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In the industrial environment, near infrared spectroscopy (NIRS) on one hand enjoys increasing popularity due to its defined advantages over classical ana-

lytical techniques (e.g. chromatography) including fast, non-invasive and simultaneous determination of several physical and chemical parameters. On the

other hand, hardly any other analytical discipline is making such fast and fundamental technical and theoretical advancements. Miniaturization of spectrom-

eters down to light weight portable devices is achieved via micro-electro mechanical systems (MEMS) or linear variable filter (LVF) instruments, operating

with restricted performance in a defined wavenumber range. Fast NIR imaging devices are becoming popular checking conformity and spatial distribution

of ingredients. NIRS is also benefiting from theoretical advances including design of experiment (DOE) for systematic optimization purposes, special algo-

rithms for calibration transfer between different types of spectrometers, and last but not least, quantum chemical approaches are becoming essential for

distinct band assignments especially in case of complicated combination and overtone vibrations. Care must be taken about how these advancements can

be successfully applied in the industrial environment.

Introduction

The number of publications dealing with “infrared spectros-
copy” has been linearly increasing during the last decade.
Performing a SciFinder database search of the American
Chemical Society (ACS) shows that between 2006 and
2016 the total number of published manuscripts increased
from 1000 to 2500. One reason for this increase is the fact
that the several advantages of NIRS get more and more
appreciated also by the industry: fast analysis, high-sample
throughput, simultaneous determination of chemical/phys-
ical parameters, ease of application, possibility to use port-
able instruments, cost reduction etc. Another reason is the
two main food scandals, the milk and horse meat scandals
in 2008 and 2013, respectively, which pointed out clearly
the necessity to develop a fast and powerful analytical tech-
nology for quality control. During the milk scandal China
reported an estimated 300,000 victims in total. Six infants
died from kidney stones and other kidney damage with an
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estimated 54,000 babies being hospitalized.»? During the
horse meat scandal, of 27 beef burger products tested, 37 %
were positive for horse DNA, and 85 % were positive for pig
DNA.? Food fraud in general has been shown to be a serious
problem urgently demanding efficient quality control tools.? ™
From these dramatic circumstances it becomes clear that
there is a permanent demand for innovations in analytical
chemistry in order to increase efficiency, in terms of speed
of analysis enabling high sample throughput, sensitivity to
improve the detection limit and selectivity to find the needle
in the haystack (Figure 1). One attempt to improve efficiency
is to link NIR spectroscopic data with highly potent other
analytical (reference) methods: Solid-phase extraction (SPE),”
miniaturized liquid and electrophoretic separation techniques
(LLC, CE)®” and mass spectrometric (MS)® methods allow
to achieve some of these aims. From the technical point of
view, there are currently two mainstream trends in analytical
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Why Analytical Innovations?

= High sample throughput

= Improved detection limit

* Needle in haystack

Figure 1. Demanded innovations in analytical chemistry.

vibrational spectroscopy: The first trend is to achieve
higher performance, which requires the implementa-
tion of expensive equipment, e.g., laser light sources
and sensitive detectors. The second trend is towards
miniaturization, which allows cheap and easy analysis at
any independent place and/or time by small and portable
spectrometric devices, including data transfer via WLAN
or Bluetooth (Figure 2).*°

Miniaturization

Miniaturization is one of the major trends in NIR spec-
troscopy. Today, small NIR sensors are either based on
micro-electromechanical systems (MEMS) or linear vari-
able tune able filters (LVTF) for appropriate wavelength
selection.’® Lutz et al. described the modification of
an InGaAs diode array detector equipped miniaturized
NIR spectrometer enabling the reliable quantification
of ethanol blended gasoline.'® A transflectance meas-
urement cell was presented, utilizing a thermoelectric
cooling (TEC) appliance ensuring thermostatic measure-
ment conditions and a gold-coated spherical mirror as a

reflector superior to conventional Spectralon®. The test-
set validated multivariate partial least squares regression
(PLSR) model of the measurement mode involving both
gold mirror and TEC yielded an RZ, value of 0.997, a limit
of detection (LOD) of 0.68% w/w, a limit of quantifica-
tion (LOQ) of 2.04% w/w, a standard error of prediction
(SEP) of 0.21% w/w and a ratio performance deviation
(RPD) of 15.2. Additionally, the NIR band assignment
has been established by employing the vibrational self-
consistent field second order perturbative treatment
(PT2-VSCF) and the computationally derived absorption
maxima were compared to the experimentally observed
data.©

