erTors.

2.2.2 Multi Component Quantitative
Analysis

The amount of light absorbed by the
sample depends on the concentrations of
its ingredients (Beer’s Law). In order to
quantify the different components of an
ingredient mixture the spectrometer de-
termines the light absorption/loss at the

related characteristic frequencies. Since
the NIR spectrum contains the analytical
information of every component of the
mixture simultaneously, quantitative infor-
mation of all constituents is accessible by
collecting just one spectrum, once the sys-
tem has been calibrated for the individual
components. Data generated by this ap-
proach can be used by the production per-
sonnel for real-time decisions. Regardless
whether the instrument is delivered with
established calibrations or if the users cre-
ate their own calibrations, a fast analysis
of multiple components is provided in an
efficient and cost-effective manner.

2.2.3 In-line Process Control

The fiber optic probes allow the point of
analysis to be located directly in the reactor
or tank/container. Typical examples are the
monitoring/surveillance of chemical reac-
tions, distillations and rectifications, crys-
tallizations and drying processes. Specific
quality parameters can be controlled in
real-time directly in the process, rendering
time-consuming lab analysis superfluous.
Since results are obtained within a few sec-
onds, the process can be followed with high
accuracy in real time. This allows in many
areas to directly control the production
processes on a molecular level via FT-NIR
spectroscopy, leading to increased yield,
reduced batch cycle times, better product
quality and fewer out-of-spec batches.

2.2.4 Process Understanding and Inno-
vation

Spectroscopic analytical technology
providing real-time information on a mo-
lecular level is also very useful to gain in-
sight into the reaction kinetics as well as
understanding separation processes. These
devices allow process knowledge to be
gained in a fast and efficient manner com-
pared to the typically used, low frequency
standard methods (GC and HPLC). This
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is very useful during the process develop-
ment phase but also later for process in-
novation and process optimization on a
production scale.

These analytical tools can also play a
pivotal role in the identification of the key
process parameters and their evolution to-
wards the ‘Golden Batch’ (i.e. the ideal
batch providing both an excellent yield,
productivity and final product quality).
Once the characteristic profile of a ‘Golden
Batch’ has been identified, spectroscopic
tools can also serve as a vector to put reci-
pes and control algorithms in place to rep-
licate the selected key process trajectories
on a regular basis.

2.3 Advantages of FT-NIR
Spectroscopy

Compared to classical physico-chemi-
cal, wet chemical and chromatographic an-
alytical tools FT-NIR technology is quick,
cost-effective, non-destructive, and safe as
no hazardous chemicals are used. Further
advantages include:

2.3.1 Precision in a Production Envi-
ronment

Bruker’s  patented ‘Rock-Solid-
Interferometer’ uses Cube Corner mirrors,
in contrast to flat mirrors which are used
in the classical ‘Michelson Interferometer’
(Fig. 3). Cube Corner mirrors guarantee an
ultra-precise guidance of the light beams
passing the interferometer, even if external
vibrations occur. Especially in a chemical
industrial production environment, this is
of crucial importance.

2.3.2 Direct Calibration Data Transfer

The FT-NIR technology provides a
high wavenumber accuracy and permits
the transfer of calibration models from
one FT-NIR instrument to another without
time-consuming standardization routines.
A stable calibration can be run for many
years or even decades without having to be
adjusted.

2.3.3 Easy and Accurate Analysis of
Heterogeneous Samples

Since NIR methods require no sample
taking and preparation, the potential for
sampling error is significantly reduced,
leading to an improved analytical accu-
racy and reproducibility. This also elimi-
nates the contamination risk both for the
sample and the process. For an NIR mea-
surement in the lab, the sample is simply
filled into a glass vial or Petri dish as glass
is transparent in the NIR spectral region.
Since NIR light not only analyses the sur-
face but penetrates deeper into the material
(several micrometers to millimeters), it is
ideally suited for the analysis of heteroge-
neous samples leading to much more reli-
able and stable process monitoring results.

Fig. 3. Schematic
view of a planar mirror
vs a Cube Corner mir-
ror. A small tilt in the
flat mirror will reflect
the light at a wrong
angle. Cube Corner
mirrors are not af-
fected by tilts.

-
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In an in-line measurement mode, the effect
of heterogeneity is compensated further by
the natural movement of the sample pass-
ing the spectral window of the probe. With
FT-NIR even the presence of bubbles in-
side a reactor will not significantly disturb
the measurement and will result only in
a slightly decreased signal-to-noise ratio.
The effect can be even further suppressed
electronically by using a correlation mode
inside the software which avoids the mea-
surement whenever the signal is too low.

