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Russ Algar University of British Columbia

H

Fran Adar Horiba Scientific

Matthew J. Baker University of Strathclyde
uman beings have long been awed by space exploration. In recent years, the analytical chemistry
community has been par ticularly excited to see

Ramon M. Barnes University of Massachusetts
Matthieu Baudelet University of Central Florida
Rohit Bhargava University of Illinois at Urbana-Champaign

that exploration aided by spectroscopic tools, including laser-

Karl S. Booksh University of Delaware

induced breakdown spectroscopy (LIBS). The National Aeronau-

Michael S. Bradley Thermo Fisher Scientific

tics and Space Administration (NASA) has deployed LIBS on two

Deborah Bradshaw Consultant

Mars rovers, first in the ChemCam instrument on the 2012
Curiosity mission, and recently in the SuperCam instrument, on the
2020 Perseverance rover that touched down on Mars earlier this

Lora L. Brehm The Dow Chemical Company
George Chan Lawrence Berkeley National Laboratory

year. The reason is simple: LIBS is an ideal method for elemental

John Coates Coates Consulting LLC

analysis of geological samples. In this month’s “Laser and Optics

John Cottle University of California Santa Barbara

Interface” column—our cover story—Steve Buckley examines the

Paul J. Gemperline East Carolina University

most successful calibration and quantification methods to date
for LIBS applications in geochemistry, most of which, of course,
occur right here on Earth.
Our peer-reviewed papers in this month’s issue address other

David Lankin University of Illinois at Chicago, College of Pharmacy
Barbara S. Larsen DuPont Nutrition and Biosciences
Barry K. Lavine Oklahoma State University

terrestrial matters. Researchers at the University of Shanghai for

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

Science and Technology present a study of the use of Raman

Bernhard Lendl Vienna University of Technology (TU Wien)

spec troscopy to detec t and investigate nitrophenol iso mers in both the solid phase and liquid phase. This work lays
the groundwork for using this technique for determination

Ian R. Lewis Kaiser Optical Systems
Howard Mark Mark Electronics

of nitrophenol—a highly toxic pollutant with a slow degradation rate—

R.D. McDowall McDowall Consulting

in environmental monitoring.

Gary McGeorge Bristol-Myers Squibb

A second peer-reviewed paper demonstrates the use of
energy dispersive X-ray fluorescence (EDXRF), along with multivariate statistical analysis, to distinguish different classes of historical artifacts, such as ancient pottery—revealing insights about

Francis M. Mirabella Jr. Mirabella Practical Consulting Solutions, Inc.
Ellen V. Miseo TeakOrigin
Michael L. Myrick University of South Carolina
John W. Olesik The Ohio State University

their origin and uses.
Our other articles in this issue further our ongoing mission to
provide practical information about analytical spectroscopy techniques. In “Chemometrics in Spectroscopy,” Jerry Workman and
Howard Mark complete their offering of a curated set of explanatory
or tutorial references for a wide range of chemometric techniques.

Yukihiro Ozaki Kwansei Gakuin University
Steven Ray State University of New York at Buffalo
Jim Rydzak Specere Consulting
Jacob T. Shelley Rensselaer Polytechnic Institute

In “Atomic Perspectives,” Rob Thomas explains how the choice of

Barry Wise Eigenvector Research Inc.

measurement regime in inductively coupled plasma–mass spectrom-

Jerome Workman Jr. Biotechnology Business Associates

etry (ICP-MS) affects results, focusing on the balance between maxi-

Lu Yang National Research Council Canada

mizing productivity and optimizing performance. Finally, in the first
of a two-part tutorial, Micky Myrick and colleagues at the University
of South Carolina present procedures designed to “collect data right
the first time” with fluorescence emission and fluorescence excitation
spectroscopy techniques.
Enjoy the issue!

8 Spectroscopy 36(10)

October 2021

Spectroscopy’s Editorial Advisory Board is a group of distinguished individuals
assembled to help the publication fulfill its editorial mission to promote the
effective use of spectroscopic technology as a practical research and measurement
tool. With recognized expertise in a wide range of technique and application areas,
board members perform a range of functions, such as reviewing manuscripts,
suggesting authors and topics for coverage, and providing the editor with general
direction and feedback. We are indebted to these scientists for their contributions
to the publication and to the spectroscopy community as a whole.

www.spectroscopyonline.com

LASERS AND OPTICS INTERFACE

Geochemical Analysis
Using Laser-Induced
Breakdown Spectroscopy
Steve Buckley

Laser-induced breakdown spectroscopy (LIBS) is an ideal method
for elemental analysis of geological samples. Although X-ray
fluorescence (XRF) can measure a
wide variety of elements, it struggles to measure elements lighter
than silicon, meaning that many
key crustal elements cannot be
measured. In addition, as a fast,
standoff method, LIBS can be employed in a variety of geometries
with various distances from the
target. LIBS has famously been
employed by the National Aeronautics and Space Administration
(NASA) on their Mars rovers, first
in the ChemCam instrument and
now in the SuperCam instrument.
This article summarizes both the
basic methodology and the most
successful calibration and quantification methods to date.

www.spectroscopyonline.com

G

eomaterial analysis is a constantly advancing field. As both
imaging and spectroscopic methods improve, analysts are better able to
pinpoint valuable deposits and rapidly
grade and sort ore samples for resource
extraction. The improved efficiency of
both imaging and spectroscopic methods benefits all types of resource exploration, from hard rock mining to trace rare
earth discovery to oil and gas exploration.
Better analysis tools lessen waste, lower
energy and water usage, and ensure the
high quality of the final product.
Traditionally, extractive sampling
methods have been used for geochemical analysis. For individual rock samples,
precise microtome methods evolved to
subsample small, indexed portions of
the rock sample for inductively-coupled
plasma–mass spectrometry (ICP-MS) analysis. Similarly, for bulk analysis, subsampling
methods have been determined by several
organizations, one being the American Society for Testing and Materials (ASTM), to
sample rock samples as large as railroad
cars for ICP-MS analysis. Detection limits
with ICP-MS are element- and methoddependent but can easily be in the parts
per billion (ppb) range. Geological laboratories located at or near mine sites can typically turn around samples as fast as 6–8 h.
Other techniques that use simpler instru-

ments, such as atomic absorption spectroscopy (AAS), are commonly used for
particular elements.
X-ray fluorescence (XRF) is popular for
real-time testing without extractive sampling. XRF is available in various formats,
such as portable XRF “guns,” cross-belt
configurations, and custom configurations
such as the Bruker S2 Kodiak. Because Xrays penetrate materials to specific material-dependent depth, XRF accomplishes
near-surface bulk analysis conveniently.
There are some matrix effects that occur
while using XRF, meaning that an universal
calibration is not error-free. These effects
arise primarily from emitted X-rays being
absorbed as they exit the sample, or exciting further lower-energy fluorescence.
Furthermore, XRF needs to be accomplished at a very close range to the sample,
ideally touching the sample, for efficient
collection of X-rays. XRF is effective for elemental analysis of elements greater than
about 14 (silicon) on the periodic table.
A lack of absorption of X-rays severely limits accuracy for lighter elements.
Prompt gamma neutron activation
analysis (PGNAA) is also used for crossbelt analysis. Neutrons from a radioactive
source (typically Californium-252) interact with the nucleus of elements present
in the sample, causing the emission of
gamma rays onto a suitable detector.
October 2021
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FIGURE 1: Approximate (conservative) detection limits
obtainable with LIBS, highly dependent on the material and
laser(s) and spectrometer used for analysis.

Thermo Fisher and Scantech are the leading suppliers of
PGNAA instruments. PGNAA is particularly popular in the cement industry. However, the relatively large size and radiation
protection requirements render it a limited technique.
For traditional thin-section analysis, laser ablation ICP-MS
(LA-ICP-MS) has become the standard. A femtosecond laser,
short wavelength excimer laser, or wavelength-converted
Nd:YAG laser is used to ablate material in micrometer-sized
spots from the sample. The ablated material is transported
to an ICP-MS instrument for sensitive elemental analysis.
When used in conjunction with automated systems from
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suppliers like Teledyne CETAC, Elemental Scientific Lasers,
and Applied Spectra, LA-ICP-MS, as a technique, provides the
user with detailed micrometer-level analysis of geosamples,
including full elemental composition. Moderately-sized samples
can take in excess of 12 h to run because of the scanning speeds,
and the cost of the entire system usually exceeds $400,000.
LIBS Implementation for Geomaterials
The variety of needs for measuring geomaterials, and the considerations of existing techniques noted above, allows ample room
for using laser-induced breakdown spectroscopy (LIBS) for geomaterial analysis. LIBS forms a plasma directly from material ablated
from the surface of a sample. LIBS also excites elements across
the periodic table, but preferentially excites lighter elements
(atomic numbers 1–20) as well as first-row transition elements,
which together make up the bulk of crustal materials. Detection
limits are typically in the tens of parts per million (ppm) range, and
are highly dependent on the matrix and the type of laser used
in the application. Figure 1 shows a conservative estimation of
detection limits over many of the elements in the periodic table.
A recent review by Harmon and Senesi in March 2021 identified
640 publications in the scientific literature on geomaterials analysis
using LIBS (1). The reader is referred to this excellent source for
details on particular configurations; the article focuses primarily
on laboratory applications but has some suggestions on how LIBS
can be applied outside of the laboratory as well.
Basic implementation choices include the choice of laser source
for excitation and the choice of spectrometer for emission detection. For nanosecond-duration laser pulses, shorter-wavelength
lasers provide more effective ablation, whereas longer-wavelength
lasers couple into the evolving plasma more effectively. For this
reason, 193-nm excimer lasers and 213-nm Nd:YAG lasers are
preferred among nanosecond-duration lasers for LIBS on glassy
materials (including geomaterials) that are partially transparent.
These lasers form weaker plasmas, but this is often more than
compensated for by the improved material ablation.
The ablation process with a nanosecond laser is largely a thermal process, forming a heat-affected zone (HAZ) in the material.
The thermal nature of the process means that the ablation is not
stoichiometric, and the range of particulate sizes formed in the
ablation and subsequent nucleation process have varying chemistries. The formed particles are then subject to the analytical
plasma, which has an effective temperature and electron density that is a function of the laser pulse energy and wavelength.
For these reasons the LIBS plasma emission must be calibrated
independently for each material with a given system.
The ablation process with a femtosecond laser does not rely on
thermal processes. Because the femtosecond laser pulse duration
is much shorter than the characteristic vibration (phonon time)
in the material, there is no time for heat transfer during the laser
pulse. The result is much more stoichiometric ablation, with craters
that look quite symmetric and smooth, with no HAZ. The plasma
from a femtosecond laser forms following the laser-material interaction and is typically weaker than the plasma from a nanosecwww.spectroscopyonline.com

ond laser, exhibiting lower temperatures and electron densities.
Thus, the plasma formed from the femtosecond laser also exhibits
higher absolute detection limits. Because of the additional cost
of a femtosecond laser, the cons of using a femtosecond laser
typically outweigh the advantage of using them for stoichiometric
ablation. As a result, femtosecond lasers are usually used only in
the laboratory.
Spectrometers are the other key choice of hardware.
Many applications can use the miniature crossed Czerny-Turner
type spectrometer pioneered by Ocean Optics (now Ocean Insight)
in the 1990s. Properly synchronized, spectrometers that cover the
range of interest (as broad as 190–800 nm is typical) with at least
0.1 nm resolution are sufficient for most applications. The CCD or
CMOS detectors typically have a minimum gate time of roughly
1 millisecond, so the spectrometer acquisition is triggered with
a specified delay immediately following the laser pulse and the
entire LIBS emission is collected. This results in a non-negligible
background, which must be subtracted, and sacrifices some
signal-to-noise (S/N).
In most cases, the alternative to banks of miniature spectrometers is an echelle spectrometer mated to an intensified CCD
(ICCD) camera or an electron-multiplying CCD (EMCCD) camera,
such as those from Andor Technology, Roper Scientific, or Raptor
Photonics. Several companies offer echelle spectrometers that
are widely used with LIBS, notably Catalina Scientific and LTB
Lasertechnik. The echelles produce higher resolution than the
miniature spectrometers, and the ICCD and EMCCD detectors
are much more sensitive than the nonintensified CCD and CMOS
detectors. This combination yields improvement in S/N and thus
results in better detection limits. Downsides include a higher
price and higher susceptibility to temperature fluctuations and
vibrations than the miniature spectrometer solution.