As different benchtop and miniaturized spectrom-
eters operate in different wavenumber ranges and
resolution, a critical and systematic performance
evaluation is needed. For this purpose the workflow
presented in Figure 3 can be very helpful, which on
the right side performs a detailed comparison based on
multivariate data analysis (MVA) also considering two
dimensional-correlation spectroscopy (2D-COS) and
the determination of the LOD, on the left side quantum
chemical calculation can be very helpful checking for
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Figure 2. Trend towards miniaturization of NIR spectrometers.
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Figure 3. Workflow for the critical evaluation of benchtop and miniaturized

correct band appearance and assignment. Kirchler et al.
described the critical evaluation of spectral information
of benchtop vs portable NIR spectrometers, conducting
quantum chemistry and 2D-CQOS for a better under-
standing of PLS regression models of the rosmarinic
acid content in Rosmarini folium.*? Henn et al. performed
a similar study determining the performance of minia-

turizations on melamine in milk powder*® and compared
the sensitivity to artificial spectral errors and multi-
variate LOD. The best RMSEP values were 0.28g/100g,
0.33g/100g and 0.27g/100g for the NIRFlex N-500,
the portable/miniaturized spectrometers microPHAZIR
and the microNIR2200, respectively. Furthermore, the
multivariate LOD interval [LODmin, LODmax] was
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calculated for all the PLSR models unveiling significant
differences among the spectrometers showing values
of 0.20-0.27g/100g, 0.28-0.54g/100g and 0.44-
1.01g/100¢g for the NIRFlex N-500, the microPHAZIR
and the microNIR2200, respectively. To assess the
robustness of all models, artificial introduction of white
noise, baseline shift, multiplicative effect, spectral shrink
and stretch, stray light and spectral shift were applied.
Monitoring the RMSEP as function of the perturbation
gave an indication of robustness of the models and
helped to compare the performances of the spectrom-
eters. Not taking the additional information from the
LOD calculations into account one could falsely assume
that all the spectrometers perform equally well which
is not the case when the multivariate evaluation and
robustness data were considered. These two applica-
tion examples clearly show the efficiency of the scheme
introduced in Figure 3.

Material enhanced infrared
spectroscopy (MEIRS)

Material enhanced infrared spectroscopy (MEIRS) is a
method that combines the beneficial properties of solid-
phase extraction (SPE) and infrared spectroscopy.'®'?
Petter et al. introduced in 2009 a novel MEIRS approach
for the fast and automated quantification of low-density
and high-density lipoproteins (LDL and HDL) in human
serum,' replacing time-consuming routinely applied
wet chemical analyses. This MEIRS approach definitely
benefits from the automated combined enrichment and
measurement approach. Titanium oxide beads were used
as an adsorbent for selectively immobilizing LDL and
HDL-cholesterol, further analyzing the incubated and
washed samples via NIR diffuse reflection spectroscopy.
A principal component regression (PCR) model of 24
LDL standards in a range from 500 ppm to 3000 ppm
(clinical value is 1500ppm) and a partial least squares
regression (PLSR) model of 25 HDL standards in a range
from 100ppm to 1000 ppm (clinical value is 400 ppm)
were computed. The regression correlations were >0.99
(calibration) and >0.97 (validation). The PCR model of
the MEIRS based TiO,-LDL showed a standard error of
estimation (SEE) of 122.80ppm and a standard error of
prediction (SEP) of 121.15 ppm while the PLSR model of
TiO,-HDL showed 47.70ppm and 47.14 ppm, respec-

tively. The MEIRS principle can be easily extrapolated to
similar analytical investigations.

