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Editorial Advisory Board

Mike Hennessy, Jr.
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Russ Algar University of British Columbia

T

Fran Adar Horiba Scientific

L. Robert Baker The Ohio State University
he fast data acquisition and minimal sample preparation
of laser-induced breakdown spectroscopy (LIBS) offer advantages for many applications. The combination of those

Matthew J. Baker University of Strathclyde
Ramon M. Barnes University of Massachusetts

features with the convenience of a portable device makes hand-

Matthieu Baudelet University of Central Florida

held LIBS very attractive for geochemical mapping, resource pros-

Rohit Bhargava University of Illinois at Urbana-Champaign

pecting, sample selection, and hazard identification. In our cover

Karl S. Booksh University of Delaware

story this month, Giorgio Senesi of the Institute for Plasma Science

Michael S. Bradley Thermo Fisher Scientific

and Technology, part of the National Research Council of Italy,
makes the case for the adoption of handheld LIBS for field research
on meteorites.
Two peer-reviewed articles this month also present research

Deborah Bradshaw Consultant
George Chan Lawrence Berkeley National Laboratory
John Coates Coates Consulting LLC

aimed at facilitating the application of alternative analytical tech-

John Cottle University of California Santa Barbara

niques to solve practical problems. X-ray fluorescence (XRF) spec-

Paul J. Gemperline East Carolina University

troscopy, for example, offers advantages for the determination of
the elemental composition of nickel-based alloys. The XRF method
developed by Na Zheng and colleagues at the Nuclear Power Insti-

David Lankin University of Illinois at Chicago, College of Pharmacy
Barbara S. Larsen DuPont Nutrition and Biosciences

tute of China provides the accuracy and precision needed to ana-

Barry K. Lavine Oklahoma State University

lyze these high-performance alloys while offering greater speed

Igor K. Lednev University at Albany, State University of New York

and ease of use compared to other techniques.

Bernhard Lendl Vienna University of Technology (TU Wien)

Ping Jiang and coworkers from the University of Jinan, in turn,
address the use of near-infrared (NIR) spectroscopy for the analysis
of the raw cement meal used in cement production. By examining

Ian R. Lewis Kaiser Optical Systems
Howard Mark Mark Electronics

the influence of sample bulk density on the NIR spectra, their study

R.D. McDowall McDowall Consulting

provides theoretical and technical support for implementing online

Gary McGeorge Bristol-Myers Squibb

detection of cement raw meal components using this technique.

Francis M. Mirabella Jr. Mirabella Practical Consulting Solutions, Inc.

In “Molecular Spectroscopy Workbench,” Fran Adar discusses
the practical application of another analytical technique. She explores the band assignments of a protein spectrum to assist those

Ellen V. Miseo TeakOrigin
Michael L. Myrick University of South Carolina

wishing to use Raman spectroscopy to understand the functionality

John W. Olesik The Ohio State University

of proteins.

Yukihiro Ozaki Kwansei Gakuin University

This issue also presents a tutorial on inductively coupled plasma–
tandem mass spectrometry (ICP-MS/MS). Method development for
ICP-MS/MS does not have to be difficult. The six steps provided in
this article will guide you to success.
Finally, in “Chemometrics in Spectroscopy,” Jerry Workman Jr.

Steven Ray State University of New York at Buffalo
Jim Rydzak Specere Consulting
Jacob T. Shelley Rensselaer Polytechnic Institute
Barry Wise Eigenvector Research Inc.

and Howard Mark present the first part of a series of different types

Jerome Workman Jr. Biotechnology Business Associates

of data transform algorithms. They note that commonly used data

Lu Yang National Research Council Canada

transformations are taken from an extremely small subset of the
potential options. By resurrecting some of the more novel and sophisticated methods that have all but disappeared, they hope that
some readers may decide to venture out to try some of these more
advanced techniques.
We hope you enjoy the issue.
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MOLECULAR SPECTROSCOPY WORKBENCH

Interpretation of Raman
Spectrum of Proteins
Fran Adar

In this month’s column, I review
the band assignments of a protein spectrum, pointing out why
it can be useful to know the band
assignments when attempting
to use the Raman spectra to understand the functionality of
proteins. In fact, the American
Chemical Society (ACS) has just
issued a virtual issue of Journal
of Physical Chemistry entitled
“Protein Crowding and Stability,” discussing how the protein
conformation impacts its biological functionality. I address
h ow t h e R a m a n s p e c t ra c a n
help with the determination of
protein structure.

B

ecause of the successes of
Raman spectroscopy in recent
years in many fields, including biomedical applications, its use is attracting
interest. Although successful applications
require the use of sophisticated software
algorithms to tease out the information
from complex data sets, it still can be useful to understand the origin of some of the
characteristic spectral features. In the case
of proteins, the CH–NH region does not
show huge variations, but the fingerprint
region is quite variable, and spectroscopic
assignment of the chemical origin of a significant number of those variations can
be made. With this type of information,
it then becomes possible to begin to infer
biochemical changes or function from
the spectra.
In this column, I review what is known
about the Raman spectra of proteins.
What is discussed is not new information;
it is available in numerous sources (1–4).
My hope is that individuals thinking about
using Raman spectroscopy in their research
can benefit from my explanation.
Representative Spectrum of a Protein
Figure 1 shows the spectrum of a fingernail, with the major bands of interest indicated. We treat each region individually.
The nails are composed of α-keratin that
has a high content of alanine, leucine, arginine, and cysteine, assembled into a helix
similar to the α-helix, and with a coiled ar-

www.spectroscopyonline.com

rangement that provides the strength of a
fibrous structure.
In forming a protein, there is a condensation of two amino acids to form each
peptide bond that is shown in Figure 2.
R represents the side groups that provide the identification of each particular
amino acid. The amide I and amide III
bands represent motion of atoms of the
peptide backbone. Both the amide I and
amide III bands reflect coupled vibrations of the backbone, which depend on
the secondary structure of the protein.
Note that there is one NH group and one
CH group associated with every amino
acid in the backbone. But there are additional NH and CH groups from particular
amino acid sidegroups that are tabulated
in Table II.
When the spectra of individual regions
are shown, they are shown with bandfitting, which is used to analyze a protein’s
structure. In reviewing a few articles
that make assignment of amide bands,
there is not always agreement in the band
assignments. Table I lists the frequencies
of the amide I and III bands, with reference to two publications indicating the
variations. Despite this lack of absolute
assignment, it has still been found to be
useful to bandfit and determine rough
estimates of relative amounts of structure.
In addition to these amide bands, which
involve coupled motions of the carbonyl
stretch, the backbone C–N stretch, and the
Februar y 2022
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FIGURE 1: Full Raman spectrum of a fingernail.
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FIGURE 2: Schematic representation of the condensation
of two amino acids to form a peptide.
TABLE I: Assignments of amide I and amide II bands (in
cm -1)

Amide I

β
sheet

Nonregular

(2)

1652–
1662

1672–
1674

1665–
1668

(3)

1650–
1656

1664–
1670

(2)

1264–
1272

1227–
1238

Poly
proline II

1680
1239–
1254

2971.1

Methine CH

-C-C-S-S-C-C3297.2

3061.1

500

3352.1

NH

Aromatic CH

3212.3

Symmetric and asymmetric
Methylene bands

1000

2874.0
2896.8

2000
1500

0
2700

2800

Amide I and Aromatic Bands
Figure 4 shows the spectrum in the amide I region. In addition
to the bands of the amide backbone, there are aromatic bands
that have also been assigned (4). For anyone interested to see
how much the bands in the Amide I region change in different
chemical environments, reference 6 is a good place to start (6).
Disulfide Stretch and Other
Bands that Reflect the Presence of S
There is one more region where the spectra are not complex, and
that is the region around 500 cm-1, where the -S-S- stretch appears
(Figure 5). The two bands that appear in the fit above 500 cm-1
are labeled GGG and TGG, where the G and T refers to the gauche
or trans dihedral angles of the following unit:

Symmetric and asymmetric
Methyl bands

2853.0

Intensity (counts)

2500

α
Helix

2929.0

Amide III

Reference

CH–NH Stretches
Because I am going to try to make sense of the structure in the
CH and NH region, I found it useful to tabulate the additional NH
and CH bands that arise from the side group structures and note
where their peak frequencies are believed to fall, which is shown
in Table II.
The fitting has revealed three relatively broad bands in the NH
region for this protein (Figure 3). One would expect these bands
to reflect changes in conformation and hydrogen bonding interactions in the molecule in the vicinity of the NH groups.
In the CH region, the highest frequency band is the aromatic
CH that appears at 3061 cm-1, the value that is most often quoted
for an aromatic CH. Note that this band can move 10–15 cm-1
in some modified compounds.
In the saturated CH region, we fit five bands and can match
these bands to predictions from assignments of classical organic
molecules. The methylene group often has symmetric and asymmetric stretches respectively near 2850–2900 cm-1, whereas a
methyl group has symmetric and asymmetric stretches respectively at approximately 2875–2920 cm-1 (5). The band at 2971 cm-1
is assigned to the methine CH. Generally, the envelope of CH
bands looks quite similar from protein to protein, but a careful
evaluation of the spectra of proteins with a small number of known
differences might enable a careful interpretation in regard to the
integrated intensities of these bands.

2900

3000

3100

3200

3300

3400

3500

3600

Wavenumber (cm-1)

FIGURE 3: CH–NH region of the spectrum, bandfitted
with the band assignments indicated.

NH bend, there are also NH stretches. Because the NH bond can
readily H-bond, the peak frequency moves around and broadens.
There are also CH bands, all of which fall below 3000 cm-1 except
for the aromatic CH at ~3060 cm-1. First, we look at the CH–NH
region and then the carbonyl region.
10 Spectroscopy 37(2)
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There is a third possibility that can also be observed—TGT, with
the peak at approximately 540–545 cm-1 (its position is labeled
in gray in Figure 5 because it is missing in this protein spectrum).
There are also C-S bands of the cysteine or methionine unit containing the sulfur; the frequency falls between 630–760 cm-1,
depending on sidegroups and other considerations. For anyone
who is more interested, refer to the literature (2).
In addition, if the sulfur atoms on cysteine or methionine
are not bound up with sulfur atoms on other amino acids, there
can be free -SH groups (unless the environment is quite basic),
whose stretches appear in the region between 2500–2600 cm-1.
www.spectroscopyonline.com
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FIGURE 5: The spectrum of the disulfide stretches.
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FIGURE 6: Spectrum of a fingernail in the fingerprint region
between 800–1500 cm-1.

Fingerprint Region
Finally, we examine the bulk of the fingerprint region not yet
considered, which is 800–1500 cm-1 in Figure 6. The bandfitting
has identified many more bands than those whose origins have
been labeled. The user needs to realize that in this region of
the spectrum there is extensive mixing of motion of the atoms
so mathematical normal modes analysis is often necessary.
However, the bands that are labeled are well established. The
aromatic ring stretch for phenylalanine stands out and is easily
recognizable. Note that tyrosine, which also has a ring, does not
12 Spectroscopy 37(2)
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FIGURE 4: Spectrum of a fingernail in the region of the
Amide I, including some aromatic bands below 1620 cm -1 .