Bytwonite 57.32%
Pigeonite 31.24%
Pentlandite 3.51%
Pyrrhotite 2.71%
Other 1.58%
Chalcopyrite 1.44%
Talc 0.83%
Diopside-Hedenbergite 0.78%
Chlorite 0.48%
Braggite 0.04%
Tremolite 0.03%
Pyrite 0.02%
Hematite-Goethite 0.00%

5 mm

FIGURE 2: Mineral map of a 20 x 20 mm sample acquired
at 1000 Hz and with 50 µm resolution, from reference (2),
shared under the terms and conditions of the Creative
Commons Attribution (CC BY 4.0) license.

brated with a machine learning approach on a separate sample,
with ground-truth concentration data provided by the Tescan Integrated Mineral Analyzer (TIMA), a scanning electron microscopebased analyzer. Tests showed good agreement on mineral mass
contribution between TIMA and the LIBS analyzer after calibration. Of particular interest and indicated in Figure 2 was the iden-

Innovative Applications
One of the fastest-evolving applications of LIBS in geosciences
surrounds elemental mapping of samples. A recent review paper
summarizes a great deal of relevant literature (2). LIBS has some
notable features compared with laser ablation (LA)-ICP-MS,
as well as a few drawbacks. Positives are solid detection limits
across the periodic table, particularly for several nonmetals and
light elements that are not detected as efficiently by LA-ICP-MS.
Simultaneous spectral acquisition means that transport-related
issues in LA-ICP-MS and parameterization associated with sequential (sometimes known as scanning) mass spectrometers are
avoided. High-speed spectral acquisition means that full spectra
can be acquired at up to kilohertz (kHz) rates. However, LA-ICP-MS
still has superior detection limits for some elements (particularly
beyond row four of the periodic table) and for isotopes, which LIBS
cannot detect without either very high-resolution spectrometers
or molecular emission measurements.
An example of such mapping is included in Figure 2, where
the Curiosity LIBS system from Elemission was used to map
20 x 20 mm and larger regions of mineral samples with 50 µm
resolution at 1000 Hz (3). The LIBS system was previously caliwww.spectroscopyonline.com
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FIGURE 3: Example UV spectrum from the Perseverance Mars rover SuperCam (4), with igneous rock (blue), smectite clay (orange), and magnesium-rich
carbonate (gray), from reference (5); insert shows the expanded spectral
region. The figure is shared under the terms and conditions of the Creative
Commons Attribution (CC BY 4.0) license.

tification of braggite, a mineral containing
platinum, palladium, and nickel. Lightigo
has recently introduced the FireFly LIBS
chemical imaging and analysis system,
which is equipped for resolution down to
10 µm, depth profiling, and data acquisition rates up to 100 Hz.
The ChemCam LIBS instrument has
been mentioned in the press for nearly
a decade since touching down on the
surface of Mars on the Curiosity rover on
August 6, 2012. The ChemCam LIBS instrument quantifies elements and minerals up to 7 m from the rover using LIBS.
The ChemCam has a custom diodepumped DIVA laser developed by
Thales and three custom Ocean Optics
(now Ocean Insight) HR2000 spectrometers. Substantial effort was made to obtain
calibration data here on Earth under Mars
conditions before and concurrent with the
flight, and the raw and calibrated results
from every spectrum can be found on the
Planetary Data System hosted at Washington University of St. Louis. This trove of data
has been a gold mine for researchers testing different calibration methods for LIBS
on geological samples.
Earlier this year, the next-generation
SuperCam touched down with the Perseverance Mars rover. With a similar LIBS
system combined with a Raman spectroscopy system, an improved color camera,
and an acoustic monitor, SuperCam is
providing new data. The design of the Su14 Spectroscopy 36(10)
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perCam was covered in the May 2017 issue
of Spec-troscopy (4). Figure 3 illustrates an
example UV LIBS calibration spectrum
taken during testing. The resolution on the
UV channel is 0.2 full width at half maximum
(fwhm) or better (5).
The detailed information available from
the LIBS spectra, enabled by the science
that has allowed LIBS to be so successful
on the Mars rovers, is quickly emerging
in field geology and mining applications.
SciAps advertises their Z-300 handheld
LIBS analyzer for geological applications,
and there are many additional handheld
LIBS systems to choose from. Having a
handheld LIBS instrument with the ability
to measure and type geological samples
in the field, including light elements, could
save geologists from having to bring back
pounds of rocks in their backpacks from
field expeditions for laboratory analysis.
Perhaps even more exciting are applications on bulk materials for conveyors or
drill core analysis. The Ecore from Elemission is one of many commercial examples;
LTB Lasertechnik and Ocean Insight are
among the companies that provide comprehensive solutions for geological analysis. We have shared before our success in
measuring coal elemental composition
as well as coal properties (6). In mining
and resource exploration, not only can
ore composition be assessed, but many
other properties can be teased out of
LIBS data—examples from the literature

include kerogen hydrogen-to-carbon
ratios, specific surface area, and rock
hardness, among other properties (1).
Particular measurements require specialized setups, so whether the sample is in the
measurement or in the field, it’s a key step
to configure the laser, spectrometer, and
sample preparation correctly for success.
The role of analytical instruments in
geosciences is a combination of better
understanding our natural world and optimizing resource recovery to efficiently
and cleanly fuel our economy. It is clear
that from the laboratory to the field that
LIBS has an increasing role to play in
geosciences. We expect that LIBS will
“rock on” for some time!
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CHEMOMETRICS IN SPECTROSCOPY

Survey of Key Descriptive
References for Chemometric Methods
Used for Spectroscopy: Part II
Jerome Workman, Jr. and Howard Mark

This article is the second in a series that lists four key explanatory
or tutorial references for each of
the 29 chemometric methods previously described. The references
selected are particularly helpful to
explain the use of each method for
spectroscopic data. Also included
are common computer software
platforms used for chemometrics.

I

n the August 2020 and June 2021
“Chemometrics in Spectroscopy”
column s, we d e sc r ibed 2 9 key
common chemometric methods
used by spec troscopist s, and selected corresponding literature reference numbers using a set of tables.
The first article introduced the chemometric methods. The second article introduced a two-part series with
expanded references, included the
following: Part I includes Tables I and
II with references, and Part II includes
Tables III through V with corresponding selected literature references.
The five tables mentioned and the
chemometric methods they cover are
listed below:
• Table I: Signal preprocessing comparison table (alphabetical order)
• Table II: Component analysis comparison table (alphabetical order)
• Table III: Quantitative (calibration) methods comparison table (alphabetical order)
• Table IV: Qualitative (classification) methods comparison table (alphabetical order)
• Table V: Programming plat forms
of ten used for chemometric s
(alphabetical order).
Description of References
In this ar ticle, a set of four references are given in Tables III and IV
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for each of 15 chemometric methods
(numbers 15–29), and five references
are given for each computer sof tware platform introduced in Table V
(method number 30). This article lists
the corresponding references from
69 to 148. The method numbers and
references for the t wo-par t series
are sequential from methods 1–30,
w hic h c or re s p ond to refe re nc e s
1–148, respectively. Thus, the twopart reference article series can be
viewed as a single body of work.
Introduction to Tables
For Part II of the series, Table III shows
the variety of references for quantitative (calibration) methods used to
take raw or preprocessed data and
compute predictive calibration models for quantitative determination of
physical or chemical parameters in
a data set. Table IV demonstrates
the references for the qualitative
(classification) methods used to take
raw or preprocessed data and compute predictive calibration models
for classification of different groups
or types of samples or of physical or
chemical parameters in a data set.
Table V includes references for using
the most common programming languages or platforms for general data
www.spectroscopyonline.com

interpretation using chemometrics or
other statistical analysis methods.
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P.D. Went zell, Appl. Spectrosc.
56(6), 789–796 (2002).
88. P.J. Gemperline and A. Salt, J.
Chemom. 3(2), 343–357 (1989).
Qualitative (Classification) Methods
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TABLE IV: Qualitative (classification) methods comparison table (alphabetical order)
Method Name

References

20. Boosted trees—Gradient boosting

89–92

21. Decision trees

93–96

22. Linear classifiers: Logistic regression, Naive Bayes classifier

97–100

23. Logistic regression (Predictive learning model)

101–104

24. Mahalanobis distance metrics

105–108

25. Nearest neighbor (k-Nearest-neighbor)

109–112

26. Neural Networks

113–116

27. Random Forest

117–120

28. Soft independent modeling by class analogy (SIMCA)

121–124

29. Support vector machines (SVM)

125–128

TABLE V: Programming platforms often used for chemometrics (alphabetical order)
Method Name

Platform

Tutorial References

30. Programming Languages

MS Excel

129–133

Matlab

134–138

Python

139–143

R

144–148
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290 (2006).
92. K .D. Shepherd, C.A. Palm, C.N.
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Impact of Measurement
Protocol on ICP-MS Data
Quality Objectives: Part I
Robert Thomas