Theoretical NIR spectroscopy

Theoretical NIR spectroscopy based on quantum chem-
ical calculations is becoming more and more important
to understand the highly complexity of NIR spectra.'® An
excellent example for its powerful efficiency is summa-
rized in the following: Grabska et al. described the
temperature drift of conformational equilibria of butyl
alcohols studied by NIRS and fully anharmonic DFT.Y In
this contribution four kinds of butyl alcohols, 1-butanol,
2-butanol, iso-butanol and tert-butyl alcohol, were inves-
tigated in diluted (0.1 M) CCl, solutions. The experimental
NIR spectra were accurately reproduced and explained in
a fully anharmonic DFT study by means of generalized
second-order vibrational perturbation theory (GVPT2).
Conformational populations were taken into account in
each case. The temperature-dependent NIR spectra of
butyl alcohols show changes in the band shape and a
blue-shift of the overtone band due to the stretching
mode of free OH group. Intensity decreases with
increasing temperature. These effects can be monitored
by two dimensional-correlation spectroscopy (2D-CQOS).
In this contribution, the experimental 2D-COS patterns
have been successfully reproduced, based on DFT calcu-
lated NIR spectra of conformational isomers of the
studied molecules and their Boltzmann coefficients over
the corresponding temperature range. Thus, the experi-
mentally observed effects are fully reflected in the DFT
study, which leads to the conclusion that the main factor
in the temperature-dependent spectral changes of 2vOH
band of aliphatic alcohols in the diluted phase, where no
self-association occurs, is played by the changes in the
relative population of their conformational isomers. In
the future, these quantum chemical calculations must be
extrapolated to larger molecules.

Application fields

Application fields discussed include medicinal plants, food,
bio- and material analysis (Figure 4). Medicinal plants are
becoming more and more important as an alternative to
synthetic drugs. In case of food methods, to detect fraud
and quality are required. In the bio- and material analysis
fields time consuming traditional methods for quality
control should get replaced.
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Figure 4. Application fields.
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The quality of a medicinal plant is developing during its
growth. Therefore, Pezzei et al. investigated the applica-
tion of benchtop and portable NIR spectrometers for
predicting the optimum harvest time of Verbena offici-
nalis.*™® NIR analyses were performed non-invasively on
the fresh plant material based on the quantification of the
key constituents verbenalin and verbascoside. Vibrational
spectroscopic measurements were performed applying a
conventional NIR benchtop device as well as a laboratory
independent handheld NIR spectrometer. Quality param-
eters obtained for the benchtop device revealed that the
newly established NIR method enabled reliable quantifi-
cations of the main compounds verbenalin and verbas-
coside related to the dried and fresh plant material. The
results of the miniaturized spectrometer revealed that
accurate quantitative calibration models could be devel-
oped for verbascoside achieving a comparable prediction
power to the benchtop device (Table 1). PLS models for
verbenalin were less precise suggesting the application
of portable devices including a different spectral range
and resolution.

The critical performance evaluation of benchtop and
miniaturized spectrometers for the quantitative anal-
ysis of rosmarinic acid in Rosmarini folium conducting
2D-COS and quantum chemical calculations has already
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been summarized.'? The possibilities employing spectral
imaging for medicinal plant quality control have been
recently reviewed by Tiirker-Kaya et al."?

Food

Food scandals and fraud demand new analytical quality
control tools. Schmutzler et al. developed a method for
detection of pork adulteration in veal product based
on NIRS for laboratory, industrial and on-site analysis.°
Measurements were also carried out directly through
a polymer packaging of the samples and compared to
measurements through quartz cuvettes. Meat and fat
adulteration could be detected up to the lowest level
of contamination (10%) applying a laboratory setup and
the industrial fibre optics setup, regarding measurements
through quartz and polymer packaging. Analyses with
the on-site setup led to successful separation up to the
lowest degree of contamination (10 %, measurement
through quartz cuvettes) regarding meat adulteration
and up to 20% and 40% contamination regarding the fat
adulteration performing measurements through quartz
cuvettes and through polymer packaging, respectively.

In 2016 Schmutzler et al. developed an automatic
sample rotation machine enabling the simultaneous
determination of geographical origin and quality char-
acteristics of apples based on NIRS.?*?? |n this contribu-
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accomplished as well as the quantitative analysis of
physical parameters including particle size, porosity and
surface area.*”
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Conclusions

Since 2010, altogether 290 publications have been
registered in the SciFinder database of the ACS dealing
with “near infrared spectroscopy in industry”, showing a
yearly slight increase due to the growing interest towards
implementing NIRS in the industrial environment. In the
following years, miniaturization and quantum chemical

calculations will further push the implementation of NIRS.
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