2.3.4 No Chemicals, no Waste

In contrast to wet chemical and chro-
matographic tools like GC or HPLC, the
NIR method requires no chemical reagents
and generates no waste or pollution.

2.3.5 Long-range Data Transmission

NIR spectra can be recorded directly
in reactors and containers or tanks via fi-
ber optic probes. The probes are directly
mounted into the reactor transmitting the
light over long distances (> 100 m) from
and to the spectrometer, eliminating the
need to install the spectrometer directly in
the production or warehouse area.

2.4 Probes

Probes or measuring cells are at the
heart of the process and designed to per-
form under harsh and fluctuating condi-
tions. They are used to constantly assess
the composition in real time and have to be
very reliable. The selection of the materials
for the probes is based on the (chemical)
milieu and on the physical conditions (i.e.
temperature and pressure) of the process.
The probe construction materials include
robust Hastelloy alloys, different stainless-
steel grades, or even extremely resistant ti-
tanium (Fig. 4). Different kinds of O-ring
are used as sealing or even probes with
welded optics are available.

Fig. 4. Bruker Matrix-F with a transmission
probe mounted on channel 1. The system can
be equipped with up to six completely different
probes for the monitoring of up to six com-
pletely independent and unrelated vessels.

The optical materials employed in the
probes and measuring cells are often cus-
tom-made to match the process conditions.
Quartz and sapphire do extremely well,
thanks to their ultra-high degree of pre-
cision as well as their excellent chemical
resistance. The probe required can be se-
lected through a modular design approach
and custom-made to fit the specific process
conditions at hand.

2.5 Multivariate Calibrations for FT-
NIR Systems

Compared to the classical univariate
calibration, multivariate calibration meth-
ods use not only one spectral data point
for the calibration, but the whole spectral
range. The advantage of this type of cali-
bration is the amount of spectral informa-
tion accessible and processed, so that even
minor differences in the sample spectra can
be identified.[2!

Univariate calibration analysis is a
method well known in any analytical
laboratory and used for example also for
FT-IR systems. Calibrating such a system
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requires the analysis of a set of calibration
samples where known concentrations are
plotted against the measured peak heights
or areas. In order to analyze multicompo-
nent samples, a characteristic signal for
each component has to be identified and
used for the calibration and subsequently
the analysis. These signals must be well
separated to lead to a reliable measure-
ment. Univariate calibrations suffer from
the following shortcomings:

— Outliers or perturbations caused by
additional unknown  components
(contaminations) are not recognized
because the concentration of the sub-
stance is determined by one spectral
point only.

— Statistical fluctuations caused by de-
tector noise influence directly the
concentration values. Therefore, dupli-
cates are required to assure the required
accuracy.

Multivariate calibrations as used for
FT-NIR systems take into account the spec-
tral features over a wide range. Therefore,
the analysis of overlapping spectral bands
or broad peaks becomes feasible. The in-
formation contained in the spectra of the
calibration samples will be compared to
the information of the concentration values
using a PLS (Partial Least Squares) regres-
sion. The method assumes that systematic
variations observed in the spectra are a
consequence of the concentration change
of the components.

The advantages of multivariate cali-
bration techniques are today undisputed.(?!
By taking all the spectral information into
account during the calibration process, the
subsequent measurements can be carried
out with high precision. Furthermore, it is
possible to identify outliers reliably, and
even to evaluate bands, which are massive-
ly overlapped with signals of other compo-
nents, which often occurs in spectroscopy.
The MDI-value (Mahalanobis-Distance)
is constantly monitored and provides a
measure whether the quality of the ac-
quired spectrum is well represented by the
calibration model. It is therefore a quality
indicator providing a measure whether the
calculated concentration result of a spe-
cific component is reliable or not.

The method development used for
multivariate calibration is entirely differ-
ent from the approach used in univariate
calibration, although they both depend on
a reference method. For univariate cali-
brations one normally tries, as described
above, to find a signal that can be evaluat-
ed quantitatively without any overlapping
from other spectral structures. In multivari-
ate calibrations, larger spectral areas are
combined intentionally. It does not matter
whether the signals of various other sys-
tem properties overlap in these areas. The
combination which is best suited for the

analytical method can be found reliably by
testing all sensible combinations and per-
forming a consecutive validation. Usually,
no expert knowledge is required regarding
the spectra of the pure substances which
are to be analyzed.