Quadrupole-based inductively coupled plasma–mass spectrometry
(ICP-MS) is undoubtedly the fastest
growing trace element technique
today. Since its commercialization in
1983, approximately 20,000 systems
have been installed worldwide to carry
out a diverse range of applications,
including environmental, geological,
semiconductor, biomedical, food,
pharmaceuticals, cannabis-hemp,
petrochemical, and nuclear applications. To meet such varied application
needs, modern ICP-MS instrumentation has to be very flexible if it is to
keep up with the increasing demands
of its users. Nowhere is this more important than in the area of peak integration and measurement protocol.
The way the analytical signal is managed in ICP-MS has a direct impact
on its multielement characteristics,
isotopic capability, detection limits,
dynamic range, precision, signal stability and sample throughput—the
major strengths that attracted the
trace element community to the
technique almost 40 years ago. This
month’s column focuses on the fundamentals of quadrupole-based ICP-MS
measurement regimes—in particular,
the balance between maximizing productivity and optimizing performance.
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o understand signal management
in greater detail and its implications on data quality objectives,
it is important to discuss how measurement
protocol is optimized based on the analytical requirements and, in particular, its
impact on both continuous signals generated by traditional pneumatic nebulization
devices and transient signals produced by
sampling techniques such as laser ablation,
chromatographic separation, and particle
and size studies.
This month’s column will be split into
two parts. The first part will focus on the
fundamental principles of a scanning
quadrupole and, in particular, how measurement protocols can be optimized
based on the data quality objectives of
the analysis. The second part, which will
be published early next year, will look at
different ways of evaluating detection
capability with conventional continuous
signals and those generated by sampling methods involving transient peaks.
Measurement Variables
There are many variables that affect the
quality of the analytical signal in inductively coupled plasma–mass spectrometry
(ICP-MS). The analytical requirements of the
application will often dictate this, but there
is no question that instrumental detection
and measurement parameters can have

a significant impact on the quality of data
in ICP-MS. Some of the variables that can
potentially impact the quality of the data,
particularly when carrying out multielement
analysis, are as follows:
• whether the signal is continuous or
transient
• the temporal length of the sampling event
• volume of sample available
• number of samples being analyzed
• number of replicates per sample
• number of elements being determined
• detection limits required
• precision and accuracy expected
• dynamic range needed
• selection of integration time
• peak quantitation routines used.
• contamination issues
• cleanliness of labware
• purity of reagents and acids.
Before we go on to discuss these in
greater detail and how these parameters
affect the data, it is important to remind
ourselves how a scanning quadrupole
operates, and the fundamental principles of measurement protocol used for
multielement peak quantitation.
Fundamentals of
Measurement Protocol
A quadrupole operates by placing both
a direct current (DC) field and a timedependent alternating current (AC) of
www.spectroscopyonline.com
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radio frequency on opposite pairs of the
four rods. By selecting the optimum AC/
DC ratio on each pair of rods, ions of a selected mass-to-charge (m/z) are allowed
to pass through the rods to the detector,
whereas the others are unstable and
ejected from the quadrupole. Figure 1
shows this in greater detail.
In this simplified example, the analyte
ion (black) and four other ions (gray) have
arrived at the entrance to the four rods of
the quadrupole. When a particular AC/DC
potential is applied to the rods, the positive or negative bias on the rods will electrostatically steer the analyte ion of interest
down the middle of the four rods to the end,
where it will emerge and be converted to an
electrical pulse by the detector. The other
ions of different m/z values will be unstable,
pass through the spaces between the
rods, and be ejected from the quadrupole.
This scanning process is then repeated for
another analyte with a completely different m/z ratio until all the analytes in a multielement analysis have been measured.
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The process for the detection of one
particular mass in a multielement run is represented in Figure 2, which shows a 63Cu+
ion emerging from the quadrupole and
being converted to an electrical pulse by
the detector. As the AC/DC voltage of the
quadrupole—corresponding to 63Cu+—
is repeatedly scanned, the ions are stored
and counted by a multichannel analyzer as
electrical pulses. This multichannel data
acquisition system typically has 20 channels per mass. As the electrical pulses are
counted in each channel, a profile of the
mass is built up over the 20 channels, corresponding to the spectral peak of 63Cu+.
In a multielement run, repeated scans
are made over the entire suite of analyte
masses, as opposed to just one mass represented in this example. The principles of
multielement peak acquisition are shown
in Figure 3. In this example, signal pulses
for two masses are continually collected
as the quadrupole is swept across the
mass spectrum, shown by sweeps 1–3.
After a fixed number of sweeps (deter-

MCA channel number

60

FIGURE 3: A profile of the peak is built
up by continually sweeping the quadrupole across the mass spectrum (1).

mined by the user), the total number of
signal pulses in each channel is obtained,
resulting in the final spectral peak (1).
When it comes to quantifying an isotopic
signal in ICP-MS, there are basically two approaches to consider. One is the multichannel ramp scanning approach, which uses a
continuous smooth ramp of 1–n channels
(where n is typically 20) per mass across
the peak profile. This approach is shown in
Figure 4 (2). In addition, there is the peak
hopping approach, where the quadrupole
power supply is driven to a discrete position on the peak (normally the maximum
point), allowed to settle, and a measurement is taken for a fixed amount of time.
This approach is represented in Figure 5.
The multipoint scanning approach is
best for accumulating spectral and peak
shape information when doing mass scans.
It is normally used for doing mass calibration and resolution checks, and as a classical qualitative method development tool
to find out what elements are present in the
sample, and to assess their spectral implications on the masses of interest. Full peak
profiling is not normally used for doing
www.spectroscopyonline.com

Intensity (cps)

able time on the wings and valleys of the
peak, which contribute less to the analytical signal and more to the background
noise. This is shown in Figure 6, which
demonstrates the degradation in signalto-background noise of 10 ppb Rh with an
increase in the number of points per peak,
spread over the same total integration time.
Detection limit improvement for a selected
group of elements using 1 point/peak compared to 20 points/peak is shown in Figure 7.
6
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Optimization of
Measurement Protocol
Let’s now focus on the impact of optimizing the measurement protocol based on
the requirements of the application. When
multielement analysis is being carried out
by ICP-MS, there are a number of decisions
that need to be made. First, we need to
know if we are dealing with a continuous
signal from a nebulizer, or a transient signal from a sampling accessory (such as the

11

Mass (amu)

FIGURE 4: Multichannel ramp scanning
approach using 20 channels per amu.
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FIGURE 5: Peak-hopping approach.

rapid quantitative analysis, because valuable analytical time is wasted taking data
on the wings and valleys of the peak, where
the signal-to-noise (S/N) ratio is poorest.
When the best possible detection limits
are required, the peak-hopping approach
is best. It is important to understand that
to get the full benefit of peak-hopping,
the best detection limits are achieved
when single point–peak hopping at the
peak maximum is chosen. However, to
carry out single point–peak hopping,
it is essential that the mass stability is
“rock solid” to reproducibly go to the
same peak position every time. If good
mass stability can be ensured, measuring
the signal at the peak maximum will always
give the best detection limits for a given
integration time. It is well documented
that there is no benefit in spreading the
chosen integration time over more than
one measurement point per mass. If time
is a major consideration in the analysis,
then using multiple points is wasting valuwww.spectroscopyonline.com
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Ratio of signal to background noise

“How many elements are going to be
determined?” With a continuous signal,
a problem should not occur. Change to it
may be an issue if we are dealing with a
transient signal that lasts only a few seconds. We also need to be aware of the level
of detection capability required, which is a
major consideration with a single shot laser
pulse of 5–10 s duration, and even more
critical when characterizing nanoparticles
which only last for a few milliseconds.
But it is also an issue with a continuous
signal produced by a concentric nebulizer,
where we might have to accept a compromise of detection limit based on the speed
of analysis requirements or amount of sample available. What analytical precision is
expected? If isotope ratio or dilution work
is being done, how many ions do we have
to count to guarantee good precision?
Does increasing the integration time of the
measurement help the precision? Finally,
is there a time constraint on the analysis?
A high-throughput laboratory might not
be able to afford to use the optimum sampling time to get the ultimate in detection
limit. In other words, what compromises
need to be made between detection limit,
precision, and sample throughput? It is
clear that, before the measurement protocol can be optimized, the major analytical
requirements of the application need to be
defined. Let us look at this in greater detail.
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FIGURE 6: Signal-to-background noise
degrades when more than one point,
spread over the same integration time,
is used for peak quantitation (2).
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FIGURE 7: Detection limit improvement using one point per peak compared to 20 points per peak over the
mass range (2).

laser ablation system of a chromatographic
separation device). If it is a transient event,
how long will the signal last? Another
question that needs to be addressed is

Multielement Data Quality Objectives
Because multielement detection capability is probably the major reason why most

Scan back to mass
A and repeat

Scan

Settle, dwell,
measure

Scan

Scan

Settle, dwell,
measure

Mass A

Settle, dwell,
measure

Mass B

Mass C

Increasing mass

FIGURE 8: Multielement scanning and peak measurement protocol used for
peak quantitation in a quadrupole-based ICP-MS.
24 Spectroscopy 36(10)

October 2021

laboratories invest in ICP-MS, it is important to understand the impact of measurement criteria on detection limits. We
know that, in a multielement analysis, the
quadrupole’s RF-to-DC ratio is “driven” or
scanned to mass regions, which represent
the elements of interest. The electronics
are allowed to settle and then “sit” or dwell
on the peak and take measurements for
a fixed period of time. This is usually performed a number of times until the total
integration time is fulfilled. For example,
if a dwell time of 50 ms is selected for all
masses and the total integration time is
1 s, then the quadrupole will carry out 20
complete sweeps per mass, per replicate.
It will then repeat the same routine for as
many replicates that have been built into
the method. This process is shown in a simplified manner in Figure 8, which displays
the scanning protocol of a multielement
scan of three different masses.
Scanning and Settling Time
In this example, the quadrupole is scanned
to mass A. The electronics are allowed to
settle (settling time), left to dwell for a fixed
period of time at one or multiple points on
the peak (dwell time), and intensity measurements are taken (based on the dwell time).
The quadrupole is then scanned to masses
B and C, and the measurement protocol
is repeated. The complete multielement
measurement cycle (sweep) is repeated as
many times as needed to make up the total
integration per peak. It should be emphasized that this is a generalization of the measurement routine—management of peak
integration by the software will vary slightly
based on different instrumentation.
Duty Cycle
It is clear from Figure 8 that, during a
multielement analysis, there is a significant amount of time spent scanning and
settling the quadrupole, which does not
contribute to the quality of the analytical signal. Therefore, if the measurement
routine is not optimized carefully, it can
have a negative impact on data quality.
The dwell time can usually be selected on
an individual mass basis, but the scanning
and settling times are normally fixed because they are a function of the quadruwww.spectroscopyonline.com

Dwell time x # Sweeps x # Elements x # Reps x 100
{(Dwell time x # Sweeps x # Elements x # Reps) +
(Scanning/Settling time x # Sweeps x #Elements x # Reps)}

[1]

To achieve the highest duty cycle, the non-analytical time
must be kept to an absolute minimum. This leads to more time
being spent counting ions, and less time scanning and settling,
which do not contribute to the quality of the analytical signal.
This becomes critically important when a rapid transient peak is
being quantified, because the available measuring time is that
much shorter. It is therefore a good rule of thumb, when setting
up your measurement protocol in ICP-MS, to use single point-peak
hopping and, if possible, shorter settling times, because it will ultimately improve the quality of the data for a given integration time.
It can also be seen in Figure 9 that shorter dwell times translate
into a lower duty cycle. For this reason, for normal quantitative
analysis work, it is probably desirable to carry out multiple sweeps
with longer dwell times (typically, 50 ms) to get the best detection
limits. So, if an integration time of 1 s is used for each element,
this would translate into 20 sweeps of 50 ms dwell time per mass.
Although 1 s is long enough to achieve reasonably good detection limits, longer integration times generally have to be used to
reach the lowest possible detection limits. This is shown in Figure 10, which shows detection limit improvement as a function of
integration time for 238U+. As would be expected, there is a fairly
predictable improvement in the detection limit, as the integration
time is increased because more ions are being counted without
an increase in the background noise. However, this only holds true
up to the point where the pulse-counting detection system becomes saturated, and no more ions can be counted. In the case
of 238U+, it can be seen that this happens at around 25 s, because
there is no obvious improvement in detection limit (D/L) at a higher
integration time. So, from this data, we can say that there appears
to be no real benefit in using longer than a 7 s integration time.
When deciding the length of the integration time in ICP-MS, you
have to weigh up the detection limit improvement against the
time taken to achieve that improvement. Is it worth spending 25 s
measuring each mass to get 0.02 ppt detection limit, if 0.03 ppt can
www.spectroscopyonline.com

% Duty cycle

pole and detector electronics. For this reason, it is essential that
the dwell time, which ultimately affects detection limit and precision, dominates the total measurement time, compared to the
scanning and settling times. It follows, therefore, that the measurement duty cycle (percentage of actual measuring time compared to total integration time) is maximized when the quadrupole
and detector electronics settling times are kept to an absolute
minimum. The measurement duty cycle can be seen in Figure 9,
which shows a plot of percent measurement duty cycle against
dwell time for four different quadrupole settling times—0.2, 1.0,
3.0, and 5.0 ms for one replicate of a multielement scan of five
masses, using one point per peak. In this example, the total integration time for each mass was 1 s, with the number of sweeps
varying depending on the dwell time used. For this exercise,
the % duty cycle is defined by the following equation:
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FIGURE 9: Measurement duty cycle as a function of dwell
time with varying scanning/settling times. (Measuring 1
replicate of 5 masses using 1 point per peak)

be achieved using a 7 s integration time? Alternatively, is it worth
measuring for 7 s when 1 s will only degrade the performance by
a factor of 3? It really depends on your data quality objectives.
Counting Statistics
For some applications like isotope dilution or ratio studies,
high precision is also a very important data quality objective (3).
However, to understand what is realistically achievable, we have
to be aware of the practical limitations of measuring a signal
and counting ions in ICP-MS. Counting statistics based on the
Poisson distribution tells us that the standard deviation of a digi-
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FIGURE 10: Plot of detection limit against integration
time for 238 U +.