300

500

FIGURE 7: Raman spectra (from top to bottom) of a cuticle,
fingernail, and skin cell.

exhibit a band here because of its parasubstitution. However, the
Fermi resonance doublet at 1580 and 1600 cm-1 represents these
two amino acids that have aromatic rings. In addition, the band
at 1616 cm-1 is assigned to both the tyrosine and the tryptophan.
The amide III band also falls in this region, and the fitting reveals two bands that identify the presence of the α-helix and
β-sheet.
The spectral region of Figure 6 also includes two Fermi resonance doublets that have been used to characterize these proteins. The doublet near 860 and 830 cm-1 is assigned to tyrosine, and its relative intensity, which varies between 0.3 and 6.7,
has been shown to be an indicator of H-bonding (4).
The spectrum of tryptophan also exhibits a Fermi resonance
doublet, with lines at approximately 1360–1340 cm-1. When the
relative intensity is greater than 1.1, the sidegroup is sitting in
a hydrophobic environment, but when it is less than 0.9, it is in
a hydrophilic environment. The location of this doublet is indicated in Figure 6, but the label is gray rather than black because
the absence of the higher frequency component makes its
assignment in this spectrum questionable.
How Much Have You Absorbed?
I am going to display a series of figures with protein spectra of
related origins. See if you can discern some of the spectral differences from protein to protein. For easy comparison, all spectra will
be scaled to the CH stretch at 2930 cm-1.
The cuticle, whose spectrum is shown in Figure 7, was a piece
of skin that I removed from next to my fingernail. It is composed of
dead skin cells, and the protein composition of skin cells is keratin.
The skin cells that I collected from my epidermis are also composed of keratin but with lipids as well. What are the outstanding
differences between the spectra in Figure 7? I see that the fingernail has much more disulfide. I also see that the structure in the
amide I region is different. And I also see that the skin has features
of lipids that are on the skin. You may remember the characteristics
of the lipid spectra from a previous column.
Figure 8 overlays the spectra of fingernail, a liquid egg white,
a dried egg white, and the membrane inside of an egg shell.
www.spectroscopyonline.com
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TABLE II: A counting of the CH and NH groups on the amino
acid side groups. (The assignments of the extra NH groups
came from a 50-year-old textbook of mine. Presumably whether these groups are ionized will depend on the environment.)
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FIGURE 8: From top to bottom, Raman spectrum of a fingernail, liquid egg white, dried egg white, and the membrane inside the shell of a chicken egg.
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Can you see the presence of water in the liquid egg white in
Figure 8? That’s easy, but can you discern the presence of the
NH in the water spectrum? What other differences can you see
between the spectra?
Figure 9 overlays the spectra of fingernail, chicken fascia,
chicken tendon, pink muscle excited at 532 nm, and pink muscle
excited at 638 nm. You can see that the chicken tendon has much
more detail in the fingerprint region. Can that be used to infer
something about the structure of the collagen with its important
mechanical properties? This is a fibrous protein that is composed
of 65% collagen. On each chain, every third amino acid is a glycine, and many others are proline and hydroxyproline and they
assemble into a left-handed helix. Three of these left-handed helices assemble into a right-handed helix with 30 residues per turn.
www.spectroscopyonline.com

FIGURE 9: From top to bottom, Raman spectrum of a fingernail, chicken fascia, chicken tendon, pink muscle (532 nm
excitation), and pink muscle (638 nm excitation).

There is cross-linking between chains via H-bonds and intermolecular ester linkages; with aging, the H-bonds convert to covalent
cross links. All of this provides strength to the tendon. On the other
hand, muscle also contains collagen, but is dominated more with
actin and myosin for contractility, and troposin and tropomyosin
for regulatory function. What differences do you see in these spectra that can be related to their composition?
Figure 9 also has a trick for which I did not prepare you.
Why are the two spectra of the pink muscle different when
excited at different wavelengths? Why is the muscle pink?
Animal muscles can be pink because of the presence of myoglobin, mitochondria, or both. They contain hemes whose absorption
in the visible results in resonance enhancement, especially when
exciting with a green laser which overlaps with the absorption of
the heme. The extra sharp bands in the spectrum excited in the
green are resonance-enhanced bands of the heme (7).
Conclusion
In reviewing these spectra and the information on interpretation, I do not expect that you will be an expert.
● Continued on Page 25
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CHEMOMETRICS IN SPECTROSCOPY

Data Transforms in Chemometric
Calibrations: Application to
Discrete-Wavelength Models,
Part 1: The Effect of Intercorrelation
of the Spectral Data
Howard Mark and Jerome Workman, Jr.

An instrument generally measures
the spectrum of a sample, and produces that spectrum, in a particular
way. It also saves (or stores) that
spectrum according to prespecified
instructions designated by the manufacturer. But the data themselves,
their format, or the way they are presented, may not be optimal from the
user’s point of view, as the decisions
a manufacturer makes are inevitably
done in the absence of user input,
despite efforts to include user or
third-party evaluations. Furthermore,
different users have different requirements, so it’s rare when all users want
to avail themselves of the same type
of data processed the same way. To
satisfy the need for users to convert
raw data produced by an instrument
into a form more suitable for their
particular needs, instrument manufacturers, as well as independent
third-party software developers, include software packages that convert
the raw data into other forms to address, it is hoped, many users’ needs.
16 Spectroscopy 37(2)

Februar y 2022

T

his column (and perhaps the
next one or two) is based on
the talk given at the Gold Medal
Award symposium held during the 2020
Eastern Analytical Symposium.
In the 1970s, we became acquainted
with near-infrared (NIR) analysis; at that
time, questions surrounding data transformations abounded. Back then, the issues
with data transformations were more or
less tied to other issues we were dealing
with, such as technology issues—use of
interference filters versus diffraction gratings versus Fourier transform (FT)–based
instruments—and how to deal with what
was variously called “particle-size” or
“repack” effect (and which data transformation was “best”?). Ever since Karl Norris announced the technology we now
call modern NIR analysis, he and almost
all scientists working in this field used
transformations of the data to achieve
several goals. Karl himself was a superb
empiricist, and often achieved impressive results using this approach. Other
scientists tried to emulate his techniques,
but few had Karl’s insights regarding what

to do when a difficulty was encountered,
and could not replace Karl’s “magic,”
although some could occasionally achieve
improvements in their calibration results
by following his recipes.
Other scientists observed Karl’s methods and results, and learned to appreciate
his insights. On the other hand, some also
felt that one of the basic tenets of calling
a field of study a “science” is the ability
for every scientist in the given field to be
able to reproduce the results that any one
of them can achieve. Therefore, a good
amount of effort was expended to analyze Karl’s methods and to reproduce and
even expand on them. One of the key operations that Karl used when he analyzed
NIR data with the goal to produce accurate, precise, and stable calibration results
and models was the use of data transformations. A good deal of effort was put
into generating and testing various transformations of the spectral data to improve
calibration results.
Fast forwarding to the current day,
reading the literature gives the impression that the NIR “community” has taken
www.spectroscopyonline.com

Karl’s leadership to heart, and routinely
applies a data transformation to their NIR
spectral data when performing a calibration exercise. However, a closer reading
of the literature reveals that those data
transformations that are applied are taken
from an extremely small subset of the potential transformations that might be used.
Almost invariably, the transformation
consists of computing the second derivative of the spectral data (with respect to
wavelength, such as, for example, d2A/dλ2
or d2A/dν2 [wavenumbers] when the spectra were measured on an interferometerbased instrument), sometimes preceded
by a “smoothing” operation (usually a running average of some number [m] of successive spectral data points). Our overall
impression is that of a lack of investigative
curiosity. However, to be fair, we must
also take note that many workers are constrained by the equipment and software
available to them, which only contain algorithms for those few data transformations.
Some scientists are further constrained
by limitations imposed by governmental
regulatory agencies.
However, at the beginning, a wide variety of data transforms were applied to
the spectral data, in attempts to improve
the calibration results. Those were pruned
down to the modern, nearly exclusive
use of second-derivative transformation.
In part, that was because of the forces
described in the previous paragraph, but
also in part, because NIR spectroscopists
lost the will (or the initiative) to program
their own computers and implement algorithms beyond the packages provided by
the vendors of their calibration software.
Thus, one purpose of this column, and
the next few, is to resurrect some of these
more novel and sophisticated methods
that were developed in those days but then
disappeared, in the hope that some readers may wish to become more adventurous
about their current software usage, and try
some of these more advanced techniques.
Our discussions include some of the theory
and expected benefits of the algorithms.
Some of these algorithms were developed by ourselves, some by other scientists; we indicate and credit those scientists
when appropriate.
www.spectroscopyonline.com

The benefit of some algorithms is not
always a reduced standard error of prediction (SEP). To be sure, SEP is an important indicator of the quality of a calibration algorithm, but by itself is not the
be-all and end-all diagnostic to be used
in evaluating calibration performance.
Other important characteristics of a
calibration model can include robustness, reduced sensitivity to variations
of the instrument or samples that can

cause drift, outliers, nonlinearity, random
noise, and other undesirable behaviors
that can beset any analytical method.
One important effect is the “repack” effect, the sensitivity of a calibration model
to the change in readings engendered by
simply pouring a powdered solid sample
out of the sample cup, and then back in.
Indeed, reducing this sensitivity was one
of the key reasons for instituting derivative data transformation in NIR analysis

3D Raman image of a pharmaceutical ointment.
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FIGURE 1: Illustration of the effect of intercorrelation of the calibration data on the determination of the calibration coefficients.

of powdered solids, and, indeed, it has merit. However, even
better methods are available, and will be described in future
columns. Another of those undesirable behaviors is difficulty in
transferring calibration models from one instrument, on which
it was developed, to another instrument, on which it is to be
used (calibration transfer). We have discussed calibration transfer separately in previous “Chemometrics in Spectroscopy”
columns (1,2), so we will not repeat it here. This discussion can
also be found in chapters 122 and 123 in the second edition of
our eponymous book (3). Some of these behaviors do not have
nice, convenient, and easy-to-calculate statistics that are unique
measures of one of those behaviors, although some do. We will
indicate those, too, when appropriate.
Correlation Among Variables
We’ll start off our discussion not with an algorithm, but with
an explanation. In the early days of NIR, for the first few years
after Karl Norris invented the technology, the most commonly
used wavelength-selection technology for NIR instruments was
a set of fixed-wavelength filters. Again following Karl’s lead,
most instruments contained six or more filters, each filter allowing some small range of wavelengths to pass through the rest of
the optical system, and all filters mounted on a mechanism that
could change which filter was active at any moment. Each filter
was characterized by the center wavelength of its passband,
and that determined the wavelength assigned to the readings
taken using that filter.
Karl’s development work showed that measuring the reflectance or absorbance at multiple wavelengths for each sample
is often, even usually, required. This scheme allowed a properly
programmed computer to correct a reading at one spectral
18 Spectroscopy 37(2)

Februar y 2022

point for interferences caused by errors at another spectral
point for any of various other error sources, based on the data
measured at a different spectral point. This is known as multiple
linear regression (MLR), and is discussed in more detail in the
literature (4). This method can work, but it is subject to interference by some subtle characteristics of the data. One of these
subtleties is illustrated in Figure 1, and was a major issue in trying
to develop transferable (or universal) calibrations. It was found
that no matter how much care was used in setting up the instrument, or preparing and presenting samples to the instrument,
it was impossible to reproduce the same set of calibration coefficients on the second try as on the first try, despite the fact that
the performance of the two calibration models were equivalent
and the filters (wavelengths) used were the same.
Figure 1 illustrates the difference between the situations
where absorbance at one wavelength (or, strictly speaking,
a small wavelength range represented by the central wavelength), and two (or more) distinct wavelengths with absorbances that are correlated are used to create a calibration model.
Advanced discussions of calibration theory demonstrate analytically that intercorrelations between the variables of a regression
analysis make the computed regression coefficients for those
variables unstable, because of the increased sensitivity of the
computed calibration coefficients to small changes in the data
as the correlation of the absorbances at those wavelengths increases (5); in Figure 1, we present that situation graphically.
Figure 1 illustrates what happens when two correlated variables are both used in an attempt to “improve” the calibration.
Because there are two independent variables (the absorbances at the two wavelengths), including the variable representing the concentrations, the data exist in a 3D space.
Furthermore, the data are contained within a cylindrical region
of that space. A calibration model, in this situation, is comprised
of a plane representing the cylindrical shape of the data, rather
than a line. This plane represents the least-square fit to the data.
However, since the noise of the absorbances at the two wavelengths are random and of approximately equal magnitude,
the exact position of the plane is very rotationally unstable,
and subject to the influences of these very small fluctuations of
the noise. The upper-right-hand corner of Figure 1 is a vector
diagram (somewhat stylized, to be sure) showing how the projection of an extension of the plane against lines parallel to the
axes of the space define the values of the two coefficients of the
calibration. If the plane were to rotate around the axis shown,
to a different position, then the projections would change in
length, representing changes in the values of the calibration
coefficients that we observed.
Figure 1 shows a representation of a two-wavelength calibration, and is one for which we can draw a diagram, which compresses a three-dimensional situation into the two dimensions
of the figure. For a calibration using more than two wavelengths,
an analogous figure would be required to represent four or more
dimensions, which is beyond our capability to draw, and also
beyond most people’s capability to visualize (including ours).
• Continued on Page 54
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Determining Chromium, Iron, and
Nickel in a Nickel-Based Alloy by
X-ray Fluorescence Spectroscopy
Na Zheng, Zhanming Wang, Feng Zhao, Hongyu Li,
Hanyi He, Guohua Wang, and Hongwu Sheng