3. FT-NIR Spectroscopy Applied to
Chemical Production Processes

The fine chemicals industry, as men-
tioned earlier, still mostly relies on stan-
dard physico-chemical analytical meth-
ods (often installed in in-line mode) and
off-line analysis especially for reaction
monitoring and product quality analysis
(see Fig. 5 — top section). However, the
ever-increasing pressure on ecological and
economical process sustainability requires
the fine chemicals industry to step up to
the next level. It is therefore essential to
move towards the use of advanced pro-
cess analytical techniques (PAT),B! with
FT-NIR being one of the most promising
tools. It can be applied to multi-component
systems with concentrations ranging from
0.1-100%, even for chemically similar
substance structures.

At Firmenich, FT-NIR analysis has
been evaluated in several (fed)-batch reac-
tion and fractionation processes. For both
process types off-line analysis is currently
playing a pivotal role. The initial target for
the fed-batch process was to replace off-line
GC analysis leading to a process interrup-
tion and therefore to reduce the batch cycle
time via an in-line FT-NIR-based process
monitoring. In addition, transferring the

information generated via the FT-NIR
analysis to the DCS (Distributed Control
System) would enable the production per-
sonnel to follow the fed-batch process in
real time (see Fig. 5 — middle section).

In the case of the fractionation process,
the objective was to improve the fraction
collection process. So far, the fraction col-
lection was based on arecipe and the individ-
ual fractions were then analyzed via off-line
GC. Real-time and in-line FT-NIR analysis
would allow off-line GC analysis and the
recipe-based approach to be replaced with
a more efficient and cost-effective control
algorithm. This would also allow the work
load on the central analytical lab to be re-
duced as well as trimming the number and
the quantity of intermediate fractions hav-
ing to be reprocessed and thereby liberating
valuable production capacity.

The approach selected for the FT-NIR
technology evaluation was to perform first
a feasibility study on laboratory scale to as-
sure that the tool could provide the required
information. If successful and promising,
the next step would be the implementation
of the FI-NIR technology on production
scale and to test the transfer of the calibra-
tion methods developed on lab scale (i.e.
oft-line) to production scale.

In a next phase and moving beyond
process monitoring, the ultimate goal for
the fed-batch reaction is using the new in-
line generated information to improve the
product quality in the context of raw mate-
rial variations and external disturbances in-
cluding variations in the equipment perfor-
mance. An additional ambition is to move
from a recipe-based substrate feeding to a

Standard Process - Off-line analysis
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Raw Material
FT-NIR based Process Monitoring

Feed Back Control
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Feed Forward Control
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Fig. 5. lllustration of process optimization and process control options applying real-time process
analysis via FT-NIR: Standard process: Off-line analysis — FT-NIR based process monitoring —
FT-NIR enabled closed loop advanced process control. On the right the precision of the predicted

values is depicted.
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Scheme 1. Reaction Scheme: Sclareolide to
Ambrox® Super transformation.

closed loop control of feed pumps apply-
ing both feed forward as well as feedback
control (see Fig. 5).

3.1 Feasibility Studies

3.1.1 Fed-batch Reaction — Laboratory
Scale Feasibility Study

The process selected for the technology
assessment consisted of one of the steps of
the chemical transformation represented
by Scheme 1.

In a first step, a fed-batch laboratory
trial was carried out with an FT-NIR probe
linked to a Bruker Matrix-F (see Fig. 4).
The experimental set up is depicted in
Fig. 6. A 1 liter laboratory reactor equipped
with a 2 mm transmission probe was used
for the initial assessment.

This setup allowed the laboratory-scale
reaction to be followed in a continuous
manner in real-time with a high resolution
in time. From the collected spectral data, it
was possible to identify distinct changes at
specific wavelengths which in turn allowed
trends to be extracted that reflect well the
conversion of the substrate and the forma-
tion of the product (Fig. 7). This already
demonstrated that FT-NIR could be used
for a qualitative monitoring of the reaction.