10,000
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Standard deviation (cps)
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dicted by Poisson counting statistics. It can be seen that the measured standard deviation (black bars) follows theory very well up to
about 100,000 cps, where detector shot noise associated with converting the ions to an electrical signal is the major contributor to the
background noise. Above 100,000 cps, additional sources of noise
such as sample introduction-related events including the nebulization process, drainage pulsations and plasma fluctuations, begin to
impact the signal, which leads to poorer standard deviation values.
So, based on counting statistics, it is logical to assume that
the more ions are counted, the better the precision will be.
To put this in perspective, it means that at least 1 million ions need
to be counted to achieve an RSD of 0.1%. In practice, of course,
these kinds of precision values are very difficult to achieve with a
scanning quadrupole system because of the additional sources
of noise. If this information is combined with our knowledge of
how the quadrupole is scanned, we begin to understand what is
required to get the best precision. This is confirmed by the spectral
scan in Figure 12, which shows the predicted precision at all 20
channels of a 5 ppb 208Pb+ peak (3).
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FIGURE 11: Comparison of measured standard deviation of a
208Pb+ signal against that predicted by counting statistics (3).
TABLE I: Precision of Pb isotope ratio measurement as
a function of dwell time using a total integration time of
5.5 s (8)
Dwell Time (ms)

% RSD

% RSD

207Pb+/206 Pb+

208 Pb+/206 Pb+

2

0.40

0.36

5

0.38

0.36

10

0.23

0.22

25

0.24

0.25

50

0.38

0.33

100

0.41

0.38

tal ion signal is proportional to the square root of the signal. It
follows, therefore, that the relative standard deviation (RSD) or
precision should improve with an increase in the number (N) of
ions counted as shown by the following equation:
% RSD = √ N x 100

N

[2]

In practice, this holds up very well, as can be seen in Figure 11.
In this plot of standard deviation as a function of signal intensity for
208Pb+, the black dots represent the theoretical relationship as pre28 Spectroscopy 36(10)
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Precision
The best precision is obtained at the channels where the signal
is highest, which as we can see are the ones at or near the center of the peak. For this reason, if good precision is a fundamental requirement of your data quality objectives, it is best to use
single-point peak hopping with integration times on the order of
5–10 s. On the other hand, if high-precision isotope ratio or isotope
dilution work is being done, where analysts would like to achieve
precision values approaching counting statistics, then much longer measuring times are required. That is why integration times on
the order of 5–10 min are commonly used for determining isotope
ratios involving environmental pollutants (4) or clinical metabolism
studies (5). For this type of analysis, when two or more isotopes
are being measured and ratioed to each other, it follows that the
more simultaneous the measurement, the better the precision becomes. Therefore, the ability to make the measurement as simultaneous as possible is considered more desirable than any other
aspect of the measurement. This is supported by the fact that the
best isotope ratio precision data is achieved with multicollector,
magnetic sector ICP-MS technology that carries out many isotopic measurements at the same time using multiple detectors (6).
Also, time-of-flight (TOF) technology, which simultaneously samples all the analyte ions in a slice of the ion beam, offers excellent
precision, particularly when internal standardization measurement
is also carried out in a simultaneous manner (7). Therefore, the best
way to carry out pseudo-simultaneous measurement with a rapid
scanning device such as a quadrupole is to use shorter dwell times
(but not too short that insufficient ions are counted) and keep the
scanning/settling times to an absolute minimum, which results in
more sweeps for a given measurement time. This can be seen in
Table I, which shows the precision of Pb isotope ratios at different
dwell times carried out by researchers at the Geological Survey
of Israel (8). The data are based on nine replicates of a NIST SRM981 (75 ppb Pb) solution, using 5.5 s integration time per isotope.
www.spectroscopyonline.com

TABLE II: Impact of Integration Time on the Overall Analysis Time for Pb Isotope Ratios (8)
No. of Sweeps

Integration
Time (s)/mass

207Pb+/206 Pb+

207Pb+/206 Pb+

% RSD

Time for
9 reps (min/s)

25

220

5.5 s

0.24

0.25

2 m 29 s

25

500

12.5s

0.21

0.19

6 m 12 s

25

700

17.5 s

0.20

0.17

8 m 29 s

Dwell Time (ms)

% RSD

(4)
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FIGURE 12: Comparison of %RSD with signal intensity across the mass profile
of a 208 Pb+ peak (3).

Isotope Ratios
From these data, the researchers concluded that a dwell time of 10 or 25 ms
offered the best isotope ratio precision
measurement (quadrupole settling time
was fixed at 0.2 ms). They also found that
they could achieve slightly better precision by using a 17.5 s integration time
(700 sweeps at 25 ms dwell time), but felt
the marginal improvement in precision for
nine replicates was not worth spending
the approximately three-and-a-half times
longer analysis time. This can be seen in
Table II.
This work shows the benefit of being
able to optimize the dwell time, settling time, and the number of sweeps to
get the best isotope ratio precision data
using a scanning quadrupole. It also
helps to be working with relatively healthy
ion signals for the three Pb isotopes,
206Pb, 207Pb, and 208 Pb (24.1%, 22.1%,
and 52.4% abundance, respectively).
It is clear that the analytical demands
put on ICP-MS are probably higher than
any other trace element technique, because it is continually being asked to solve
a wide variety of application problems at
www.spectroscopyonline.com

increasingly lower levels. However, by optimizing the measurement protocol to fit the
analytical requirement, quadrupole ICP-MS
has shown that it has the unique capability
to carry out rapid trace element analysis,
with superb detection limits and good precision on both continuous and transient signals, and still meet the most stringent data
quality objectives.
Part II of this article will focus on different
ways to assessing detection capability by
looking at the data quality objectives when
dealing with a continuous signal generated
by a conventional sample introduction system when measuring ions in solution and
a transient signal generated by different
types of alternative sampling methods such
as chromatographic separation techniques
and single nanoparticle studies.
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Determining Nitrophenol Isomers
Using Raman Spectroscopy
Wenyou Qiao, Jin Tao, Li Peng, Mengmeng Xing,
Huinan Yang, Jun Chen, and Mingxu Su

Nitrophenol is one of the most highly
toxic heavy pollutants in the environment.
It has a slow degradation rate, and is
harmful to humans even at low concentrations. Therefore, it is crucial to detect nitrophenol quickly, easily, and accurately.
In this study, the nitrophenol isomers
(o-nitrophenol, m-nitrophenol, and p-nitrophenol), in solid and liquid phases with
methanol or acetone as the solvent, were
investigated using Raman spectroscopy.
The characteristic Raman peaks of nitrophenol isomers were observed. In addition, the intensities of the corresponding
Raman peaks for nitrophenol isomers
in the liquid phase with methanol or acetone as solvent at different concentrations (0.3%, 0.6%, 1.2%, 1.8%, 2.4%, 3.0%,
and 3.6%) were analyzed. It revealed
that the intensities increased when the
concentrations increased, and the four
corresponding linear correlation coefficients between intensities and concentrations were greater than 0.99. Furthermore, the fitted linear relationships were
verified by nitrophenol isomers in the
liquid phase with methanol or acetone
as the solvent at known concentrations
(0.9%, 1.5%, 2.1%, 2.7%, and 3.3%),
and the average deviations between
the measured data and the known
values were 4.94%, 2.69%, 4.37%,
and 1.86%, respectively.
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itrophenol isomers (o-nitrophenol, m-nitrophenol, p-nitrophenol)
are widely used as analytical reagents or intermediates for a variety of
chemicals (for example, in pesticides, medicines, and dyes). Hence, a large amount
of nitrophenol isomers in wastewater and
gas is discharged into rivers and the atmosphere. Because nitrophenol isomers are
highly toxic and have a slow degradation
rate (1,2), they are listed as priority control
pollutants by the United States Environmental Protection Agency (EPA), and their
concentrations in natural water bodies
should be controlled (3). Therefore, developing simple and reliable determination
methods for nitrophenol isomers is crucial
to protecting people and the environment.
A lot of research has been carried out to
investigate nitrophenol isomers. Hofmann
and others (4) qualitatively determined pnitrophenol and 2,4-dinitrophenol in cloud
water at low concentrations by high performance liquid chromatography–mass
spectrometry (HPLC–MS). Dou and others (5) measured p-nitrophenol and other
nitrobenzene compounds by combining
dispersive solid-phase extraction (SPE)
and HPLC, but these techniques are both
complex and expensive. Rahman and others (6) detected p-nitrophenol in a phosphate buffer phase with an electrochemical sensor. Li and others (7) measured
o- and p-nitrophenol in aqueous samples
by preparing reduced graphene oxidecyclodextrin-chitosan (RGO-CD-CS) sen-

sors, but the fabrication requirements of
these sensors are very strict. Xu and others
(8) developed a fluorescence sensor with
hybrid magnetic cadmium telluride to detect p-nitrophenol, and a linear relationship
between relative fluorescence intensities
and concentrations of p-nitrophenol was
obtained. However, the measurement
accuracy of the sensor was influenced by
fluorescence quenching. Manuvesh and
others (9) determined that the wide absorption band of nitrophenol was at 345
nm, and the absorption cross sections
of nitrophenol were obtained within the
range of 295~400 nm by cavity attenuation spectroscopy, but qualitative analysis
of nitrophenol cannot be achieved.
Because each molecule has an unique
Raman spectrum, Raman spectroscopy
in recent years has been widely applied
in the fields of medicine, food safety, and
environmental pollution monitoring (10–12)
owing to the advantages of its noninvasive,
real-time, label-free, and fast response. Chi
(13) investigated the molecular vibration
modes of 2,4-dinitrophenol in polycrystalline phase by Fourier transform (FT)-Raman spectroscopy. Zhang and others (14)
compared the Raman scattering enhancement effects of trinitrophenol by synthesizing different types of nanoparticles. In this
study, the nitrophenol isomers in both the
solid and liquid phase with methanol or
acetone as the solvents were investigated
using Raman spectroscopy. In addition, the
relationships between the intensities and
www.spectroscopyonline.com
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FIGURE 1: Self-built Raman spectrometer, using 785 nm
diode laser excitation.
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FIGURE 2: The overlayed spectra of anhydrous ethanol
detected over six continuous days (D1–D6).

concentrations of the corresponding Raman peaks for nitrophenol
isomers in liquid phase were explored.
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FIGURE 3: Raman spectra of nitrophenol isomers in the
solid phase. O-nitrophenol (red), m-nitrophenol (green),
and p-nitrophenol (blue).
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System Calibration and Stability
The self-built Raman spectrometer was calibrated daily with
anhydrous ethanol (purity: 99.6%). The Raman peak at 873
cm -1 was attributed to the stretching vibration of C-C-O.
Figure 2 shows the Raman spectra of anhydrous ethanol for
six continuous days (D1–D6). The overlayed spectra of anhydrous ethanol reveals that the spectrometer employed here
possessed good stability.