Nickel-based alloys have excellent corrosion resistance. They are also well-known
for their mechanical properties, high
temperature durability, and heat transfer performance. Because nickel-based
alloys have these properties, they are
widely used in creating nuclear safety
level pressure equipment. It is the firstchoice material for the heat exchanger
tube plate and U-tube plate of the nuclear island steam generator, which has
a profound impact on the safe operation
of the reactor. Therefore, it is necessary
to calibrate the main elements in nickelbased alloys. Accurate detection of the
main elements in nickel-based alloys is
important in ensuring the advancement
of process research. A method for determining chromium, iron, and nickel in a
nickel-based alloy by X-ray fluorescence
spectroscopy is presented here. The detection range of chromium, iron, and
nickel is 0.2–1.6 g/L, 0.2–2.3 g/L, and
0.5–3.3 g/L, respectively. After the three
elements are corrected respectively,
good correlation is obtained, R2 (chromium)= 0.999406, R2 (iron) = 0.999202,
and R2 (nickel)= 0.999114. The relative
standard deviations for chromium, iron,
and nickel are 0.75%, 0.65%, and 0.65%
respectively. The standard sample is
tested to confirm the measured value
is in agreement with the certified value.
20 Spectroscopy 37(2)

Februar y 2022

N

ickel-based alloys have high
strength and oxidation resistance. At high temperatures,
nickel-based alloys also have corrosion
resistance. Nickel-based alloy materials
are found regularly in nuclear reactor
pressure vessels and steam generators.
They are widely used in manufacturing
reactor equipment and for building
new equipment. There have been many
reports on the structure and properties of chromium–iron–nickel (1–5)
to understand their properties for better business production development
(6–10). Accurate determination of the
main elements in nickel-base alloys can
provide strong data and technical support for chemical processes.
Currently, detection methods for
nickel-based alloys include inductively
coupled plasma–mass spectrometry
(ICP-MS), graphite furnace atomic
absorption spectroscopy (GFA AS),
and high frequency combustion infrared (IR) absorption spectroscopy (AS).
To achieve rapid and nondestructive
detection, X-ray fluorescence (XRF)
spectroscopy is used in a unique role
to characterize the elemental composition of substances (11–16). XRF spectroscopy has become an important means
of qualitative and quantitative analysis
because of its simple sample prepa-

ration and its ability to analyze a wide
range of elements. XRF has been widely
used in many industries, such as the
ore, chemistry, biology, environmental,
and nuclear power fields (17–21).
The sample preparation methods
of XRF mainly include three methods:
powder, solid, and solution. The solution method is not limited by the shape
of the sample, and can be used to determine the samples with the shapes of
filaments and chips. Because the solution method is not limited by the shape
of the sample, this method was used
for detection in this study.
Theory
XRF spectroscopy utilizes primary X-ray
photons or other excitation sources
to illuminate the sample for analysis.
After the inner electrons of the element in the sample are knocked out,
the elec trons out side transition.
The transition process produces energy difference, which is released in
the form of X-ray energy. The energy of
electrons in each orbit is determined,
so the energy difference caused by
electron transition and the energy of
X-ray released can also be determined.
Quantitative analysis detection is the
process of converting the measured
intensity of the elemental analysis line
www.spectroscopyonline.com
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TABLE I: Instrument working parameters
Parameter

Value

Crystal

LiF200, PET, XS-55, XS-B

Collimator

0.23, 0.46, 2.0

Counter

Flow counter, Scintillation counter

X-ray tube (kW)

4

TABLE II: Concentration distribution of standard solution
Cr (g/L)

Fe (g/L)

1

0.2

2.0

1.7

2

0.4

1.4

3.3

3

0.6

0.8

1.3

4

0.8

0.2

2.9

5

1.0

2.3

0.9

6

1.2

1.7

2.5

7

1.4

1.1

0.5

8

1.6

0.5

2.1

Calculated concentration (ppm)

Number

Ni (g/L)

1800
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FIGURE 1: Working curve of chromium (given vs. calculated concentration).

of the sample into the elemental concentration. For infinitely thick samples, the analysis intensity is only related
to the concentration of the analysis elements, so when the
sample composition is simple, the analysis intensity and
element concentration show a simple linear relationship.
For complex samples, because of the existence of matrix
effects, there is still a positive correlation between the elemental emission analysis intensity and the element concentration of the sample. However, the quantitative relationship
is slightly more complicated and needs to be corrected.

Materials and Methods
Instrument and Working Parameters
A S8 Tiger wavelength dispersive XRF spectrometer (Bruker)
was used for this study. The instrument parameters are
shown in Table I.
Materials
High purity iron (content >99.988%), chromium powder
(purity: 99.95%), high purity nickel block (content: 99.999%),
nitric acid (superior purity), hydrochloric acid (superior purity), nickel-based alloy standard samples BS H3C, IARM 53F,
BS 690A, and B.S. 600-2; and ultrapure water (resistivity:
18.2 MΩ·cm) were used for this study. The above samples are
national standard samples and analytical reagents.
Experimental Method
Preparation of Standard Solution Series
Because this experiment uses the solution method for detection and analysis, the nickel-based alloy can be detected only
after the alloy is dissolved. Therefore, the standard curve is
established with the standard solution of chromium, iron, and
nickel, and the concentration range of the working curve is
determined, according to the element content in the sample.
For the standard stock solution, a specific amount of
chromium, iron, and nickel was weighed to prepare a 50 g/L
standard stock solution.
For the standard solution concentrations, the standard
solution concentration of chromium is 0.2, 0.4, 0.6, 0.8, 1.0,
1.2, 1.4, and 1.6 g/L. The standard solution concentration of
iron is 0.2, 0.5, 0.8, 1.1, 1.4, 1.7, 2.0, and 2.3 g/L. The standard
solution concentration of nickel is 0.5, 0.9, 1.3, 1.7, 2.1, 2.5, 2.9,
and 3.3 g/L.
Uniform design is an experimental design through a set
of carefully designed tables. With this method, the concentration point has good dispersion. The concentration point
distribution of the standard solution in columns 1, 3, and 4
(d = 0.2000) of uniform design test table U8 (85) is adopted,
and the concentration distribution of the solution in the
working curve is shown in Table II.
Sample Preparation
A certain amount of the nickel-based alloy standard sample is
weighed and dissolved in hydrogen chloride (HCl) and nitric
acid (HNO3), and the volume is fixed in a 50-mL volumetric
flask. The mass concentration of ferrochromium and nickel
can be calculated by mass and volume.

TABLE III: Measurement conditions of the X-ray fluorescence (XRF) spectrometer
Spectral
Line

Crystal

Collimator

Detector

Voltage (kV)

Current
(mA)

Analytical
Time (s)

Chromium

Kα

LiF200

0.46

Scint.

60

50

30

Iron

Kα

LiF200

0.46

Scint.

60

25

30

Nickel

Kα

LiF200

0.46

Scint.

60

10

30

Element
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TABLE IV: Precision test of XRF
Average (%)

SD (%)

RSD (%)

Chromium

21.03

0.16

0.75

Iron

20.00

0.13

0.65

Nickel

46.31

0.30

0.65

Calculated concentration (ppm)

Element
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0

0
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2500

Calculated concentration (ppm)

FIGURE 2: Working curve of iron (given vs. calculated
concentration).

Results and Discussion
Determination of Working Curve
of Chromium, Iron, and Nickel
According to the properties of each element, the least absolute deviation and the best square R 2 of the correlation coefficient are taken as the target to fit the data.
In the chromium–iron–nickel system, there is an absorption
enhancement relationship, where nickel can stimulate the
signals of iron and chromium to create an enhancement effect. Chromium can absorb the signals of iron and nickel,
and an absorption effect occurs when this happens. As a result,
it was integral that the fitting curve was corrected so good measurement results could be achieved. The absorption enhancement
effect between elements can be corrected by a coefficient correction. To get the minimum standard deviation, the appropriate
correction method was selected in the SpectraPlus software. The
element chromium was corrected by the fixed theoretical α coefficient, and the elements iron and nickel by the empirical α coefficient.
The square of the correlation coefficient after correction is R2 (chromium)= 0.999406, R2 (iron) = 0.999202, and R2 (nickel)= 0.999114,
respectively. The working curves of chromium, iron, and nickel are
shown in Figures 1, 2, and 3.
Precision of Measurement Results
This method is used to carry out precision tests on nickel-based
alloy standard samples, repeat the measurement 11 times, and
produce statistics on the results. Table IV displays the results for
the XRF precision test.

3500
3000
2500
2000
1500
1000
500
500 1000 1500 2000 2500 3000 3500
Given concentration (ppm)

FIGURE 3: Working curve of nickel (given vs. calculated
concentration).

Sample Determination
The liquid sample was placed into the liquid cup for testing.
Then, the power supply was turned on, cooling water, the
P10 gas (10% CH4 and 90% argon), and helium. Next, the
high-pressure generator was turned on. Once the generator
was on, the instrument was measured after it was stable. The
measuring conditions of the instrument are shown in Table III.

Accuracy of the Method
The method established by the XRF spectrometer needs
to be verified for accuracy. The accuracy of the method can
be verified by determining standard samples. This method
analyzes the standard samples BS H3C, IARM 53F, BS
690A, and B.S. 600-2 to verify the reliability of the method.
Table V shows that the measured value is similar to the certified
value of the standard sample.
Conclusion
The sample prepared by solution method can be free from the
limitation of sample shape. According to different elements, appropriate instrument parameters were selected to ensure accurate
and stable measurement. The detection range of chromium, iron,
and nickel is wide, which meets the requirements of detection

TABLE V: Accuracy test of XRF
BS H3C
Element

XRF Value

Certified
Value

Chromium

20.87%

Iron
Nickel

IARM 53F
XRF Value

Certified
Value

21.50%

15.7%

19.88%

19.54%

46.1%

46.6%
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BS 690A

B.S. 600-2

XRF Value

Certified
Value

XRF Value

Certified
Value

16.0%

28.7%

29.5%

15.92%

16.36%

9.4%

9.5%

9.01%

9.08%

6.38%

6.80%

73.3%

72.7%

60.7%

60.5%

75.54%

75.34%
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and analysis. The method has good
correlation. The square of correlation coefficient is R 2 (chromium)=
0.999406, R 2 (iron) = 0.999202, and
R 2 (nickel)= 0.999114, respectively.
The result of precision measurement
is satisfactory. The result of accuracy
measurement shows that the measurement value is close to the certified value.
It shows that the method has been successfully established, which lays a good foundation for future research.
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● Continued from Page 13
In fact, I spent much more time writing
this article than I expected, because I
had a general idea of what was present
in the spectra, but did not understand it
enough to put it in words with confidence
that I would get the information correct.
But if you spend some time going over this,
and then need to work with Raman spectra of proteins, you will have a heads up
on what you are looking at. Once you are
aware of the possibilities, you can choose
the tool that is most appropriate for you
to get the information that you need—
band-fitting, chemometrics, or 2D-COS.
Good luck and have fun!
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Spectroscopic Method Development
and Implementation
For analytical methods to be widely implemented, they
usually need sanctioning by a governing body such as the
United States Pharmacopeia (USP) for pharmaceuticals
or the American Society for Testing and Materials (ASTM)
for a lot of the chemical industry. There have been several
changes announced in the last 12 - 18 months by these
bodies. These changes have impacted the spectroscopy
industry, method development, and implementation.

Adam Hopkins
Spectroscopy Product Manager
Metrohm USA

SPECTROSCOPY: How are you seeing these changes in the spectroscopy business?
HOPKINS: The release of new guidance by USP and ASTM is increasing the number of people
thinking about implementing spectroscopy. Many customers who were hesitant to move away from
primary testing methods are taking these regulatory approvals as an opportunity to change the
way they do business. We’re even seeing people outside the petrochemical industry start to look at
the new ASTM standards as pathways for adopting spectroscopy.

Elena Hagemann
Spectroscopy Applications Specialist
Metrohm USA

SPECTROSCOPY: Are there any challenges associated with this?
HOPKINS: Absolutely. We are seeing more people who are new to spectroscopy. That means more
people who are not spectroscopists and who may not really know how spectroscopy works—these
folks are often used to USP Chapter <100> methods or prescribed ASTM/DIN methods for testing for
a particular parameter. Spectroscopy, being a secondary method, can sometimes leave them a little
confused when it comes to implementation. To help overcome this, we educate and even develop
methods for them.
SPECTROSCOPY: What does the education and method development look like?
HOPKINS: It is, admittedly, a little different for everyone, but when working with customers, we keep
in mind that both ASTM and USP guidance are frameworks; they are roadmaps for implementation.
The ASTM roadmap, for example, of D8340, D8321, and D6122 for petrochemicals is very detailed,
giving explicit recommendations and detailed statistical approaches. But at their core, they show
equivalence between spectroscopy as a method and the primary method.
HAGEMANN: Exactly. We primarily rely on E1655 or E1790 because they give guidelines for
quantitative or qualitative analysis, and the principles are applicable across industries. When I work
with customers, I keep these chapters in mind, but focus on what the customer needs to know to
implement those technologies. Because oftentimes, someone simply puts a spectrometer on their
bench and wants it give answers with no fuss.

