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1. Introduction

New developments in spectroscopic techniques for process con-
trol are in general driven by the shortcomings of existing technol-
ogy, e.g., when sensitivity, selectivity, robustness, etc. do not meet
the demands. The perfect process analytical method would be
based on a robust, non-invasive and easy to handle customized
technique operating in real-time. The ideal instrumentation comes
without any need for calibration, is an absolute method, has a pro-
fessional support, and is compliant to increasing regulatory
requirements. At least for NMR a trend can be observed towards
such an all-in-one device suitable for every purpose, also in NMR.

In process control, the usually measured parameters are tem-
perature, pressure, flow rate, feedstock and product composition,
most often as a function of time. One major issue is the time-rele-
vant feedback, which cannot be provided by most of the standard
off-line techniques. Sometimes density and viscosity (torqueme-
ter) are also monitored. The aim of reaction monitoring is com-
monly to follow material properties time-resolved for the
purpose of guidance and optimization of a given process. This is
driven by the need to save human and natural resources by an
optimized process (Section 2.1).

Alternative techniques used in process control are optical spec-
troscopy (UV–VIS, IR and especially NIR), ultrasonic velocity and
attenuation measurements. Most of these methods are nowadays
widely used as on-line instrumentation. In the case of commonly
applied optical methods, reliability is not guaranteed in case of
heterogeneous materials, and they usually require a considerable
calibration effort. Gas chromatography requires extensive sam-
pling and is time-consuming. Above all it is not completely
non-invasive. For heterogeneous materials the question about the

representative sample volume has to be addressed. NMR has the
potential to reflect both structural and conformational changes
according to spectral, diffusional and relaxation parameters. NMR
may be a valuable alternative to commonly used methods despite
the higher technical efforts required because it is unique with
respect to chemical selectivity.

Quantitative high-resolution on-line NMR spectroscopy can be
applied to the investigation of complex fluid mixtures containing
analytically similar compounds. The development of on-line (flow)
techniques has tremendously increased the value of NMR spectros-
copy as a non-invasive method for process development applica-
tions. Small low-field NMR systems equipped with permanent
magnets are available for quantitative analysis in quality control,
also as on-line instruments in production environments. These de-
vices typically work at magnetic field strengths up to about 2 T,
corresponding to 85 MHz 1H-frequency. In classic low-field NMR,
relaxation times and relaxation weighted signals represent prod-
uct, educt or process relevant variables. It should be mentioned
that ultra low-field NMR with 1H-Larmor frequencies in the kHz
range is not considered in this review. The interpretation of ultra
low-field NMR spectra is complicated because of small chemical
shift differences and is difficult to use for multi-component sam-
ples. The selective enhancement by hyper-polarization effects is
impressive but it probably cannot be generalized for each and
every process apart from the requirement of additional instrumen-
tation. Different spectrometer hardware is required for this type of
NMR, too, and even small time dependent magnetic fields in the
surrounding have to be avoided.

The focus in this review is on a robust low-field spectroscopic
technique which has the potential to be widely applicable in an
industrial or technical environment. The development is related

Nomenclature

a conversion
a parameter of Lorentzian line shape
b parameter of Gaussian line shape
B0 static magnetic field
B1 radio frequency field
c concentration
dmax (maximum) Chemical shift
c gyromagnetic ratio
C relaxation matrix
Imax (maximum) Intensity
l0 magnetic permeability
M magnetization
Q quality factor
r distance
r position vector
sc correlation time
s residence time

T1 longitudinal relaxation time
T1,eff effective T1-relaxation time
T2 transverse relaxation time
T2,eff effective T2-relaxation time
t time
tres median of the RTD
tp repetition time
tacq acquisition time
td relaxation delay
v velocity
_Vmax (maximum) volume flow rate
V volume
x0 Larmor frequency
Dx line width
x,y,z Cartesian coordinates
x molar fraction
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