26000

Intensity (counts)

Experimental Results and Discussion
Experimental Setup and Sample Preparation
The self-built Raman spectrometer (15) (Figure 1) developed
in our previous work was employed here. A diode laser at 785
nm excitation was employed as the light source, and its output power was 50 mW. The spectral resolution of spectrometer
(iHR320) was 0.8 cm-1. The detected spectra were recorded with a
1200 g/mm grating. The operating temperature of the chargedcoupled detector (CCD) detector (Horiba) was 203 K. To improve
the signal-to-noise ratio (S/N) of the spectrometer, the integration time was set at 10 s, with the number of accumulations set
to four times. Each sample was measured for five replicate times,
and the average spectra were processed for subsequent analysis. The spectrometer was calibrated with anhydrous ethanol
before each experiment.
In the work, o-nitrophenol (purity: 99%), m-nitrophenol (purity: 99%), and p-nitrophenol (purity: 99.5%) were purchased
from Shanghai Aladdin Biochemical Technology Co., Ltd.
Methanol (purity: 99.9%) and acetone (purity: 99.5%) were from
Sinopharm Chemical Reagent Co., Ltd. and Shanghai Lingfeng Chemical Reagent Co., Ltd., respectively. Because of the
limitation of current experimental conditions in the laboratory,
nitrophenol isomers in the gas phase were not investigated in
this study. They will be examined in a future study by using nearinfrared (IR) laser absorption spectroscopy (16).
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FIGURE 4: (a) Raman spectra of methanol (black), methanol and o-nitrophenol (red), methanol and m-nitrophenol
(green), and methanol and p-nitrophenol (blue). (b) A mixture
of o-, m-, and p-nitrophenol with methanol as the solvent.
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FIGURE 5: (a) Raman spectra of acetone (black), acetone and o-nitrophenol (red), acetone and m-nitrophenol
(green), and acetone and p-nitrophenol
(blue). (b) Mixture of o-, m-, and p-nitrophenol with acetone as the solvent.

Nitrophenol Isomers in Solid Phase
O-, m-, and p-nitrophenol in the solid
phase were first detected by the Raman
spectrometer. The Raman spectrum
of the nitrophenol isomers in the solid
phase in the range of 1120~1500 cm-1
are shown in Figure 3. Previous research
(14,17) showed that the Raman peaks at
1134, 1167, 1232, 1268, and 1279 cm-1 were
attributed to the deformation of C-H.
The Raman peaks at 1333 and 1343 cm-1
were caused by the asymmetric stretching vibration of the nitro group, and the
Raman peak at 1430 cm-1 was attributed to
the symmetric stretching vibration of the
nitro group. The study revealed that the
Raman peaks at 1134 and 1232 cm-1 were
found in the spectrum of o-nitrophenol.
The Raman peaks at 1268 and 1343 cm-1
were obtained in the spectrum of m-nitrophenol, and the Raman peaks at 1167, 1279,
1333, and 1430 cm-1 were determined in
the spectrum of p-nitrophenol. Based on
these characteristic Raman peaks, nitrophenol isomers in the solid phase can
be identified.
www.spectroscopyonline.com
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FIGURE 6: (a) Raman spectra of m-nitrophenol in the liquid phase with methanol as
the solvent, and (b) linear fit between Raman intensities and concentrations. (c) Raman spectra of p-nitrophenol in the liquid phase with methanol as the solvent, and (d)
linear fit between Raman intensities and concentrations. (e) Raman spectra of o-nitrophenol in liquid phase with acetone as solvent, and (f) linear fit between Raman intensities and concentrations. (g) Raman spectra of p-nitrophenol in liquid phase with
acetone as solvent, and (h) linear fit between Raman intensities and concentrations.
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Nitrophenol Isomers in Liquid
Phase with Methanol as the Solvent
O-, m-, and p-nitrophenol in the liquid
phase with methanol as the solvent at a
mass fraction of 0.3% were separately investigated. As shown in Figure 4a, a Raman
peak at 1343 cm-1 was observed in the
Raman spectrum of m-nitrophenol in the
liquid phase, and it was consistent with
the peak shown in Figure 3. The Raman
peak at 1333 cm-1 was also found in the
Raman spectrum of p-nitrophenol in the
liquid phase, and it also matched well
with the Raman peak in the solid phase.
Furthermore, the mixture of o-nitrophenol, m-nitrophenol, and p-nitrophenol
with methanol at a mass fraction of 0.9%
was measured. As shown in Figure 4b,
the Raman peaks at 1343 and 1333 cm-1
attributed to m-nitrophenol and p-nitrophenol were also observed and aligned
with the results shown in Figure 4a.
Nitrophenol Isomers in Liquid
Phase with Acetone as Solvent
O-, m- and p-nitrophenol in the liquid
phase with acetone as the solvent at a
mass fraction of 0.3% were separately
investigated. As shown in Figure 5a, the
Raman peak at 1134 cm-1 was observed
in the Raman spectrum of o-nitrophenol in the liquid phase, and it was
consistent with the Raman peak in the
solid phase shown in Figure 3. Raman
peak at 1333 cm-1 was observed in the
Raman spectrum of p-nitrophenol in
the liquid phase, and it matched well
with the Raman peak shown in Figure 3.
Meanwhile, the mixture of o-nitrophenol, m-nitrophenol, and p-nitrophenol
with acetone at a mass fraction of 0.9%
was measured. As shown in Figure 5b,
the Raman peaks at 1134 cm-1 and 1333
cm -1 attributed to o-nitrophenol and
p-nitrophenol were observed, and it
matched well with the results shown in
Figure 5a.
To summarize the findings, it was
found that corresponding Raman
peaks can be observed for m-nitrophenol and p-nitrophenol in the liquid
phase with methanol as the solvent,
and o-nitrophenol and p-nitrophenol
in the liquid phase with acetone as the
www.spectroscopyonline.com
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solvent, respectively. These four characteristic Raman peaks (1343 cm -1 of
m-nitrophenol with methanol as solvent, 1333 cm -1 of p-nitrophenol with
methanol as solvent, 1134 cm -1 of onitrophenol with acetone as solvent,
and 1333 cm -1 of p-nitrophenol with
acetone as solvent at 1333 cm -1) were
used for subsequent analysis.
Relationship Between Intensities
of Corresponding Raman
Peaks and Concentrations for
Nitrophenol Isomers in Liquid Phase
The intensity of Raman scattering, IRaman,
can be expressed as:

I Raman = E0 Nη

dσ Raman
d Ω detV [1]
dΩ

where E0 is the incident light intensity;
N is the concentration; η is the optical
efficiency of the measurement system;
dσRaman /dΩ is the differential scattering

cross sections; dΩdet is the receiving solid
angle; and V is the volume. Here, when
the external environment remains stable
and the volume is fixed, the intensity of
Raman scattering is linearly dependent on
the concentration.
M- and p-nitrophenol in liquid phase
with methanol as the solvent at different
concentrations (0.3%, 0.6%, 1.2%, 1.8%,
2.4%, 3.0%, and 3.6%), and o- and p-nitrophenol in the liquid phase with acetone
as the solvent at different concentrations
(0.3%, 0.6%, 1.2%, 1.8%, 2.4%, 3.0%, and
3.6%) were measured. As shown in Figure
6a–h, the intensities of corresponding
Raman peaks (1343, 1333, 1134, and 1333
cm-1) increased along with the increasing
concentrations. The linear relationships
between the intensities and concentrations were found, the corresponding linear correlation coefficients were 0.9965,
0.9971, 0.9933, and 0.9971, respectively.
The detection limits of concentrations
for m-nitrophenol and p-nitrophenol in
the liquid phase with methanol as the

solvent, and o-nitrophenol and p-nitrophenol in the liquid phase with acetone
as the solvent were 0.10%, 0.03%, 0.07%,
and 0.20%, respectively.
Validation
To verify the accuracy of four fitted linear
relationships between Raman intensities
and concentrations, nitrophenol isomers
in the liquid phase with methanol or acetone as the solvent at known concentrations (0.9%, 1.5%, 2.1%, 2.7%, and 3.3%)
were investigated, and the measured
concentrations calculated by the fitted
linear relationships were compared with
the known concentrations. As observed
in Figure 7a–d, the circle symbol represents the known values of concentrations, and the triangle symbol represents
the measured values of concentrations. It
revealed that these measured values of
concentration were in good agreement
with the known values, and average deviations were 4.94%, 2.69%, 4.37%, and
1.86%, respectively.
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FIGURE 7: Comparison of known values and measured data of concentrations
of nitrophenol isomers in liquid phase. (a) m-nitrophenol with methanol as
solvent; (b) p-nitrophenol with methanol as solvent; (c) o-nitrophenol with
acetone as solvent; and (d) p-nitrophenol with acetone as solvent. The blue
triangle is measured value (%), and the black square is the known value (%).

Conclusions
In this paper, the nitrophenol isomers
in solid phase and in liquid phase with
methanol or acetone as solvent were
investigated by Raman spectroscopy.
It showed that several Raman peaks of
nitrophenol isomers, except o-nitrophenol with methanol as the solvent and mnitrophenol with acetone as the solvent,
can be obtained. Meanwhile, m-nitrophenol and p-nitrophenol in the liquid
phase with methanol as the solvent,
and o-nitrophenol and p-nitrophenolin
in liquid phase with acetone as the solvent at different concentrations (0.3%,
0.6%, 1.2%, 1.8%, 2.4%, 3.0%, and 3.6%)
were investigated. It revealed that the
intensities of four corresponding Raman
peaks increased with the increasing
concentrations linearly, and the four
linear correlation coefficients between
intensities and concentrations were
greater than 0.99. In addition, the fitted
linear relationships were verified by nitrophenol isomers in liquid phase with
methanol and acetone as the solvent at
36 Spectroscopy 36(10)
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known concentrations (0.9%, 1.5%, 2.1%,
2.7%, and 3.3%), and it was found that
the measured concentrations aligned
with the known values, and average
deviations between the measured
data and the known values were 4.94%,
2.69%, 4.37%, and 1.86%, respectively.
This study provides a foundation for
determining nitrophenol isomers in
environmental monitoring.
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Studying the Source of Raw
Material and Glaze Formula
of Sky Green “Ru-type Ware”
and Ru Kuan Ware by EDXRF
Bo Wu, Weijuan Zhao, Dan Zhao, Xiaomin Liu,
Songlin Feng, Xiangqian Feng, and Hong Zhao

“Ru-type ware” and unglazed firing bodies were unearthed from the
Qingliang Temple Kiln in Baofeng
County in the Henan province of China
in 2014; the excavation site was close
to the central firing area of the ancient
Ru Kuan Kiln. Ru-type ware has several similar characteristics to Ru Kuan
ware. Here, four samples of unglazed
firing bodies, 10 samples of sky green
Ru-type wares, and seven samples
of sky green Ru Kuan wares were selected. The chemical compositions of
16 elements in body and glaze were
measured by energy-dispersive X-ray
fluorescence (EDXRF), and multivariate statistical analysis was conducted
to determine the classification relations
between Ru-type and Ru Kuan wares.
Results indicate that the source of raw
material and glaze formula of sky green
Ru-type are different from Ru Kuan
wares. For the sky green Ru-type ware,
the raw materials for body is concentrated, and the glaze formula is stable,
which conforms to the characteristics
of official celadon.