Sponsored by

SPONSORED CONTENT

SPECTROSCOPY: On a practical level, what are the key things you
should know to implement a spectroscopic method?
HAGEMANN: Method development and implementation are based on
two things: good spectral data and reliable reference data. If you don’t
have these, you will put garbage in your model and you will get garbage
results out.
SPECTROSCOPY: Let’s break this down. How do you define good
spectral data?
HAGEMANN: First, you need to verify that the instrument is calibrated—
you want to ensure it’s not drifting over time. This means ensuring the
peak locations and amplitudes of a suitable standard do not change.
Suitable standard materials are National Institute of Standards and
Technology (NIST)-traceable polystyrene or rare earth oxides for Raman or
near-infrared spectroscopy (NIR). It also means you should performance
test your instrument immediately before collecting data for the model
development to ensure it is ready. Second, you need to have good
representative samples.
HOPKINS: One of the key things our more demanding customers do is
perform prolonged performance testing, sometimes for weeks. This lets
them put statistical parameters around the intrinsic variations in the
instrument. This can even be guided by ASTM D6122 “Standard Practice
for Validation of the Performance of Multivariate Online, At-Line, Field and
Laboratory Infrared Spectrophotometer, and Raman Spectrometer Based
Analyzer Systems.”
SPECTROSCOPY: What makes the sample representative and suitable
for building a method with it?
HAGEMANN: Representative means that samples cover the quantitative
range of interest or qualitative sample batch variation. The best models use
samples that are not weighed to known good or target values, so you’re
not overloading your quantitative model with on-spec product; you need
off-spec too. It also means you have the right sample presentation—if it’s a
polymer pellet, it needs to be presented to the instrument so that it sees lots
of pellets. If it’s a liquid, you want to use a pathlength that optimizes where
the information sits. For example, when we want to use NIR to measure
ppm levels of water in a solvent, we let some areas of the spectrum
saturate so that we can see more water signal. If we have good samples
and good reference data, a spectrometer model will perform at about the
same level of error as the reference technology. In practice, that means
about 1.5 times the reference error for NIR and much closer for Raman.

DEDICATED DIALOGUE

SPECTROSCOPY: What do you need to do to get a method
implemented and validated?
HAGEMANN: Ideally, the spectrometer is run in parallel with the reference
method for some time to build a good independent validation set. In
practice, the length of time depends on the number of analyses run. After
this, you can start using the method for release but should regularly test it
with check samples or independent test samples. The new ASTM D8340,
for fuel release, requires independent testing at least once a week. If you
are just trend monitoring, or not using for release, we still recommend
regularly testing with a check sample to ensure the method is still
performing well. If you don’t get the expected value, then check with the
reference technology.
SPECTROSCOPY: Now that the spectroscopic method is running, is
there anything else you advise people to do to keep it running and
maintain confidence?
HAGEMANN: It depends on the industry, instrument, and purpose.
In addition to the check samples, you want to have a good record of
instrument performance testing to verify the instrument is working
correctly. A lab NIR or Raman system, for example, might have weekly
performance tests before the check sample or independent validation
sample. But depending on use, such as for product release testing in
pharma, the instrument might be tested every shift. Regular performance
testing with data analysis can also help you identify when it is time for
maintenance, such as a lamp change for a NIR spectrometer.
HOPKINS:The instrument really is key here. A handheld spectrometer is
subjected to a lot more things, such as different users or environmental
conditions, etc., than a benchtop or process instrument. We recommend
people retest those instruments before each use or after each power cycle.
Process instruments run 24/7 in high-value operations, so any process
instrument should have a dedicated reference channel that can be
programmed to automatically retest at any desired frequency. If a test is a
little bit off, then the instrument can adjust its calibration automatically to
maintain optimum performance.

Metrohm is one of the world’s most trusted manufacturers of high-precision instruments for chemical analysis. Visit www.metrohm.com for more information.
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Influence of Bulk Density on
Near-Infrared Spectrum Detection
of Cement Raw Materials and
Compensation Methods
Bing Huang, Xiaohong Wang, and Ping Jiang

Near-infrared (NIR) spectrum detection
technology is used widely, with broad application prospects in detecting the composition of cement raw meal. However, the
onsite cement production environment is
relatively complex, noting that the output
needs to be adjusted continuously according to the production requirements. Furthermore, the sampling volume is changing continuously, affecting the online
detection results. This paper examines the
influence of sample bulk density on a NIR
spectrum detection model of cement raw
meal by establishing two different models of calibration set samples. The model
I samples have the same bulk density, but
the model II samples have a bulk density
that changes. After a smoothing preprocessing of the spectral data and band selection, a detection model was established
by partial least squares regression. A comparison of the prediction results of the
two groups of models revealed a 19.10%,
17.65%, 20.37%, and 27.40% increase in
the coefficients of determination (R2) of
SiO2, Al2O3, Fe2O3, and CaO, respectively,
in model II compared to model I. The experimental results show that the variation
of bulk density leads to specific errors in
the prediction results of the model.
28 Spectroscopy 37(2)
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C

hina has ranked first globally
in cement production for many
consecutive years (1). The cement
industry is a typical processing industry.
As the first link in cement production,
the quality of cement raw meal will affect
the subsequent production links, so it is
essential to detect the composition of cement raw meal and to guide its production.
Most cement enterprises in China use X-ray
fluorescence (XRF) detection and chemical
analysis for the offline detection of cement
raw meal. This detection method has the
disadvantages of a complicated sample
preparation process, long detection period, and difficulty in the timely guidance
of production. Some enterprises have introduced an online analyzer for cement
raw meal elements. Although this detection method allows the real-time online detection of cement raw meal elements, the
use of radioactive sources in the detection
instrument requires the approval of the relevant regulatory departments, and at the
same time, poses particular hazards to the
environment and onsite operators (2–4).
As a quantitative analysis method, nearinfrared (NIR) spectroscopy has the characteristics of speed, safety, multi-component
simultaneous analysis, good repeatability,

and no need for sample processing. It has
been widely used in industries such as
material manufacturing and agriculture
(5–8). Several studies have examined the
detection of cement raw meal components by NIR spectroscopy. Rong (9) examined the rapid detection of cement raw
meal components by NIR spectroscopy,
and Zhenfa (10) realized the rapid detection
of cement raw meal components using the
backward iterative partial least squares–
genetic algorithms (BIPLS–GA) method.
Hang (11,12) studied the influence of humidity and temperature on the detection
results of cement raw meal components.
As the output of cement raw meal often
changes in an actual production process,
the sampling amount will change. There
has been no research on the influence of
the cement raw meal bulk density on NIR
spectrum detection. Therefore, research is
needed regarding the influence of sample
bulk density on cement raw meal composition detection, and the online detection of
the cement raw meal composition.
The intensity of diffuse reflection light
will be affected by differences in bulk
density, thus affecting the accuracy of NIR
spectrum detection. For example, OrtegaZúñiga (13) examined the influence of the
www.spectroscopyonline.com
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FIGURE 1: Near-infrared spectra of cement raw meal under different bulk densities of the same sample.
TABLE I: Main component contents of the sample
No

SiO2 (%)

Al2O3 (%)

Fe2O3 (%)

CaO (%)

1

12.89

2.97

2.09

42.26

2

12.96

3.09

2.05

42.15

3

13.2

3.18

2.03

41.77

4

13.08

3.08

2.07

41.84

5

13.02

3.22

2.02

42.02

6

12.83

3.12

2.01

42.15

7

12.85

3.17

2.05

42.18

8

12.6

2.99

1.98

42.51

9

13.11

3.23

2.07

41.84

10

13.16

3.34

2.1

41.76

11

12.73

2.99

2.03

42.15

12

13.04

3.17

2.05

42

13

13.04

2.88

2.07

41.75

14

12.92

3.06

1.97

42.05

15

12.89

3.1

2.05

41.97

16

13.23

3.18

2.07

41.84

17

13.17

3.21

2.06

41.88

18

13.15

3.24

2.09

41.81

19

12.82

3

2

42.22

powder density of a drug powder on NIR spectroscopy detection.
Based on the volume density of the powder mixture, the active
pharmaceutical ingredient (API) modeling method was adopted to
study a correction model for NIR spectroscopy detection. RománOspino (14) established a calibration model for NIR spectroscopy
to predict the grinding density of drug formulations in real-time.
Qibing (15) established a PLS regression and discriminant analysis
model for the mean values of the short wave NIR spectra and hyperspectral scattering spectra of wheat flour samples, which were
used to determine the bulk density and particle size classification
of wheat flour samples. This research showed that the different
30 Spectroscopy 37(2)

Februar y 2022

bulk densities of powder affect the detection results of NIR spectroscopy. The output of cement raw meal will change according
to the production requirements or raw material reserves, causing
some difficulties in realizing the online detection of cement raw
meal components. How much impact the bulk density will have on
the test results, and whether it can be solved in modeling technology, is an urgent problem that needs to be solved.
In this paper, the NIR spectra of cement raw meal with
different bulk densities of the same sample were compared,
and the direct influence of the bulk density on the NIR
spectra of cement raw meal components was determined.
Band selection and PLS regression algorithms were adopted based on the NIR spectrum detection technology.
Models were established using samples with different bulk
density gradients and samples without bulk density gradients. The prediction effects of the two models were compared. The influence of different bulk densities of cement
raw meal on the prediction results of the NIR spectrum
detection model is discussed and summarized. The results
provide theoretical and technical support for realizing the
online detection of cement raw meal components.
Experimental
Instruments and Samples
The instrument test instrument used was the MB3600 Fourier
transform NIR spectrometer (ABB Co., Ltd.) with solid diffuse reflection measurement accessories and Horizon MB spectrum acquisition software (ABB), and the ARL Advant’x X-ray fluorescence
spectrometer (Thermo Fisher Scientific).
Samples of cement raw materials used in this experiment
were obtained from the production line of China’s Shandong
Qufu Zhonglian Cement Co., Ltd. XRF fluorescence detection
(ARL Advant’x) has been adopted for the detection of cement raw
meal components because of the limitations of the production
conditions and onsite detection methods. Table I lists the cement
raw meal components, and Table II shows the modeling results of
raw spectra. It can be seen that the modeling using raw spectral
data without density information has poor detection results.
Experimental Method
The NIR spectra of the cement raw meal samples were collected under the following conditions: preheating for 1 h and
diffuse reflection sampling using packed and compressed
polytetrafluoroethylene as the reference reflectance background. The ambient temperature, humidity, scanning replicates, spectral range, and resolution were 28±1 oC, 40% R.H.,
64 replicates, 10,000~4000 cm -1, and 4 cm -1, respectively.
The experimental procedure was as follows:
• Step 1: Nineteen cement raw meal samples (100 g each) were
divided into 15 calibration set samples, and four verification
set samples. The calibration set samples were measured five
times to obtain the average spectrum. The 15 spectra were
subjected to a spectral pretreatment and band selection, and
a model was finally established to obtain model I.
www.spectroscopyonline.com
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FIGURE 2: Near-infrared spectra of cement raw meal with different bulk densities
after the Savitzky-Golay pretreatment.
TABLE II: Raw spectral data modeling results
Composition