However, in order to obtain quantita-
tive information for the concentration of
the substrate, product and side products a
calibration via a primary analytical method
had to be carried out. GC analysis was the
reference method of choice as it had been
used so far for the off-line process moni-
toring. The FT-NIR spectroscopy is typi-
cally an indirect analytical method unless
samples with a known concentration and
reflecting precisely process conditions can
be prepared (e.g. via spiking). The initial
calibration was performed with 15 samples
taken during one laboratory run. These
samples were then analyzed in off-line
mode by GC based on an internal standard
method supplemented with response fac-
tors. The GC data were then correlated to
the FT-NIR spectra allowing a calibration
to be obtained for the substrate conver-
sions. As illustrated in Fig. 8 there was a
very good fit between the effective mea-
surements and the predicted value of the
substrate concentration with only one out-
lier that did not fit the model well.

This initial laboratory scale investiga-
tion demonstrated the feasibility to moni-

Fig. 6. Laboratory
set up for the FT-NIR
evaluation — 1 liter
laboratory reactor
with a2 mm
transmission probe
installed and con-
nected to a Matrix-F
process spectrom-
eter.

NIR liquid probe

Fig. 7. FT-NIR spectra
with an extraction of

characteristic wave-
lengths representing
the substrate conver-
sion and production
formation.
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tor the targeted reaction via FT-NIR on-
line and real-time analysis.

3.1.2 Batch Fractionation — Feasibility
Study

Several approaches exist today to
control and optimize batch fractionation
processes with respect to the reflux ratio.
However, the fractions are mostly still ana-
lyzed in off-line mode via GC or HPLC.
Therefore, a fractionation recipe which is
based on distillation time and/or distillate
volume/mass has to be put in place. Based
on the off-line analysis the fractions are
then blended to afford the final product.
Fractions not meeting the quality standard
have to be reprocessed, leading to an im-
portant additional effort and a loss of pro-
duction capacity. An in-line analysis in the
reflux or the distillate line providing real-
time composition information would allow
to considerably optimize the fractionation
process eliminating the need for off-line
analysis. In addition, linked to a control
algorithm, it would allow the number of

reprocessed intermediate fractions to be
reduced.

The batch fractionation selected for the
assessment of the optimization potential
via FT-NIR analysis is linked to a process
featuring a partial conversion. The goal
is to separate the residual substrate from
a product and several side products. In a
first step, the residual substrate has to be
removed with a sufficient purity for direct
recycling. In a next step, an intermediate
fraction is separated before the product is
removed and separated from the heavy side
products.

Compared to the fed-batch process a
different approach was selected for this
feasibility study. Samples directly col-
lected on production scale have been ana-
lyzed both by GC and FT-NIR in off-line
mode. These two data sets have then been
used to verify whether a correlation could
be established for the different key com-
pounds (e.g. residual substrate product and
two side products). The first results were
again very encouraging. Like in the first
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example a good correlation between the
GC data and the FT-NIR spectra could be
easily established as illustrated by Fig. 9.
This validated the suitability of FI-NIR
analysis for in-line, real-time fraction pro-
cess monitoring.

3.2 FT-NIR Implementation on
Production Scale

Based on the positive results of the
laboratory scale feasibility studies and the
promising process optimization potential
it was decided to implement the FT-NIR
technology on production scale for both
investigated applications.

As depicted in Fig. 2, in both cases only
the probe itself is installed in the hazard-
ous environment, the light signal and data
processing units (Matrix—F) have been
installed in the electrical control room re-
quiring optical fibers with a length of up
to 150 m.

3.2.1 Fed-batch Process - FI-NIR
Production Scale Implementation

Due to space limitations, the FT-NIR
probe had to be mounted from the reac-
tor head, requiring a special 2.5 m long
probe. Another challenge was the pres-
ence of bubbles and solids in the reactor.

In addition, it quickly became evident that
it was not possible to establish one single
calibration covering the entire concentra-
tion range with the accuracy required for
the end point measurement. Therefore,
two separate calibrations were developed,
splitting the desired measurement range
into two sections.

The first calibration covering the 100%
— 20% range required a reliable indica-
tion with a limited precision. The goal for
this process phase with the high second-
ary substrate feed rate was to remove the
off-line GC analysis and the correspond-
ing process interruption of 1 hour. Besides,
the NIR evaluation results were intended
to provide a real-time visualization of the
reaction progress to allow the production
personnel to take action if process devia-
tions occurred.

The second part for the concentration
range of 20% — 0% with the low substrate
feed rate, called for a precise measurement
of the primary substrate in order to allow
an accurate and reliable end point determi-
nation. Here again the target was to elimi-
nate the off-line GC analysis for process
follow-up to considerably reduce the batch
cycle time by 1 hour and more. Whereas
the set-up of the calibration for the phase 1
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was rapid, the second part required several
calibration iterations and a considerable
number of data points to achieve the tar-
geted accuracy. Besides an exact end point
measurement, the real-time, in-line analy-
sis will allow in the next phase to optimize
the yield and to reduce substrate losses.