www.spectroscopyonline.com

T

he Ru Kuan kiln is one of the
top five famous kilns of the Song
Dynasty, and it was reserved for
the Imperial Court. The Ru kiln produced an extremely rare type of pottery and porcelain, called Ru Kuan ware,
that was only created for the Imperial
Court in the Northern Song Dynasty (1).
Ru Kuan ware pottery was famous for
its delicate body quality, its exquisite
workmanship, and its bright and smooth
glaze color. The Ru Kuan kiln existed only
approximately 20 years, prospering as a
result of the continuous war between the
Song and Jin Dynasty at the end of the
Northern Song Dynasty. The result of this
war led to the rarity of products handed
down from ancient times and made this
material even more precious.
Qingliang Temple, located in Baofeng
County in the Henan Province of China,
was identified as the historical site of the
official Ru kiln of the Song Dynasty in 2000
(2). From March 2014 to September 2014,
the Henan Provincial Institute of Cultural
Heritage and Archaeology conducted
archaeological excavations in the central
firing area and surrounding areas of the
Ru Kuan kiln. A kiln furnace for unglazed
firing and a small amount of unglazed fir-

ing shards were unearthed in the stratum
of the nearest exploration pit (Figure 1) to
the central firing area of Ru Kuan kiln (3).
The stratigraphic relationship showed that
the kiln furnace was built later than the
mature period of the Ru Kuan kiln, which
belonged to the late Northern Song or Jin
Dynasty. In the same layer, another celadon-glazed porcelain was also unearthed;
its body had fine and solid quality, with a
greyish-white color and a little bit of the
incense ash color normally associated with
Ru Kuan ware. The celadon-glazed porcelain also contained the similar glaze color of
sky green and grass green that was historically associated with Ru Kuan ware porcelain. Although the glaze color was bright
and the glass texture is obvious, its jade
texture was not as good as that of Ru glaze.
This material was temporarily named
“Ru-type ware” to distinguish it from Ru
porcelain and also to acknowledge the
several similarities that the two types of
pottery possess (4). Ru-type ware is concentrated in the pit under the Yuan Dynasty
layer (Layer 3) and the accumulation of the
Jin Dynasty layer (Layer 4), and the stratigraphic age is also later than the mature
period of the Ru Kuan kiln. Moreover, the
Ru-type ware is large in size, with a regular
October 2021
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FIGURE 1: Stratigraphic profile of T85 exploration pit. Note:
ing and cushion soil layer, 2 , 3 Yuan and Ming Dynasties layer,
layer, and 5 late Northern Song Dynasty layer.
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FIGURE 2: The figures of the typical samples. (a, b) Sky green Ru Kuan wares.
(c, d) Sky green Ru-type wares.
TABLE I: Selection of samples
Category and
Appearance

Samples

Kiln and Location

Unglazed firing,
white body, fragile

QL52B–QL55B

QL11–QL20

Ru-type ware, greyish
white body, sky green
opaque glaze, fine
crackles, lustrous surface

RG14–RG16
RG18–RG21

Ru Kuan ware, incense
ash-colored body, sky
green opaque glaze, ice
crack, lustrous surface

Qingliangsi Kiln,
No. IV firing zone
T85 exploration pit,
the forth layer
Qingliangsi Kiln,
No. IV firing zone
T36 exploration pit,
the third layer

1.40

TiO2 contents (wt%)

1.35
1.30
1.25
1.20
1.15
1.10
1.05

Ru-type ware
Ru Kuan ware
Unglazed firing

1.00
0.95
1.6

1.8

2.0

2.2

2.4

Fe2O3 contents (wt%)
FIGURE 3: 2D dispersion analysis of Fe2O3 and TiO2 .
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2.6

shape, solid body quality, and a pure glaze
color. Ru-type ware is also produced by
full-glaze and pad firing. According to the
standards for judging official and civil use,
Ru-type ware should be for official use (5).
Amongst the celadon glaze color of Ru
Kuan kiln, the sky green color is the most
precious, as it represents the highest firing
level of Ru Kuan ware. In this paper, the energy-dispersive X-ray fluorescence (EDXRF)
technique is used to measure the chemical
compositions of body and glaze samples
of unglazed firing, sky green Ru-type ware,
and Ru Kuan ware (Figure 2). The experimental results were subjected to multivariate statistical analysis to obtain the relationship between the raw material sources and
glaze formulas of unglazed firing, sky green
Ru-type ware and sky green Ru Kuan ware.
Both Ru Kuan ware and Ru-type ware are
very precious archaeological samples and
there was no relevant research on Ru-type
ware until now. This study lays the foundation for the preservation of samples and
subsequent research studies. Furthermore,
it provides a scientific basis for the firing age
of Ru-type ware, identification of Ru Kuan
and Ru-type wares, and research on the Ru
kiln as well as the Northern and Southern
Song Dynasties.
Experimental
This experiment was conducted with the
X-ray fluorescence spectroscopy elemental
analysis system in the super-large sample
room (Eagle III XLL μ-Probe) of the Institute
of High Energy Physics Chinese Academy
of Sciences. The spectrometer is equipped
with a molybdenum tube and a 125 μm beryllium window that has an incident beam
angle of 65° and an emergence angle of
60°. A silicon–lithium X-ray detector with
a beam spot diameter of Ф = 1 mm, operating voltage of 40 kV, operating current
of 250 mA, and the energy resolution of
160.3 eV, was used in this study because
it can analyze the elements of 11Na–92U.
To reduce the absorption of the low-energy secondary X-rays produced by the
low-Z elements, the spectrometer was
equipped with a vacuum chamber.
The relative position of the sample surface, the detector, and the light outlet were
fixed, and the samples were positioned to
www.spectroscopyonline.com
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4
2

Function 2

the fixed focus of the analysis system accurately with the three-dimensional (3D)
stepping motor, and high- and low- magnification charged-coupled device (CCD)
cameras. The fundamental parameter
(FP) method was used for nondestructive quantitative analysis of unglazed firing, sky green Ru-type and Ru Kuan ware
body and glaze samples for 16 elements,
such as sodium oxide (Na2O), magnesium
oxide (MgO), aluminium oxide (Al2O3),
silicon dioxide (SiO2), phosphorous pentoxide (P2O5), potassium oxide (K2O), calcium oxide (CaO), titanium dioxide (TiO2),
manganese(II) oxide (MnO), and iron(III)
oxide (Fe2O3). To calibrate the matrix effects and improve the accuracy of the
data, we used a set of ceramic reference
materials for EDXRF by the Institute of
High Energy Physics. The data were processed using the program version 32,
which was provided with the equipment.
Through discriminant analysis and hierarchical cluster analysis (HCA) in multivariate statistical analysis, the relationship
between the chemical components was

0

-2
Ru-type ware
Ru Kuan ware
Unglazed firing
Group Centroid

-4
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-6

-4

-2
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6
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FIGURE 4: Discriminant analysis of bodies.

studied (6). The classification of unglazed
firing, sky green Ru-type, and Ru Kuan ware
body and glaze samples were obtained.
Four samples of unglazed firing, 10
samples of sky green Ru-type ware, and
seven samples of sky green Ru Kuan ware
shards were selected for this experiment.
The shards were provided by the Henan
Provincial Institute of Cultural Heritage
and Archaeology, and those samples

were from accurate and reliable sources.
The selection of samples is shown in
Table I. The glaze color of Ru-type and Ru
Kuan wares mentioned in this paper is sky
green and will not be repeated hereinafter.
Results and Discussion
The chemical composition of 16 elements of body and glaze samples of unglazed firing, Ru-type, and Ru Kuan ware
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FIGURE 5: (a) 1D dispersion analysis of Fe2O3 . (b) 1D dispersion analysis of
TiO2 and MnO.
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was measured by EDXRF. The contents
of seven elements, including Al 2 O3 ,
SiO2, and K 2O, are listed in Tables II
and III (accessible on the Spectroscopy
website through the QR code available
at the end of the article).
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Body Raw Materials
by Discriminant Analysis
The main raw material of celadon body in
northern China is clay, which is comprised
of many minerals. The oxide contents in
clay minerals would vary in different geo-

logical formation conditions and include a
small amount of alkaline-earth metal oxides, such as Fe2O3 and TiO2, in addition to
hydrous aluminosilicate (7). Fe2O3 and TiO2
are usually dispersed in clay as fine grains,
and their combinations combine and form
compounds, such as FeO·TiO2, 2FeO·TiO2,
and Fe2O3·TiO2 at high temperatures; thus,
making the bodies show different shades
of gray. The Fe2O3 content was taken as the
horizontal coordinate and the TiO2 content
as the vertical coordinate. A 2D dispersion
analysis chart was made, as shown in Figure
3. Table II and Figure 3 show that the contents of Fe2O3 and TiO2 of Ru Kuan ware
bodies (Fe2O3: 2.21~2.54 wt% and TiO2:
1.2%~1.38 wt%), except for RG14B, were
higher than those of Ru-type ware (Fe2O3:
1.72~2.07 wt% and TiO2: 0.99~1.17 wt%) and
unglazed firing (Fe2O3: 1.76~1.83 wt% and
TiO2: 1.11~1.16 wt%) bodies. This finding indicates that the source of bodies of Ru Kuan
ware is different from that of Ru-type ware
and unglazed firing, which may have used
clay materials with higher hematite, ilmenite,
or rutile minerals. The RG14B sample has a
higher TiO2 content than unglazed firing
and Ru-type ware, and the Fe2O3 content is
only slightly lower than that of one Ru-type
ware sample (QL15B). RG14B shows that the
contents of Fe2O3 and TiO2 of Ru Kuan ware
bodies are higher than that of the Ru-type
ware and unglazed firing bodies. Ru-type
ware and Ru Kuan ware can be classified
by the iron and titanium contents of bodies.
Although the TiO2 content range of
Ru-type ware and unglazed firing body
overlaps to some extent, the overall content of Fe2O3 of Ru-type ware was higher
than that of unglazed firing. This result
shows that the two may have differences
in the choice of raw materials, but they may
have the same sources of raw materials.
However, the content of iron minerals is
reduced in the raw material treatment processes, such as elutriation, in the preparation process of unglazed firing. The differences in Fe2O3 and TiO2 content imply that
the level of raw material composition and
origin result in that the body of Ru Kuan
ware is incense ash color, Ru-type ware is
greyish white, and unglazed firing is white.
Discriminant analysis can be used to
train the discriminant function based on
www.spectroscopyonline.com
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0.86
0.84

Median
Mean value

0.82
0.80
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the different eigenvalues and the category
to which the research object is known to
belong; when a sample with an unknown
category is entered, the sample is classified
according to the similarity level between it
and the discriminant function (8). In this experiment, Fisher discriminant method was
used to analyze the content of all chemical
components of 25 body samples. Figure 4
shows a two-dimensional (2D) visual classification scatter diagram. The body samples
of unglazed firing, Ru-type ware and Ru
Kuan ware are concentrated in three areas
of A, B, and C, respectively. This condition
is ideal and indicates that the raw material
sources of the three kinds of body samples
are completely different. Although unglazed firing and Ru-type ware belong to
the same excavation layer, their sources of
body materials differ, which is caused by differences in the origin of raw materials or firing batches. The two categories differ from
those of Ru Kuan ware, which shows that the
two differ in terms of body material selection for the porcelain made in the Ru Kiln.
The Ru-type ware data points in area B and

0.78
0.76
0.74
Ru-type ware

Ru Kuan ware

FIGURE 8: The b values of Ru-type ware and Ru Kuan ware.

the Ru Kuan ware data points in area C are
concentrated, indicating that sky green Rutype ware body is strictly controlled in raw
material selection and craftsmanship, which
proves it was used for official occasions.