R2

RMSEC

RMSEP

SiO2

0.441

0.300

0.526

Al2O3

0.402

0.145

0.165

Fe2O3

0.384

0.045

0.061

CaO

0.319

0.289

0.621

• Step 2: 11 bulk density gradients were
made for each of the 15 calibration set
samples. The average spectra were detected three times for each bulk density
sample, and spectral pretreatment and
band selection were performed on the
165 spectra to establish model II. In the
experimental process, the compaction
sample method was used to increase the
compactness of the cement raw meal,
thereby increasing the bulk density of
the cement raw meal. First, 100 g of cement raw meal samples were normally
tested, and 50, 100, 150, 200, 250, 300,
350, 400, 450, and 500 gram weights
were then added to the cement raw meal.
When the weights were changed each
time, the cement raw meal was stirred to
loosen, and finally, 11 spectra of the bulk
density gradient were obtained.
• Step 3: 11 sample bulk density gradients
were made for each of the four samples
of the verification set using the method
in step 2. The spectra were measured
three times for each bulk density gradient, and the 44 spectra were obtained
as the verification set. The validation set
was input into models I and II, and the
prediction results of the two models
were compared.
32 Spectroscopy 37(2)
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Spectral Pretreatment
Effective pretreatment methods are
needed to process the NIR spectrum of
cement raw meal to remove noise and establish a mathematical model with a high
signal-to-noise ratio (S/N). In this paper,
the Savitzky-Golay method was used to
process the NIR spectrum. This method
can improve the appearance of the spectrum, and reduce the noise interference.
The Savitzky-Golay smoothing filtering
effect varies with the selection width,
and is highly adaptable to different measurement conditions. The parameters of
this study were as follows: a window width
of 5, a polynomial fitting term of 2, and a
derivative order of 1. Figures 1 and 2 show
the original spectrogram and preprocessed spectrogram of the same sample
under different bulk densities, respectively.
Band Selection
The competitive adaptive reweighted
sampling (CARS) method was used to
optimize the variables of the NIR spectrum (3113 wavelength points) of the
cement raw meal. The SiO2 molecule
is used as an example to illustrate the
variable screening process, as shown in
Figure 3a. The wave selection processes

of Al2O3, Fe2O3, and CaO are shown in
Figures 3b, 3c, and 3d, respectively;
these are similar to that of SiO2 in variable selection. The number of variables
decreases slowly from fast to slow with an
increasing number of runs. An exponential relationship was observed between
the number of runs and the number of
variables retained. From the trend change
chart of the residual root-mean-squared
error of cross-validation (RMSECV) obtained by cross-validation, it can be seen
that the residual showed a decreasing
trend between 1 and 19 run times, indicating that the variables irrelevant to the
sample were eliminated in the screening process. The key variables might be
eliminated when increased to more than
19 run times, thus causing the residual to
increase. The store corresponding to the
regression coefficients path chart was
the lowest point of RMSECV, and each
curve showed the changing trend of the
regression coefficient for each variable
with the increase in operation times.
Finally, after selecting the wavebands using
the CARS method, the NIR spectrum of
cement raw meal corresponding to SiO2,
Al2O3, Fe2O3, and CaO was reduced from
3,113 wavebands to 180, 243, 209, and 209
wavebands, respectively. Figure 4 show the
results for the band selection.
Modeling Method
The NIR spectrum and component content of the cement raw meal were modeled using a partial least squares regression method. The method decomposes
the spectrum matrix and the component
content matrix while introducing the information of the component content
matrix into the spectrum matrix decomposition process. Before calculating a
new principal component, the score of
the score precomponent content matrix
of the spectrum matrix was exchanged.
The obtained spectrum principal component was related directly to the
component content.
Results and Discussion
In China, most cement plants use the
three-rate value as the standard to measure the quality of raw meal. The limestone
www.spectroscopyonline.com
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FIGURE 3: Illustrating key variables selection by CARS for
each compound: (a) SiO2; (b) Al2O3; (c) Fe2O3; and (d) CaO.
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The allowable fluctuation range of the silicic acid rate and
the aluminum oxygen rate is 0.1, whereas the allowable fluctuation range of the limestone saturation coefficient was 0.02.
Therefore, high accuracy is required to detect the cement raw
meal composition, and a high accuracy detection model is of great
significance to stabilize the quality of cement raw meal.
The accuracy of the evaluation detection model is judged
mainly by the model correlation coefficient (R2), RMSECV, and
prediction root mean square error (RMSEP) (16). The closer R2 is
to 1, the smaller the RMSEP and the better the detection result of
the model. As shown in Table III, the model indices of the two
groups of experiments were compared. Model II is superior
to model I in terms of the R2 and the RMSEP. The SiO2, Al2O3,
and Fe2O3 contents are far less than CaO, and the contents are
very low with only slight fluctuations, so the difference in RMESP
between models II and I is small. Nevertheless, it is important to
improve the accuracy of the cement raw meal composition detection results. The results are consistent with the current results of
NIR spectroscopy detection of cement raw meal components (17).
By comparing the two groups of models for each component, and
the modeling indices R2, RMSECV, and RMSEP were improved
after adding the factors influencing the bulk density, and the RMS
error RMSEP predicted by model II was reduced by 19.10%, 17.65%,
20.37%, and 27.40% compared to model I, because the bulk density was added in the modeling process, which reduced the influence of the operation error to some extent.
The results showed that the change in bulk density of the same
cement raw meal sample would have a specific influence on the
prediction results of the model. Adding a cement raw meal sample with a bulk density for modeling can effectively improve the
accuracy of the model.
Conclusion
The CARS band selection method and PLS regression modeling method were sampled to study the influence of the bulk
density on the prediction effect of the NIR spectral model of cement raw meal. Models I and II were established using the cement raw meal samples without and with a bulk density gradient, respectively. By comparing the prediction ability of the two
models for samples with a bulk density, the RMSEP of the SiO2,
Al2O3, Fe2O3, and CaO content models in the cement raw meal
were reduced by 6.8%, 3.5%, 14.9%, and 20.5%, respectively.
www.spectroscopyonline.com

PEER-REVIEWED RESEARCH

(a)

0.2

Absorbance

0.18
0.16
0.14
0.12
4000

(b)

4500

5000

5500

6000

Wavenumbers (cm-1)

0.2

6500

7000

Absorbance

Disclosures
The authors declare no conflicts of interest.
References

0.18

(1)

0.16

(2)

0.14
0.12
4000

(c)

4500

5000

5500

6000

Wavenumbers (cm-1)

6500

7000

0.2

Absorbance

(3)
(4)

0.18
0.16

(5)
(6)

0.14
0.12
4000

(d)
Absorbance

Funding and Disclosures
Funding
This study was supported by the National Natural Science Foundation of China (No. 61601197) Shandong Provincial of China Key
R & D Project (No. 2017CXG0610), the Key Research and Development Plan of Shandong Province of China (No. 2019GSF109018).

4500

5000

5500

6000

Wavenumbers (cm-1)

0.2

6500

7000

(7)

0.18

(8)

0.16
0.14
0.12
4000

(9)
4500

5000

5500

6000

Wavenumbers (cm-1)

6500

7000

(10)

FIGURE 4: Showing band selection results for each compound: (a) SiO2; (b) Al2O3; (c) Fe2O3; and (d) CaO.
TABLE III: Model result indices comparison table
Composition
SiO2
Al2O3
Fe2O3
CaO

Model

R2

RMSEC

(11)
(12)

RMSEP

I

0.822

0.066

0.175

II

0.979

0.022

0.163

I

0.827

0.086

0.151

II

0.973

0.019

0.145

I

0.805

0.025

0.035

II

0.969

0.007

0.031

I

0.770

0.095

0.251

II

0.981

0.029

0.208

(13)

(14)

(15)
(16)
(17)

The experimental results showed that, because of some differences in the sample bulk density during sampling or sample
preparation, the prediction results of the NIR spectroscopy model
would be affected to some extent. Modeling with samples with a
bulk density gradient can effectively reduce the influence of the
sample bulk density on the prediction results, improve detection
accuracy, and provide theoretical and technical support for the
online detection of the cement raw meal composition.
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Handheld Laser-Induced
Breakdown Spectroscopy (hLIBS):
A Valuable Tool for Terrestrial
and Extraterrestrial Recognition
of Meteorites in the Field
Giorgio S. Senesi

The role and performance of handheld
laser-induced breakdown spectroscopy (hLIBS) devices is discussed in
the context of meteorite research exploration while targeting specific questions of geologic interest in the field.
The fast data acquisition and minimal
sample preparation features of these
devices make them very attractive as
candidate tools for future astronauts in
geochemical mapping, resource prospecting, sample selection, and hazard
identification. Although hLIBS instruments have recently become commercially available, they have not yet been
widely applied to meteoritical field
campaign. This article reviews how the
very promising advanced analytical
tool hLIBS may be helpful to classify
and discriminate meteorites in the field.
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T

he mineralogy, chemistry, and
isotopic composition of meteorites can provide unique information
on the materials that constitute the solar
system and allow deciphering its cosmic
history because the composition of many
belt asteroids have never changed drastically. The composition of these asteroids
has not changed because of gravitational
high temperatures and pressures as larger
bodies do. Meteorites do not often differ
much from terrestrial rocks, a similarity that
often compromises their recognition and
preservation, leading to their easy disappearance in the landscape should they
not be seen to fall and then promptly collected. In particular, iron meteorites can
be easily confused with man-made iron
objects simulating typical features of a
true meteorite. After a careful analysis, a
specimen visually thought or suspected to
be an iron meteorite may be revealed to
be a pseudometeorite, or meteor-wrong.
These materials are attracted by a magnet and include terrestrial iron oxides
such as magnetite along with many different types of man-made iron byproducts,

such as slags and castoff iron with very
rough, burned and melted glassy (vitreous)
surfaces. There may occasionally be the
presence of vesicles (gas bubbles) because
corrosion occurred over time.
Although meteorites sometimes appear different from ordinary terrestrial
rocks lying around them, their preliminary
identification in the field needs a practiced
eye. In particular, many meteorites do not
contain the common earth mineral quartz,
and generally do not present vesicles.
Most meteorites, especially iron meteorites, are much heavier in the hand
than an ordinary earth rock, and contain a significant amount of iron (Fe) and
nickel (Ni). Thus, the first step to identify
them is whether they stick to a magnet. However, many terrestrial rocks
are also attracted by a magnet, so this
test cannot be considered definitive,
but only represents a preliminary proof
needing of further analysis. Visual and
magnetic methods are not exhaustive for a
verifiable identification that requires an adequate laboratory analysis to ascertain the
extraterrestrial origin of suspected, espewww.spectroscopyonline.com
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cially iron, meteorites. In particular, Ni is an
element rare in terrestrial rocks, but is present very often in meteorites. Thus, if visual
inspection and the magnet test are positive,
the presence and content of Ni should be
verified, together with that of some other
diagnostic trace elements such as gallium
(Ga), germanium (Ge), and iridium (Ir).
Analytical Instrumentation
for Field Analysis
The availability of analytical instrumentation for routine chemical analysis in the
field has been one of the most long-standing needs of the scientific community.
The requirements of such a field analyzer
include: (i) lightweight and portability, to
allow use by one individual; (ii) ruggedized
and robust structure for use in a variety of
environments; (iii) simplicity of use; and (iv)
capability of identifying a large number
of elements over a short acquisition time.
Many different analytical techniques have
been tested in developing a portable
instrumentation appropriate for chemical analysis in the field, including mass
spectrometry, ion mobility spectrometry,
gas chromatography, nuclear magnetic
resonance, electron spin resonance, millimeter wave, and terahertz spectrometry,
as well as many different forms of optical
spectroscopy, such as X-ray fluorescence
(XRF), Raman, near-infrared, mid-infrared,
ultraviolet–visible , and laser-induced breakdown spectroscopy (LIBS). In particular,
XRF and LIBS appear to meet the criteria for
performing elemental analysis in the field
under ambient environmental conditions.
Instrumentation, Analytical
Procedures, and Features of LIBS
The main components of a LIBS instrument are: (a) a laser, the most used being
the short-pulsed Q-switched laser that releases a huge amount of energy in a short
period, which is used to ablate the sample;
(b) a time control system, allowing for the
precise control of the beginning of laser
pulse, the number of pulses, the interval
between pulses, the beginning of spectrum capture, and the acquisition time;
(c) a set of mirrors and lenses focusing the
laser light onto the sample and collecting the light emitted from the plasma;
www.spectroscopyonline.com

(d) a spectrometer–detector system for
collecting and spectral discriminating of
plasma light emissions that contain all the
information on the sample composition
and physical conditions of the plasma.
In a LIBS experiment, the high-energy
laser pulses are focused on the surface of
the sample that is placed in air or an inert
gas at ambient or controlled pressure,
so to ablate a small portion of it, which is
then vaporized, generating the plasma
that contains thermally excited atoms,
ions, and molecules of the analyte. As the
plasma cools down, the excited species
decay to lower energy levels emitting electromagnetic radiations typical of each of
them, which are collected by a spectrometer that resolves the specific emissions.
The acquired signals are then processed,
visualized, and analyzed using a dedicated
software. An optically thin plasma in the
condition of local thermodynamic equilibrium (LTE) is expected to yield a LIBS spectrum whose pattern corresponds to the
elemental composition of the sample (1).