Finally, a stable and reliable calibration
could be established for both sections as il-
lustrated by Fig. 10. This allowed the batch
cycle time to be reduced by more than two
hours and consequently to increase the
volumetric productivity of the reactor. In
addition, the in-line analysis reduced the
work load for the operators and for the cen-
tral process analytical lab as no more sam-
pling and off-line analysis was required.
The FT-NIR allows also variations of the
raw material and equipment performance
to be identified. This real-time information
enables the production teams to adjust the
process leading to an improved yield and
potentially a better product uniformity.

An FT-NIR method in place to moni-
tor the process in-line and in a real-time
mode will allow in a next phase to further
reduce the batch cycle time by moving
from a recipe-based substrate feed rate
to a process-controlled addition rate (see
Fig. 5). Precise determination of the initial
and final substrate concentration will allow
the process yield to be further optimized.
In addition, reduced (minimal) residual
substrate concentrations will simplify the
following processing step.

3.2.2 Batch Fractionation Monitoring

For the in-line monitoring of the batch
fractionation, the probe was mounted in
the distillate line right after the condenser
to minimize the time lag. The calibration
established during the evaluation phase
in ‘off-line’ mode on lab scale allowed
the fractionation process to be monitored
right after the installation of the FT-NIR
probes. After some additional fine tuning,
the FT-NIR delivered real-time concentra-
tion information which matched well the
off-line GC analysis. Fig. 11 illustrates
the evolution of a fractionation process
based on FT-NIR analysis based on over
100 spectra. As indicated, the sum of all
the concentration values was for most of
the process close to 100%. The somewhat
lower total concentration during the sec-
ond phase is explained by the fact that a
few minor side products have not yet been
integrated into the calibration. The dashed
lines for the MDI values are for the entire
process well below 1, highlighting that the
FT-NIR measurements matched well the
calibration model. Increasing MDI values
in the range of the intermediate fraction
(decreasing substrate A and increasing
product and side products) indicate that
some further fine tuning is required for this
important process phase.
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The possibility to follow the batch frac-
tionation in real-time will allow to move
from a recipe-based process to a process
controlled via in-line FT-NIR with the fol-
lowing benefits
— The number and size of intermediate

fractions required to be reprocessed is

reduced, thereby increasing the capac-
ity of the production vessel.

— The quality of the recycled residual
substrate but also of the product is im-
proved.

— The work load for the analytical lab and
the operation personnel is reduced.

All of this will lead to cost reductions
translating into a fast investment payback.

4. Summary and Outlook

Analytical instruments for in-line
and real-time measurement of physico-
chemical attributes (temperature, pres-
sure, conductivity, pH, pO,, efc.) are well
established and a large range of instru-
ments is available. However, instruments
useful for the analysis of molecular at-
tributes (i.e. concentrations of specific
compounds and their evolution) are still
scarce. FT-NIR is here one of the few pos-
sible choices. Feasibility has been dem-
onstrated for many applications ranging
from raw material inspection and valida-
tion, to process monitoring and quality
control of intermediate as well as final
products. In addition, the installation re-
quires typically only a short downtime.
Looking at the potential, it seems like
FT-NIR is poised to play a crucial role in
the process monitoring and visualization
of fine chemical production processes.
However, in spite of all the promising ad-
vantages presented in this article, it seems
that the culture change is still happening
at a rather slow pace.

The examples presented illustrate
the potential to optimize (fed) batch and
(batch) fractionation processes through
the application of in-line analysis via FT-
NIR spectroscopy. FI-NIR has provided
insight into reaction kinetics and even
reaction mechanisms, including initiation
mechanisms, substrate conversion, product
as well as side product formation and opti-
mal endpoint determination. Furthermore
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Fig. 11. Batch fractionation — FT-NIR measured evolution of critical substance concentrations.

FT-NIR helps to identify what is often re-
ferred to as a ‘Golden batch’. More impor-
tantly FT-NIR provides a tool to reproduce
the ‘Golden Batch’ reliably on produc-
tion scale by following the corresponding
trends of critical parameters.

The process gains allow typically for
a process optimization, process innovation
and ultimately for a very fast payback.
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