After the molar coefficient of alkaline oxide
(RO+RO2) is adjusted to 1, the Seger formulas of Ru-type and Ru Kuan ware glazes
are 1.1 and 1.2, respectively.

Glaze Formula by Dispersion Analysis
and Hierarchical Cluster Analysis
The content of oxides of Ru-type and Ru
Kuan ware glazes is shown in Table III.

0.14-0.19 K2O

0.04-0.05 Na2O
0.68-0.74 CaO
0.07-0.09 MgO

0.51-0.76 Al2O3
0.04-0.06 Fe2O3

4.16-6.36 SiO2

[1.1]
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FIGURE 9: The HCA of Ru-type ware and Ru Kuan ware.
0.03-0.04 Na2O
0.12-0.20 K2O
0.66-0.76 CaO
0.08-0.10 MgO

0.50-0.58 Al2O3
0.04-0.05 Fe2O3

3.69-4.15 SiO2

[1.2]
Dispersion Analysis
Fe2O3, MnO, and TiO2 are the colorants of
ceramic glaze, with iron being the main coloring element of celadon glaze in northern
China (9). Figure 5a shows the 1D dispersion analysis diagram of the Fe2O3 content.
As observed, the overall Fe2O3 content of
Ru-type and Ru Kuan ware glazes is at the
range of 1.85~2.18 wt%, which shows that
the iron mineral content in the glaze formula
of the two is close. Manganese and titanium
are not the main coloring elements, but they
have certain influence on the hue of celadon. MnO and TiO2 are brought with the
clay along with Fe2O3. Figure 5b shows the
1D dispersion analysis diagram of MnO and
TiO2. The MnO contents of Ru-type and
Ru Kuan ware glazes fluctuate around 0.11
wt%, and the content of each glaze sample
is close to that of others. On the whole, the
TiO2 content of Ru-type ware is higher than
that of Ru Kuan ware glazes, which indicates
that the mineral content of titanium of Rutype ware glaze is higher, or some ilmenite
is involved in the glaze ratio.
The content of SiO2 and Al2O3 accounts
for 81~85.7 wt% and 78.9~80.1 wt% of the
total oxides of Ru-type and Ru Kuan ware
glaze samples, respectively. The two oxides
with a great deal of fluxing agent chemically
react to form glaze at high temperature (9),
42 Spectroscopy 36(10)
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and the molar ratio of the two contents
can intuitively characterize the changes
in glaze formula and process technology
(10). Figure 6 shows the dispersion analysis of the SiO2 and Al2O3 contents and
the silica-alumina ratio for Ru-type and Ru
Kuan ware glazes. The molar silica-alumina
ratios are listed in Table III. Except RG20G,
Ru Kuan ware is concentrated in area C,
and Ru-type ware is concentrated in area
D. The comparison shows that Ru Kuan
ware glaze has high aluminum and low silicon content, whereas Ru-type ware glaze
has high silicon and low aluminum element
content, indicating that Ru-type ware is
different from Ru Kuan ware regarding
its glaze formula. Ru Kuan ware is glazed
with agate. A rich agate ore is observed
near the site of the Qingliang Temple Kiln
(11). Agate is a cryptocrystalline mineral
of SiO2, which is added into the glaze to
achieve the similar function to quartz.
The SiO2 content of Ru-type ware glaze
is higher than that of Ru Kuan ware glaze,
which might result from the higher quartz
content in the glaze formula, or the similar
glaze technology with agate in Ru Kuan
ware to some extent, but the amount used
is higher than that of Ru Kuan ware glaze.
Al2O3 is mainly brought by clay and feldspar, and the content of Al2O3 of Ru Kuan
ware glaze is higher than that of Ru-type
ware. Therefore, the Ru Kuan ware used
high aluminous clay in the formula, and a
larger amount of feldspar is found in the
formula. Although RG20G is not in area C,
its SiO2 and Al2O3 contents are consistent

with the characteristics of high aluminium
and low silicon contents of Ru Kuan ware.
Table III and Figure 6 show that the
molar radio n(SiO2/Al2O3) of Ru-type ware
glaze ranges from 8.29 to 8.99, higher
than that of Ru Kuan ware glaze with the
range from 6.26 to 7.18, which also shows
that the glaze formulas of the two differ.
Moreover, the silicon:aluminium ratio fluctuation range of the two is relatively small,
which implies that the glaze formula is relatively stable and also proves that Ru-type
ware has been used for official occasions.
The traditional high-temperature
glaze in China has always been glazed by
limestone and plant ash, amongst which
the fluxing agents, such as CaO, MgO,
and K2O, can reduce the melting temperature of glaze. Their contents and types also
have a decisive influence on the melting
temperature and appearance characteristic of glaze. CaO in glaze mainly comes
from limestone and calcite (main ingredient is CaCO3), whereas MgO mainly comes
from dolomite (CaCO3·MgCO3). Figure 7a
shows a 2D dispersion analysis of calcium
and magnesium oxides. A positive correlation is observed between the CaO and
MgO contents of Ru-type and Ru Kuan
ware glazes, which may be associated
with the dolomite composition of the initial
mixed glazes. In addition, the contents of
CaO and MgO of Ru Kuan ware glaze are
higher than those of Ru-type ware glaze,
which may be caused by higher content
of anorthite, limestone, and dolomite
in glaze.
K2O as a fluxing agent is mainly from
potassium feldspar, and ice cracks can be
produced on the glaze when the content
is high because of the larger coefficient of
expansion. P2O5 as a kind of opacifier that
can result in varying degrees of opacified
texture on the glaze surface. P2O5 basically
comes from plant ash, and the content of
varies considerably from species to species.
Figure 7b shows the box plot of K2O and
P2O5. The contents of K2O and P2O5 of Ru
Kuan ware glaze are higher than those of
Ru-type ware glaze on the whole. Therefore,
Ru Kuan ware adopts the glaze formula with
higher potassium feldspar ratio, whilst Rutype ware is glazed with plant ash with less
P2O5 content different from Ru Kuan ware.
www.spectroscopyonline.com
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Hongjie Luo (12) proposed a reference
standard for classifying Chinese ancient
porcelain glaze based on the coefficient
b of wood ash glaze formula, which is the
molar ratio of alkali-earth metal oxide (RO)
to the sum of alkali metal oxide (R2O) and
alkali-earth metal oxide. This classification
consists of three groups: calcium glaze (b
≥ 0.76), calcium–alkali glaze (0.76 > b ≥ 0.5)
and alkali–calcium glaze (b < 0.5). The calculated b values of each sample are listed
in Table III, and the box plot is shown in
Figure 8. The results show that the b values
of Ru-type and Ru Kuan ware glazes are all
above the dividing line b = 0.76, which indicates that both are high calcium glazes.
The b values of the two are relatively close
(the range of b values is 0.76~0.82 for Rutype ware and 0.78~0.81 for Ru Kuan ware),
which indicates that Ru-type ware may follow the glaze-making technology of Ru
Kuan ware to some extent. With the small
fluctuation range of the relatively stable
glaze formula, Ru-type ware contains the
characteristics of official celadon.
Hierarchical Cluster Analysis (HCA)
HCA classifies the samples into groups
and subgroups according to the similarity and correlation of the samples (13).
The HCA of Ru-type and Ru Kuan ware
glazes is shown in Figure 9, and can be divided into two categories.
The first category includes all Ru Kuan
ware glaze samples from RG14G to RG20G,
indicating that the formula of Ru Kuan ware
glaze in this category is relatively stable.
The second category includes all Rutype ware glaze samples from QL11G to
QL19G. The formula of Ru-type ware glaze
in this category has also become mature
and relatively stable, which conforms to the
properties of the official glaze formula. Although sample QL11G is slightly far from
the nine other samples of Ru-type ware, it
can still be classified into one category. On
the whole, the formulas of Ru-type and Ru
Kuan ware glazes are completely different.
Conclusion
The raw material sources of unglazed firing, sky green Ru-type ware and sky green
Ru Kuan ware bodies differ. Although unglazed firing and sky green Ru-type ware
www.spectroscopyonline.com

belong to the same excavation layer,
their sources of body materials differ.
The body of sky green Ru Kuan ware is
made of clay raw materials with minerals,
such as high hematite, ilmenite, or rutile.
Sky green Ru-type ware is different from
sky green Ru Kuan ware in terms of glaze
formula. The high content of quartz in sky
green Ru-type ware glaze and the high
content of feldspar in sky green Ru Kuan
ware glaze show that the element composition characteristics of the former are
a high ratio of silicon and low aluminium,
while those of the latter are high ratio of
aluminium and low silicon. Moreover, the
sky green Ru Kuan ware glaze is glazed of
plant ash with high P2O5 content, and the
glaze contains higher limestone, dolomite
and potassium feldspar. The content of
coloring elements iron and manganese of
the two glazes are close, whilst the content
of TiO2 of sky green Ru Kuan ware is higher.
Ilmenite is involved in the glaze ratio.
The glaze and body of sky green Rutype ware are strictly controlled in raw material selection and craftsmanship, which
proves that it has been used for official
occasions. The sky green Ru-type and Ru
Kuan ware glazes are high calcium glazes
with the relatively close b values and small
fluctuation. The glaze formulas of the two
are stable and concentrated, which belong
to the characteristics of official celadons.
The sky green Ru-type and Ru Kuan
wares are classified by the Fe2O3 and TiO2
contents of bodies and the SiO2, Al2O3 and
P2O5 contents of glazes by EDXRF.
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Challenges of
Spectrofluorometry, Part 1:
Collect Data Right the First Time
Caitlyn English, Zechariah Kitzhaber,
Joshua Williams, Amanda Humphries and M.L. Myrick

T

his article is the first of a 3-part series that gives a procedure to avoid
several of them using an example
case. Part 2 will focus on throughput and
polarization correction of spectrofluorometers for the purpose of inter-laboratory
comparisons, while Part 3 will focus on
non-ideal sample behavior..
Spectrofluorometers
All spectrofluorometers have a light source
with a wavelength selector, optics that
transfer the light to a sample, optics that
pick up light from the sample, a wavelength selector for detection, and one or
multiple light detectors. A common instrument layout for the optical bench of a
spectrofluorometer is shown in Figure 1.
In a classic instrument, the light source
might be a broadband high-pressure
xenon arc lamp. For this type of light
source, a housing with mirror optics and
a condenser lens are used to transfer the
brightest part of the emission from the
arc to the entrance slit of an excitation
monochromator. The excitation monochromator selects mostly a narrow band of
wavelengths that exit toward the sample.
Many instruments include a pick-off mirror in this region that directs light to a reference detector (often a photomultiplier
tube) to compensate for the varying intensity of light at each wavelength emerg44 Spectroscopy 36(10)
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ing from the excitation monochromator.
Most spectrofluorometers have a provision
for a bandpass filter (BPF) to clean up the
excitation light, after which the excitation
then encounters a sample. The sample
is often a solution of an analyte in a 1-cm
pathlength fluorescence cuvette.
Fluorescence from the sample emerging
at right angles to the excitation is collected
by more optics. A longpass filter (LPF) is frequently used here to remove any scattered
excitation light from the emission before it
focuses on the entrance slit of an emission
monochromator. Wavelengths are again selected and a narrow band of emission wavelengths is focused to a detector, which is
often a red-enhanced photomultiplier tube.
The Common Errors
The most common substantial errors we
observe in spectrofluorometry are as follows: a) poor choices of excitation and
emission wavelengths leading to noisy
spectra; b) a poor choice of the sample
concentration leading to inner-filter effects; c) a poor choice of the spectral
bandwidth (SBW) and step size leading
to an unfaithful reproduction of the true
spectrum, or long, noisy measurements;
d) a poor choice of sample cell or solvent
that obstructs the analyte spectrum,
and e) detecting scattered light that leads
to artifacts in the spectra.