Quantitative elemental analysis by LIBS
is based on the proportionality between
the spectral emission line intensity of the
element and its concentration, and can
be performed by constructing a classical
calibration curve that relates the measured
elemental line intensity to the elemental
concentration of standards of known composition, or by the calibration free (CF) approach that avoids the use of calibration
standards and can address sample matrix
issues (2). Furthermore, multivariate statistical methods are used, which can process
all spectral information contained in a LIBS
spectrum and allow relating them to the
composition of the sample, and identify and
discriminate different materials (3).
With respect to various destructive
and expensive analytical techniques, LIBS
features significant advantages, including sensitivity to light elements, versatility,
minimal destructivity, rapidity, relatively
low operating costs, and the possibility of
in-field operations (4). Furthermore, several
handheld (h) LIBS instruments, which con-
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meteorites, which cannot be achieved by using other field
portable instruments.
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FIGURE 1: (a) Handheld instrument analyzing Agoudal, pig
iron, and a suspected meteorite; (b) LIBS spectra acquired
on Agoudal meteorite, pig iron, and a suspected meteorite in
the spectal range 330–355 nm. Y-axis label is LIBS emission
intensity (a.u.).
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FIGURE 2: Images of laser beam craters (red circles) obtained
by LIBS on (a) a fragment of the whole meteorite chondrite
L3, and (b) a suspected meteorite named “meteor-wrong.”
(c) LIBS spectra of various meteorites in the spectral range
200–350 nm. Y-axis label is LIBS emission intensity (a.u.).

sist of compact, lightweight, self-contained units that can be
used comfortably while being held in the hand of an operator,
have been developed and commercialized (4). Recently, hLIBS
instruments were used for the rapid in situ measurement of
most major and trace elements in a variety of rocks including
40 Spectroscopy 37(2)
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A Few Representative
Examples of hLIBS Application
In the last decade, LIBS has shown to be a very promising technique for meteorite analysis and identification (5–7). In two companion works (8,9), a commercial hLIBS instrument was used for
the first time to achieve a preliminary chemical identification and
classification of meteorites. The objective of one study (8) was to
discriminate between a classified and certified meteorite named
Agoudal, a suspect meteorite fragment termed meteor-wrong
and a pig iron product (Figure 1a) on the basis of their major and
trace element composition. A calibration-free (CF)-LIBS approach
was used to quantify the main elements Fe, Ni, and Co in the
iron meteorite and Si, Fe, Mn, and Ti in the other two samples
(Figure 1b). Although the quantitative data obtained were only
partially satisfactory, requiring further improvements of hLIBS analyzer components to increase analytical sensitivity, the technique
was able to recognize and discriminate between a true meteorite specimen and mislabeled or unlabeled dubious meteorite
samples, which allowed a decision to be made about whether to
undertake further laboratory analysis or not.
The same hLIBS instrument was used in a companion effort (9)
to discriminate between iron, stony-iron, and stone meteorites
and meteor-wrongs (Figure 2). In this work, an innovative strategy was developed allowed the identification and classification
of meteorites according to their nature and origin. This novel
approach was based on the integration of results of automated
feature selection from broadband LIBS spectra and supervised
learning by a novel fuzzy-rule-based inference algorithm that
could be easily interpreted by human users. The algorithm
developed was able to assign correctly 25 out of 26 unclassified meteorite samples to their class with a high total accuracy
(96.15%), and identify the most relevant intragroup variations,
while only 18 of the samples were properly recognized by partial least square–discriminant analysis (PLS-DA). These results
confirm that the classification of LIBS spectra of meteorites is a
nonlinear process, and that a high accuracy cannot be achieved
using prevalent traditional models, such as principal component
analysis (PCA) and PLS-DA, which can only evaluate linear combinations of input variables. Meteorite identification, especially
for chemically similar samples, is a challenging decision-making
problem that requires a compromise among human experience,
visual evidence, and efficient analytical data processing that can
be addressed by a fuzzy logic approach. Thus, this approach
based on the identification of elements using the six wavelengths
selected is expected to be extended to subsequent meteorite
investigations, and suggests that such a methodology may also
be suitable for other types of chemometric studies.
The examples described above confirm that hLIBS is particularly
promising for performing minimally destructive (Figure 2 a,b,c) insitu measurements aiming at a preliminary identification, discrimination and classification of meteorites, and recognition of mislabeled
www.spectroscopyonline.com
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or unlabeled and dubious meteorite specimens in the field, museums, and private collections, as well as deciding about any further
laboratory analysis. More widespread applications for real-time
analysis in the field are expected to be possible if hLIBS analyzers
are used in combination with an on-board global positioning system
(GPS) and wireless data transmission devices. Furthermore, it would
also be helpful to develop robust algorithms that allow hLIBS data to
provide reliable chemical fingerprints for a variety of meteorites, as
well as construct spectral libraries to permit sample discrimination
and provenance determination in real time.
Future Perspectives
A promising relevant future application of LIBS is expected in the
study and analysis of the chondrite class of meteorites, as they are
known to preserve the chemistry of the earliest solar system and, to
some extent, the pre-solar molecular cloud from which it originated.
In particular, carbonaceous chondrites consist in a primitive subgroup of stony meteorites featuring an elemental composition very
similar to that of the sun and the overall universe. These meteorites
are aggregate rocks, meaning they consist mainly of a matrix of hydrous and anhydrous silicates packed together, which do not show
any sign of metamorphism or alteration by high heating. The most
intriguing feature of these chondrites is their abundance in carbon
(about 1.5–4%), which is mostly present in the organic form. Thus,
the investigation of carbon forms and distribution in chondrites can
contribute better than most other elements to understanding the
early stages of solar system formation, due to the sensitivity of this
element to chemical and physical conditions that prevailed in that
situation. Recently, an important increase was noticed in the collection of carbonaceous chondrites and achondrites in Africa, although
these types of meteorites are very difficult to spot on the ground.
The detection and quantification of free carbon in meteorites
have been commonly performed by either destructive techniques,
including total organic carbon (TOC) and inductively coupled
plasma–mass spectrometry (ICP-MS), or by techniques implying
sample preparation, such as scanning electron microscopy (SEM),
which uses Au to coat the sample surface, whereas vibrational spectroscopies such as infrared (IR) and Raman are generally used to analyze carbon compounds. Unlike the above techniques, LIBS is able
to detect both elemental and combined carbon, even at ppm levels
on the whole fragment or its petrographic thin sections, and reveal
differences in the spectral emission line of C in different meteorites
also in comparison to a meteor-wrong sample (10). This application
may be considered a great advance in the context of human space
exploration, where hLIBS instruments have shown to be very promising candidate tools in planetary geochemical mapping, resource
prospecting, sample selection, and hazard identification.
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Key Steps in Method
Development for Inductively
Coupled Plasma–Tandem Mass
Spectrometry (ICP-MS/MS)
Ed McCurdy and Michiko Yamanaka

Inductively coupled plasma–tandem
mass spectrometry (ICP-MS/MS) is a
relatively new technique, with the first
triple quadrupole ICP-MS (ICP-QQQ)
being introduced commercially in 2012.
However, the technique has quickly
been accepted for a wide variety of
applications in industries including,
but not limited to, manufacturing, contract analysis, government, research,
and academia. In this article, we explain
the key steps to setting up an ICP-MS/
MS method and address some of the
common misconceptions surrounding
the technique.

C

ompared to conventional single quadrupole inductively coupled plasma–mass spectrometry
(ICP-MS), the main benefits of ICP-MS/
MS include:
• the unprecedented ability to resolve
spectral interferences using controlled
reaction chemistry in the collision reaction cell (CRC);
• significantly better separation of adjacent mass, “peak tail” overlaps because
of two mass filtering steps; and
• improved detection limits through higher
sensitivity and lower backgrounds.
The flexibility of ICP-MS/MS has led
some people to assume that method development must be more difficult on ICPMS/MS than on single quadrupole ICPMS. However, existing single quadrupole
methods can usually be transferred to ICPMS/MS without significant modifications.
Also, reaction gas methods run more consistently on ICP-MS/MS, so methods are
more universal and operation is simpler.
The following six steps help guide
method setup for ICP-MS/MS (Figure 1):
Step #1: Get the Basics Right
When developing an ICP-MS/MS
method, users may focus on a spe-
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cific interference that needs to be resolved. However, the starting point for
method development on ICP-MS/MS—
as with conventional ICP-MS—should
consider the wider analytical needs.
These needs include several factors that
can be easily overlooked.
First, can the instrument handle the
sample matrix? Matrix tolerance is important for many ICP-MS applications.
Optimizing the plasma to give low CeO+/
Ce+ (<1.5%) ensures that the instrument
will easily tolerate typical sample matrix
levels. Low CeO/Ce indicates better
matrix decomposition, which reduces
deposits on the interface and leads to
better stability and less maintenance.
Low CeO/Ce conditions also increase
analyte ionization, improving sensitivity for poorly ionized elements, such
as beryllium, arsenic, cadmium, and
mercury. Low CeO/Ce indicates better
decomposition of molecular species
that would otherwise form polyatomic
ion overlaps (1).
Second, is the sample composition
unknown or variable? The major element
levels and sample-to-sample variability
can be important factors. Variable sample matrices can give rise to unexpected
www.spectroscopyonline.com
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polyatomic ion overlaps, which a given
reaction gas mode may not resolve effectively. In such cases, helium (He) collision mode may provide a simpler, more
universal, and more reliable solution (2,3).
Third, which analytes must be measured and at what level? Most ICP-MS
applications can be run successfully
using He collision mode, but lower
analyte levels may require a reaction
gas method to further reduce backgrounds and improve detection limits.
Similarly, analysis of high-level major elements may require custom tuning or
sample dilution if the detector cannot
measure the full concentration range.
Finally, how many samples will be analyzed? Many parameters affect analysis
speed for large sample batches. ICPMS/MS systems are compatible with
discrete sampling devices to shorten
sample analysis times. However, the
number of cell gases used—and the
time required to switch between cell
modes—will also impact throughput.

Step #2: Identify Critical
Method Needs—Why is
ICP-MS/MS Needed?
Once the basic analytical requirements
have been addressed, specific, critical aspects of the analysis should be considered.
This stage usually focuses on the most difficult sample types, unusual analytes, or extremely low (or high) concentration levels.
In the context of ICP-MS/MS method development, this step should identify analytes that are affected by spectral overlaps.
Step #3: Apply the Simplest
Approach to Address Interferences
ICP-MS/MS offers performance benefits
because of the additional quadrupole, Q1,
before the CRC, which controls reaction
processes in the cell. Reaction gas modes
can give extremely effective interference
reduction, useful for ultralow level analysis
in high purity reagents. However, reaction
gas methods may be specific for each
overlap being resolved, so multielement
methods may require several sets of cell

conditions. These conditions may not always be applicable to other sample types.
As mentioned above, many ICP-MS
interferences can be addressed using He
collision mode. Most spectral overlaps in
ICP-MS are caused by polyatomic (molecular) ions. For example, 40Ar35Cl+ overlaps
75As+ at m/z 75. Helium mode uses kinetic
energy discrimination (KED) to reduce the
transmission of polyatomic ions relative to
the monatomic analyte ions they overlap
(4). As a result, He mode supports multielement analysis and allows access to secondary (confirmatory) isotopes for many
elements, while also practically eliminating the need for unreliable mathematical
correction equations.
The major appeal of He mode is that
the same cell conditions can be used for
multiple analytes across a range of sample
types, so method setup is simple and consistent. He mode is the default mode for
single quadrupole ICP-MS methods, and
can be used in the same way on ICP-MS/
MS. Using He mode for most analytes
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Confirm general
analytical requirements

Identify critical method
needs (why ICP-MS/MS)

• Matrix level and variability
• Analyte concentration range
• Sample number

• Non-typical analyte elements
• Ultra-low concentrations
• Specific, matrix-based
interferences

Simplest approach to
resolving interferences

Which analytes need
reaction gas or MS/MS

• He mode capability to resolve
typical polyatomic ions
• Established reaction modes for
well-known overlaps

• Very intense interferences
• Isobaric overlaps
• Doubly charged interferences
• Peak tail overlaps

Select reaction gas(es)
and measurement mode

Ensure control of cellformed product ions

• Use predefined or pre-set
methods if available
• Refer to published methods
• Use precursor/product ion scan

• Energy discrimination
• Mass discrimination

FIGURE 1: Method development steps for ICP-MS/MS.
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applications and provides performance
benefits, such as higher sensitivity, in others. In these cases, a reaction gas mode
may be able to resolve the overlap.
Doubly charged ion interferences form
when an atom loses two electrons in the
plasma and forms a doubly charged (M2+)
ion. A quadrupole mass filter separates
ions based on mass to charge ratio (m/z),
so M2+ ions appear at half their true mass.
Most elements form insignificant levels
of M2+ ions, but some, such as the rare
earth elements (REEs), do form a small
percentage of M2+ ions. These REE2+ ions
can cause overlaps. For example, 150Nd2+
and 150Sm2+ overlap 75As+. Single quadrupole ICP-MS can correct for normal levels
of M2+ overlap, but this approach is not
effective at high levels of interference.
For analyses such as trace arsenic and
selenium in REE minerals, a reaction gas
method is more effective.
Peak tail overlaps affect trace analytes
measured next to intense major element
peaks. An example is trace manganese
(m/z 55) analysis in an iron or steel matrix
(the major isotopes of iron are at m/z 54
and 56). Peak tail overlaps are resolved
using the double mass selection of MS/
MS, as the abundance sensitivity (AS) of
a tandem MS is the product of the AS of
the two mass filters, so Q1 AS x Q2 AS in
the case of ICP-QQQ.

Q2

FIGURE 2: (a) Overlaid ICP-MS/MS spectra (blank and 1 ppb chromium (Cr) in 1%
methanol). (b) Calibration plot for 52Cr. Background <1 ppt confirms cell-formed
NH4(NH3)2+ product ions (m/z 52) are removed using energy discrimination.

makes it much simpler to develop methods for the remaining analytes that need a
reaction gas approach.
Step #4: Identify Analytes or
Overlaps that Cannot Be
Addressed Using He Mode
Many users employ ICP-MS/MS precisely
because their application cannot be performed successfully using single quadrupole ICP-MS, even with well optimized
He mode. Usually, the requirements relate to specific spectral interferences or
adjacent mass overlaps that can only be
resolved using a reaction gas or double
mass selection (MS/MS).
44 Spectroscopy 37(2)
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ICP-MS/MS can use reaction gas modes
to reduce intense spectral overlaps, such
as 14N2 on 28Si, 14N16O1H on 31P, and 16O2
on 32S, allowing these previously difficult
elements to be measured at a low level.
Reaction gas modes can also reduce
matrix-based overlaps to lower levels,
enabling ultratrace level analysis.
He mode cannot resolve isobaric overlaps, such as 48Ca on 48Ti, 40Ar on 40Ca,
204Hg on 204Pb, and so on. In typical, routine ICP-MS analysis, these overlaps are
avoided by measuring an alternative mass
(47Ti, 44Ca, and 206/207/208Pb, in the examples above). However, measurement of the
overlapped isotope is required for some

Step #5: Select the
Preferred Reaction Gas Mode
For overlaps that cannot be addressed
using He mode, an appropriate reaction gas mode is selected, which is not
as daunting as new users often assume,
because ICP-MS/MS ion–molecule reaction chemistry is well understood and
documented. Applications can often be
run using the predefined method settings
provided with the instrument software.
Manufacturers’ application notes (5) and
users’ publications (6) document proven
methods for many more applications.
ICP-MS/MS users also benefit from
unique method development tools, including product ion and precursor ion scans.
These are useful for identifying suitable
analyte product ions and potential matrixbased product ion overlaps (7).
www.spectroscopyonline.com
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Step #6: Ensure Control of
Cell-Formed Reaction Product Ions
When reaction gases are used in ICP-MS,
new product ions can be formed in the
CRC. The creation of potentially interfering product ions is a major downside of
reaction gases compared to helium KED
mode, but control of product ion formation is a key benefit of a tandem MS configuration. The Q1 mass filter, before the
CRC, ensures that only ions at the target
mass—that is, the analyte and any onmass interferences—enter the CRC.
Q1 therefore prevents the formation
of product ions from analytes or matrix elements present at other masses.
However, product ions can still be created from the reaction gas itself. For
example, when 52Cr+ is measured in organic matrices, Q1 is set to m/z 52, allowing both 52Cr+ and 40Ar12C+, to enter the
cell. NH3 cell gas removes the 40Ar12C+
via a charge transfer reaction:
ArC+ + 2NH3 → ArC + NH2 + NH4+ <m/z 18>

However, the NH 4 + product ions
could react further with the NH3 cell gas,
forming new NH4(NH3)2+ cluster ions at
m/z 52:
NH4+ + NH3 → NH4(NH3)+ <m/z 35>
Followed by: NH4 (NH3)+ + NH3 →
NH4(NH3)2+ <m/z 52>
The sequential reactions that form
the NH 4 (NH3 )2+ product ions can be
prevented using either mass discrimination or ion energy discrimination,
depending on the ICP-MS/MS cell
configuration and operating conditions. The energy discrimination approach is effective because product
ions created from the cell gas only
have the kinetic energy they derive
from the collision. These low-energy
product ions have insufficient energy
to pass through the gas-filled cell,
so they do not appear in the mass
spectrum (Figure 2).
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MILESTONE

Sample Preparation of Heavy Crude Oil
Milestone, Inc.

T

he digestion of heavy crude oil samples prior to trace
metal analysis by inductively coupled plasma–optical
emission spectrometry (ICP-OES) has traditionally been
performed by dry ashing in a muffle furnace. The oil is
burned off over a burner prior to ashing in a muffle furnace.
The process takes several hours and requires continual
operator attention. Loss of sample and cross contamination
can occur due to foaming and splashing. Volatile analytes
are lost and cannot be measured. While closed-vessel
microwave digestion offers several advantages over dry
ashing, a maximum sample weight of ~0.2 g is considered
too small for representative analysis. Single Reaction
Chamber (SRC) microwave digestion, however, can digest
higher sample weights, enabling microwave digestion to
be applied to the sample preparation of heavy oils.
Instrumentation

Milestone’s ultraWAVE SRC benchtop digestion system can
digest up to 5 heavy oil samples at a time, at up to 300 oC and
199 bar pressure. Its high temperature and pressure capability
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Figure 1: ultraWAVE digestion program with 5 x 0.75 g heavy
oil: Ramp to 250 oC over 30 min and hold for 10 min. Line T1
shows the actual digestion temperature achieved. The applied
microwave power is automatically controlled by the system,
so the actual digestion temperature precisely follows the
programmed temperature profile. The outer temperature of the
reaction chamber is also monitored (T2). Note that pressure (P)
reached almost 100 bar during the run. This is due to the high
weight and high organic content of the samples, which generates
NOx and CO2. Pressure was released automatically at 55 min.
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Figure 2: Sample rack being loaded and samples after digestion.

enables the complete digestion of heavy oils, which makes
sample introduction to the ICP-OES instrument easier and
more routine. The ultraWAVE can digest 0.75 g of heavy
oil (up to 5 samples simultaneously)—more than 3x higher
sample weight than traditional closed-vessel digestion
systems. Samples are simply digested in disposable glass
vials; unlike dry ashing, there are no crucibles to clean.
The system is fully automated: the sample is weighed into
a vial, and 10 mL HNO3 is added and loaded into the
ultraWAVE. Its walk away operation means labor costs
are significantly reduced over dry ashing. The reaction
chamber is pre-pressurized with N2, which eliminates cross
contamination of loss of volatiles.
Conclusion

Sample digestion with the Milestone ultraWAVE takes
around one hour including cool-down time. The digestion
of heavy oils in the amounts described was sufficient for
the application, with increased sample throughput and
reduced labor costs compared to dry ashing. Risk of
contamination and loss of volatile elements is eliminated,
and the superior digestion quality allows for easier
analysis by ICP-OES.

Milestone, Inc.
25 Controls Drive, Shelton, CT 06484
Tel. (203) 925-4240, toll free (866) 995-5100
Website: www.milestonesci.com
www.spectroscopyonline.com
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Analysis of Transdermal Patch Layers
via Confocal Raman Microscopy
Angela Flack, Edinburgh Instruments

A transdermal patch is a method of drug delivery
through the skin into the bloodstream. The patch,
shown in Figure 1(a), contains a drug that absorbs
into the skin when attached, releasing a consistent
and controlled amount of medication into the body.
One of the most common uses for transdermal
patches is to help combat nicotine addiction.
Nicotine replacement therapy releases small
amounts of nicotine throughout the day, without
the additional harmful components of cigarettes.
In this application note, we study a nicotine patch
to reveal the active pharmaceutical ingredient
(API) as well as the polymer layers encapsulating it
via confocal Raman microscopy.
Experimental conditions

A

n RMS1000 Raman microscope, equipped with a 785nm laser, was used to measure a 3D Raman map of
the transdermal nicotine patch. The nicotine patch was
purchased from a pharmacy. The RMS1000 can acquire 3D
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Raman maps thanks to its confocal pinhole. The pinhole
acts as a spatial filter in the axial (Z) direction by blocking
the Raman scatter from above and below the focal plane
and is essential for 3D mapping. Without the pinhole,
there is no axial spatial filtering, and Raman scatter from
the entire axial volume of the sample would be collected
with no axial resolution.
Results

The transdermal patch analyzed contained nicotine as the
active ingredient surrounded by polymers. By carrying out
a Raman 3D map we can visualize the different material
layers present in patch, Figure 1(b). The 3D Raman map,
shown in Figure 1(c), reveals that the patch contains
6 layers; the spectrum of each layer can be extracted
and analyzed for identification. The outer layers of the
patch, layers 1 and 6, shown in red, can be identified as
poly(ethylene terephthalate) (PET) using the KnowItAll
Raman Database. The 3D map is colored based on
peaks specific to the material identified; for example
for the layers of PET the peak at 1293 cm-1 was selected.
Layer 2 can be identified as PET/polyisobutylene, and
layers 3 and 5, which surround the API, were determined to
be polyethylene (PE). Finally, in the middle of the polymers
is a thick layer of the API, nicotine, embedded in polymer
reservoir (ethylene).
Conclusions

This application note demonstrated how the RMS1000
Raman microscope can be used for 3D mapping of a
transdermal patch. The API, in this case nicotine, can be
visualized as can the surrounding polymers responsible
for protecting and ensuring API release. In this way
confocal Raman microscopy is a useful technique for
pharmaceutical laboratories to conduct quality control
on their products, ensuring they have been produced
correctly without contaminants, and help monitor the
stability of adhesive layers.

Edinburgh Instruments
Figure 1: a) Layers of a transdermal patch, b) spectra from each
layer of the patch, c) 3D render of the Raman map with each
layer identified.
www.spectroscopyonline.com
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Tel: +44 (0) 1506 425 300 Fax: +44 (0) 1506 425 320
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Monitoring and Control of a Semi-Batch
Polymerization with Raman Spectroscopy
Endress+Hauser

S

emi-batch reactions offer several advantages over
traditional batch reactions, such as greater selectivity of
products, gradual addition of reactants for better process
control, and the ability to isolate product as it is formed.
Polymerizations are often done in semi-batch mode because
it offers the ability to carefully control the composition of
the product in order to create high-performance materials
with fine-tuned custom properties.
However, one significant challenge of semi-batch reactions is that the concentrations of the reactants constantly
change, in both relative and absolute senses. If uncontrolled, this variation in the concentrations of reactants can
easily result in unwanted properties in the product. So, this
reaction mode requires continuous real-time monitoring of
the concentrations of the reactants. Simply adding the reactants in the correct ratios is insufficient.
Additionally, batch-to-batch consistency is essential for
high-performance materials with finely tailored properties.
In many manufacturing plants, the same process equipment must be capable of producing a wide variety of highperformance materials, so the process-control method
must be both precise and flexible.
Raman spectroscopy offers several advantages for real-time
process monitoring of semi-batch polymerizations. It can identify bands specific to particular functional groups, such as the
vinyl and alkyl moieties common to polymerization monomers,
and it offers both easy sample interfacing and fiber optic couMonomer pumps

Controller

A

B

C

Raman analyzer

Reactor

pling of the probe to the base unit for flexible placement of
the base unit relative to the process line.
Experimental

In this experiment, a semi-batch polymerization reaction was
carried out using three proprietary monomers, designated
monomers A, B, and C. A schematic of the system is shown
in Figure 1.
A Raman analyzer was used to deliver and collect
785 nm near-infrared radiation from a laser. A non-contact
optic was used to perform the analysis through a pressureand temperature-rated sapphire viewport in the wall of the
reactor. Each sample acquisition consisted of 60 s of illumination
of the reactor contents using 125 mW of laser radiation,
followed by a 20 s pause. Five to seven data points from each
monomer were used to generate quantitative Raman data
for real-time process control.
In this reaction, a vinyl functional group in each of the
three monomers changes to an alkyl group during the
polymerization. Raman spectroscopy is sensitive to this,
whereas traditional infrared spectroscopy is much less so.
Chemometric modeling in this case was based on the Raman
signal for the vinyl region in all monomers, the C–H wag in
monomers A and B, and the lactone region in monomer C.
Conclusion

Raman spectroscopy was demonstrated to be a simple,
accurate, and effective method of process analysis for the
purpose of real-time monitoring and control of a semi-batch
polymerization. Raman data were able to be used for realtime feedback control of the process to maintain ideal process
conditions in a closed-loop reaction system and to produce
a highly consistent product between batches, ensuring
consistent quality of sensitive high-performance materials.
Reference
(1) J. Müller et al. Process Analytical Technology, 9–10 (2006).

Endress + Hauser USA
Figure 1: Schematic diagram of process control system for
semi-batch polymerization
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Characterization of Surface Orientation
of a Molded Polymer by FTIR-ATR
Susan Berets, Harrick Scientific Products, Inc.

T

hermotropic liquid crystal polymers (TLCP) are injection
molded and undergo spontaneous ordering while flowing
through the mold. The degree of orientation depends on the
distance from the injection point, the depth into the material, and
other factors. Since the orientation changes the physical properties
of the product, it is important to control the degree of anisotropy.
This application note demonstrates using ATR to examine the
changes in surface orientation as a function of the distance from
the injection point or gate.
Experimental

Samples of the TLCP were cut down the centerline of the
mold, 15 mm apart, and cleaned using Alconox™ in an
ultrasonic bath to remove surface contaminants.
Infrared spectra were collected on an FT-IR spectrometer
equipped with the Seagull variable angle reflection accessory
with its ATR rotator (Figure 1), ZnSe ATR crystal, and KRS5 wire grid polarizer set to s-polarization. The Seagull was
used at a 55° incident angle. The spectrometer collected
data at 4 cm-1 resolution, signal averaged over 32 scans.
A background was collected from the clean ATR crystal.
Each sample was oriented on the ATR rotator so its cut
edges corresponded to the 0° and 90° setting. Sample
spectra were collected at 0°, 45°, and 90°.
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Figure 3: The orientation function at 1500 cm-1 as a function
of distance from the gate.

Results and Discussion

Figure 2 shows the data collected from the sample farthest
(60 mm) from the gate. The band at 1500 cm-1 shows the most
striking change. It is much weaker at the 0° position than at
the 90° position. This band is due to the skeletal vibration
of the benzene and naphthalene rings in the TLCP, which
are oriented relative to the polymer chain axes. The band at
1730 cm-1, on the other hand, shows very little change.
Pirnia and Sung (1) developed a methodology using
the dichroic ratios to calculate the orientation function
for polymers and determined that the orientation was
the highest on the surface, well beyond the gate. The
spectra measured here were processed using the methods
developed by Pirnia et al. The orientation function (Figure 3)
shows the surfaces of the samples become more oriented
further from the gate, comparable to the 0.77–0.88 reported.
Conclusion

Figure 1: The Seagull with its ATR rotator.
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90

The orientation of injection molded polymers can be analyzed
by ATR dichromism. Using a variable angle ATR accessory
like the Seagull and its ATR rotator, the incident angle can
be optimized for a given sample and the orientation axis can
be determined.
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Figure 2: ATR spectra of the polymer, 60 mm away from the
gate at 0° (red), 45° (black), and 90° (blue).
www.spectroscopyonline.com
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Automated Macro-Mapping a
Coating via Reflection Sampling
Jenni L. Briggs, PIKE Technologies, Inc.

Using an automated FT-IR reflection sampling accessory, the surface of a polymer-coated aluminum film
was analyzed. Spectral results were used to investigate chemical uniformity across the sample area.

Materials and Methods

PIKE Technologies’ XY Autosampler diffuse/specular
reflection accessory was used to automate mid infrared
spectral mapping of a polymer-coated aluminum foil surface.
The XY Autosampler fits into the sample compartment of most
commercial FT-IR instruments. Its precision XY stage accepts
a sample plate with a microtiter plate footprint (85 × 128 mm).
Sixteen scans were co-added using a resolution of 4 cm-1.
Scanning range was from 7000 to 400 cm-1.
For this investigation, a custom clamshell sampling plate
ensured foil flatness during the measurements. Eighteen
points were analyzed on the sample, which was 65 x 128 mm.
Data presented were baseline corrected.
Results

The optical layout of the XY Autosampler is based upon a precision ellipsoidal collection mirror that condenses the beam
onto the sample with a power of approximately 3x. A typical
9-mm beam size results in roughly a 3-mm spot on the sample.
The beam strikes the sample at a 30° angle of incidence.
Specular reflection sampling in the mid infrared is a useful
technique for measuring thin coatings on reflective substrates
and analyzing of bulk materials. In the case of a relatively thin
film on a reflective substrate, like the polymer-coated foil
sample measured here, the specular reflection experiment may
be thought of as a “double-pass transmission” measurement
because the beam passes through the coating, reflects off
the substrate, and once again passes through the coating.
52 Spectroscopy 37(2)
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aving the capability to map several spots of a solid sample
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area analysis. Additionally, automation improves productivity
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possibility of user error.
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Figure 1: Select spectra of the coating on a foil; two from
the upper and two from the lower area of the sample.

For samples with coating thickness in micrometers, results are
very sensitive when using specular reflection accessories with
angles of incidence at near normal (10o) and greater.
Typically, the resulting IR spectrum of a coating on a
reflective substrate collected via specular reflection sampling
is easily searchable in a spectral database library because it
appears similar to a transmission spectrum. For the spectra
collected here, a high-quality database match was found
against a styrene-acrylic polymer coating. This match quality
was consistent across the macro-mapping area.
A subset of the data is presented here for presentation
clarity (Figure 1). Upon a closer inspection of the fingerprint
region, there are some small differences as a function of
position (upper versus lower area of the sample foil) in the
spectral band shapes and band ratios at 1180, 1160, 1120,
and 1100 cm-1. This would suggest that either the chemical
composition of the coating was slightly different in these areas
or that processing conditions could be responsible.
Conclusion

In addition to measuring individual samples by diffuse reflection, the XY Autosampler also offers a versatile platform for
mapping the surface of a one-piece solid by specular/diffuse
reflection to evaluate chemical uniformity across a sample.

PIKE Technologies, Inc.
6125 Cottonwood Drive, Madison, WI 53719
Tel. (608) 274-2721, Fax (608) 274-0103
www.piketech.com
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Correlative Raman Imaging for Battery Research
WITec GmbH

This application note describes a correlative Raman–
scanning electron microscope (SEM) investigation
of a lithium-ion battery cathode before and after
hundreds of charge cycles. The technique provides
an exceptionally detailed chemical and structural
analysis of degradation processes on the nanoscale.

L

ithium-ion battery technology is the key enabler of the
current revolution in transportation and energy. Improving
the performance of Li-ion cells is among the highest priorities
in contemporary research and a detailed understanding of
how charging cycles affect their electrodes is crucial. In the
following, we use correlative Raman imaging and scanning
electron (RISE) microscopy to visualize changes in molecular
composition and the formation of grain fractures.
Experimental Conditions

The investigated lithium nickel manganese cobalt oxide
(Li-NMC) cell was subjected to 400 charge cycles, leading to
a 40% loss of capacity. Changes in performance are often a
result of inhomogeneous degradation in battery electrodes.
Local deterioration of microstructure in a Li-NMC battery
electrode subjected to fast charging and long-term cycling

was studied using a WITec/Tescan RISE microscopy system.
This instrument allows samples to be automatically transferred
from one measuring position to the other within a common
vacuum chamber, enabling the correlation of Raman and SEM
data, streamlining the experimental workflow and drastically
improving ease of use. Cross sections were created for
imaging with the integrated focused ion beam.
Imaging Results

Cross section of an uncycled cathode (a). Particles embedded
in amorphous carbon (red) contain uniformly distributed
lithium nickel cobalt manganese oxide (blue). Cross section
of a cycled and rapidly charged cathode (b). Compared to
the uncycled cathode, the particles appear inhomogeneous.
Changes in peak positions and peak width indicate variance
of Li-NMC composition. One particle (bottom left) shows a
completely different composition, including a spectrum (blue)
identical to the Li-NMC spectrum of the uncycled electrode.
RISE image of a particle of a cycled cathode that reveals
changes in Li-NMC composition and substantial structural
degradation (c).
Conclusion

In the RISE image of the uncycled cathode (a) its particles
appear to consist of uniform lithium nickel cobalt manganese
oxide. Rapid cycling induced significant changes in
lithiation of the particles as indicated by changes in the
Raman spectra (green) (b). The Raman data reveals local
variations even at the single particle level. In b, one particle
is characterized by two spectra, one of which corresponds
to the Li-NMC spectrum of the native electrode, indicating
that this particle might not have participated in the cycling
process. Lorentzian fitting of the spectral peak positions of
another particle also shows a high level of inhomogeneity
and degradation in the form of cracks (c).

WITec GmbH
Figure 1: RISE analysis of the cathode of a fast-cycled Li-NMC
battery (Sample courtesy of Dean Miller [Tescan USA])
www.spectroscopyonline.com

Lise-Meitner-Str. 6 89081 Ulm, Germany
Tel. +49 (0) 731 140 700, fax +49 (0) 731 140 70 200
www.witec.de
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PRODUCTS & RESOURCES
Palm spectrometer

Optics, prisms, and polarizers

BaySpec’s Breeze palm
spectrometer is designed as
“the world’s smartest palm
spectrometer for 400–2500
nm with a simple one button
operation.” According to
the company, the device
can perform spectroscopic
analysis any time and anywhere
for plastics, illicit drugs,
pharmaceuticals, explosives,
biological warfare agents, and food.
BaySpec, Inc., San Jose, CA.
www.bayspec.com

AA graphite furnace tubes

REFLEX Analytical’s selection of
optical materials are designed
for use in vacuum ultraviolet
through far-infrared detection.
According to the company,
the materials are manufactured
into transmission windows,
lenses, viewports, beamsplitters, attenuated total reflectance
prisms, rods, hemispheres, and
linear holographic infrared and
free-standing wire grid polarizers.

REFLEX Analytical Corporation, Ridgewood, NJ.
www.reflexusa.com

AA precision-fabricated
graphite furnace tubes
from REFLEX are designed
with shrouds and contacts
made from high-purity,
high-density graphite,
and coated with a layer of
pure, pyrolytically deposited graphite. According
to the company, the tubes
provide a dense and durable surface that is impervious to sample, vapor, or solvent.
REFLEX Analytical Corp., Ridgewood, NJ.
www.reflexusa.com

• Continued from Page 18
However, the mathematics assures us
that the same phenomena will create
the instability we see in the two-wavelength, 3D case, in those higher-dimensional situations as well.
Therefore, we can explain the cause
of what we observed as an apparent
inability to reproduce a calibration
model when using MLR technology,
even though any calibration model
resulting from a different orientation
of the calibration plane would, in practice, perform equally well. However,
this understanding does not provide
us with a tool to correct the situation,
or even give us a means to select,
from all the possible orientations of
the calibration plane, the one orientation, with its corresponding calibration
coefficients that would allow other
scientists to reproduce that exac t
model. Thus, as we discussed above
54 Spectroscopy 37(2)
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Fluorine analyzer

The ProfilerF analyzer
from Metrohm is designed
as an analytical tool that
quantifies all fluorine (both
organic and inorganic fluoride in solution) to define
the total impact of per- and
polyfluoroalky substances
(PFAS) contaminants. According to the company, the analyzer can help researchers understand the total organic
fluorine profile, and the detrimental impact these compounds can have on the environment and human health.
Metrohm USA, Riverview, FL.
www.metrohm.com

in our introductory comments to this
column, data transforms and modifications to the basic MLR algorithm were
applied to address this issue and other
problems that arose.
We will begin our examination of
alternate calibration methodologies in
the next column on this topic.
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