Procedure: Absorption →
Emission → Excitation
You can avoid all of these problems by
beginning studies with a good quality
absorption spectrum of the analyte recorded on a spectrophotometer using
the same sample cuvette you intend to
use for spectrofluorometry, ideally with
a SBW of 2 nm or better. This measurement helps you select the best choices
for excitation wavelengths, the likely
range for emission wavelengths, an
appropriate concentration, and an appropriate SBW and step size. It confirms
that the sample cell and solvent are suitable. Finally, it allows you to select conditions that avoid most problems with
scattered light.
If you are planning to record fluorescence emission and excitation spectra
for a compound in solution, the best
procedure for getting your data right
the first time is to do the following
in order:
• use a spectrophotometer to collect an
absorption spectrum of the sample
• record a fluorescence emission spectrum of the sample based on information in the absorption spectrum
• record a fluorescence excitation
spectrum based on the information
in the absorption and fluorescence
emission spectra.
www.spectroscopyonline.com
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Example
As an example, let us consider the following absorption and
fluorescence spectra (Figure 2) for tetrakis(4-carboxyphenyl)porphyrin (TCPP). Consider the absorption spectrum recorded in
our intended fluorescence cuvette and solvent first. The fact that
we can see the absorption spectrum tells us that ethanol and the
quartz sample cell are appropriate for the measurement through
this range of wavelengths. If the solvent or cuvette absorb light,
the absorption spectrum will either go off-scale or will be nothing
but random noise.
The absorption spectrum itself tells us that we could potentially
excite TCPP at most wavelengths below about 660 nm because
it has absorption throughout the region, although the best initial
choice of excitation wavelength is likely near 417 nm because that
is where the strongest absorption is.
Our next step would be to record a fluorescence emission spectrum using our selected excitation wavelength.
The absorption spectrum does not give us direct information on
the wavelength range where the strongest emission will occur in
our fluorescence or phosphorescence spectrum. But even this
is guided by our absorption spectrum, because it tells us what
wavelength range to consider.
The longest wavelength absorption we see for TCPP has a
maximum near 645 nm; our fluorescence will likely not be at a
significantly shorter wavelength (in fact this molecule has its
apparent emission maximum at nearly the same wavelength,
which is unusual). Because our selected excitation wavelength of
417 nm is pretty far below 645 nm, we might suggest recording our
first fluorescence emission spectrum beginning at 600 nm to start.
The absorption spectrum also tells us what absorbance of analyte to use. The peak absorbance at 417 nm in Figure 2 is near A
= 0.42. That is far too high, and as a result, we should dilute the
sample so that its peak absorption is in the range A = 0.05–0.1
before spectrofluorometry, which avoids a phenomenon known
as an inner-filter effect.
The absorption spectrum further helps us choose the SBW
for our fluorescence emission spectrum. In Figure 2, we observe
that the sharpest spectral feature has a full width at half maximum
(fwhm) near 10 nm. This is much broader than the SBW of the
spectrophotometer we used for the absorption measurement,
so we can feel confident this represents something inherent to
our analyte. We should not use any SBW broader than that, and
probably should start a little better—for instance, a SBW of 5 nm.
As a first guess, we can use a SBW of 5 nm for both the emission
monochromator and the excitation monochromator. The maximum step size for the measurement follows directly from our SBW:
We should record a minimum of two points in each SBW. If the
SBW is 5 nm, it is convenient to choose a step size of 1 or 2 nm.
The absorption spectrum also helps us address the issue of scattered light. There are two types of scattered light problems that we
face, but the first and most obvious is because of the second-order
transmission of light in the emission monochromator. For example,
if your emission monochromator is set is set at a wavelength of
834 nm, this means it transmits light at a wavelength of 834 nm to
www.spectroscopyonline.com

the detector in the first order; however, it can also transmit light
at 417 nm in the second order. Running our fluorescence emission spectrum through 834 nm could produce a giant spike in our
spectrum because of scattered excitation that could easily saturate our detector. The second, less obvious scattered light problem is stray light in our excitation and emission monochromators.
This stray light can cause a baseline artifact, which could be important if the spectrum is weak.
Both of these stray light problems can be avoided with
optical filters that clean up out-of-band light from your excitation source and prevent the excitation from reaching
your emission monochromator. A BPF that transmits 417
nm light, but blocks shorter and longer wavelengths, and
a LPF that blocks 417 nm light, but transmits 600 nm wavelength light and beyond, will prevent scattered light from
impacting the measurement at all. If you only have a longpass filter, that is still helpful; if you have no filters at all—
and many spectrofluorometers do not come with them
automatically—then avoid running the emission monochromator to a wavelength that is an integer multiple of the
excitation wavelength.
We’re now ready to record our fluorescence emission spectrum, shown in Figure 2 as a red curve.
Our fluorescence emission and absorption spectra can then
help us decide how to record a fluorescence excitation spec-
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could potentially produce a second-order
peak) to 670 nm. A LPF that transmits
713 nm but blocks below 670 nm will help
us avoid most light scattering problems,
and we have already selected a SBW and
step size for our measurement, so a good
quality fluorescence excitation spectrum
can then be acquired.
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Optics
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FIGURE 1: Instrument layout for a common commercial spectrofluorometer.
A xenon arc lamp is illustrated as the light source that is focused into an excitation monochromator. This unit selects a narrow excitation wavelength
band that is focused into a sample in a cuvette. Fluorescence is emitted at
longer wavelengths and directed into an emission monochromator, where a
narrow emission wavelength band reaches a detector (Det). A reference photomultiplier tube (Ref) measures a fraction of the excitation light to correct for
excitation source intensity, and a bandpass filter (BPF) and longpass filter (LPF)
prevent stray light from the excitation monochromator from being detected. The
90-degree angle between rays entering the sample and the fluorescence emerging toward the detector defines a horizontal plane. All light rays polarized in this
plane at the sample are called horizontally polarized, while rays polarized perpendicularly to this plane at the sample are called vertically polarized.
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Improving the Result
If you decide you want better data than
this procedure provides, you can return
and adjust the SBW separately for excitation and emission spectra. For example,
the SBW for the excitation source can
usually be increased when you are recording a fluorescence emission spectrum, and the SBW for the emission
detector can be increased when you
are recording a fluorescence excitation
spectrum. In addition, the integration
time or dwell time at each measurement
point can be increased from the default
offered in commercial software. Each of
these changes will increase the measurement signal-to-noise ratio.
Conclusion
The procedure we provided here will
allow you to record good quality spectra
in most cases in your first measurement.
Part 2 of this three-part series will focus on
generating data that can be reproduced
on different instruments. Part 3 will discuss how some samples can be responsible for making data irreproducible, even
when everything else was "done right the
first time."
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FIGURE 2: (Blue solid line) Absorption and (red solid line) fluorescence emission spectra of tetrakis(4-carboxyphenyl)porphyrin in ethanol in a quartz
fluorescence cuvette. The absorption spectrum multiplied by 20 is shown as a
dashed blue line.

trum. For example, in our fluorescence
emission spectrum of TCPP above, there
are two large fluorescence maxima, one
at 646 nm and another at 713 nm. But
the absorption spectrum tells us that our
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fluorescence excitation spectrum will
likely continue to ~660 nm. It makes best
sense then to choose 713 nm as our detection wavelength and record our excitation spectrum from 360 nm (below that

(2)

J.R. Lakowicz, Principles of Fluorescence Spectroscopy (Springer, Boston,
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J.D. Ingle, Jr. and S.R. Crouch, Spectrochemical Analysis (Prentice-Hall Inc.,
Englewood Cliffs, New Jersey, 1988).
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According to the company, the PCC kit minimizes washout
time with highly concentrated samples and troublesome
elements, such as B, Hg, Pb, and Sb.
Pocasset, MA.
www.geicp.com

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 plants,
plastics, illicit drugs, pharmaceuticals, explosives, biological
warfare agents, medicine, food, and any other material.
San Jose, CA.
www.bayspec.com

Optics, prisms, and polarizers

Compact X-ray tubes

REFLEX Analytical Corporation,
Ridgewood, NJ.
reflexusa.com/noname.html

Moxtek Inc.,

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.

Moxtek’s HPC 150-Watt
and the HPC 350-Watt
X-ray tubes on cables are
designed as compact,
powerful metal ceramic
X-ray tubes with integral
high-voltage cables.
According to the company,
the tubes are rated to 60
kv and 75 kv respectively,
and designed for continuous operation.
Orem, Utah.
www.MOXTEK.com
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Microwave Digestion and Trace Metals Analysis of
Mixed Cannabis and Hemp Products
Samuel Heckle and Leanne Anderson, CEM

In 1970, marijuana was designated a Schedule I drug
under the Controlled Substances Act, making it nearly impossible for laboratories to perform cannabis
research. However, medicinal use of cannabis is now
legal in Canada and 36 U.S. states, with more joining every year. With the passage of the Farm Bill in
2018, it is now federally legal to grow and process
hemp in all 50 states. All of this interest in medical
cannabis and CBD has highlighted the need for good
analysis methodology in this relatively young market.
Cannabis analysis is still developing standardized protocols, requirements, and acceptable testing practices.
Typical testing requirements for cannabis and its
products include heavy metal analysis, pesticide residue, and the potency of active ingredients such as
tetrahydrocannabinol (THC). The terpene content
of cannabis is also important. Terpenes have been
shown to have beneficial uses for treatment of conditions ranging from cancer and inflammation to anxiety and sleeplessness. It is believed that the combination of terpenes and cannabinoids in cannabis
produce a synergistic effect with regard to medical
benefits, further elevating its popularity worldwide.

TABLE I: Shimadzu ICPMS-2030 Operational Conditions
Parameter

Setting

Radio Freq. Power

1.20 kW

Sampling Depth

5.0 mm

Plasma Gas

8.0 L/min

Auxiliary Gas

1.10 L/min

Carrier Gas

0.70 L/min

Mix Gas

0.00 L/min

Cell Gas

6.0 mL/min

Cell Voltage

-21 V

Energy Filter

7.0 V

Chamber Temp.

5 °C

C

ertain heavy metals can cause adverse effects on human health. Toxic heavy metals such as arsenic, cadmium, lead, and mercury are persistent once released
into the environment and can accumulate in cannabis
plants. Since hemp is a strain of cannabis (that contains
very little THC), it is susceptible to bioaccumulation
of heavy metals like its THC-containing counterparts.
Cannabis-based products such as foods, oils, tinctures,
and lotions should be tested for the presence of heavy
metals to ensure consumer safety and product quality.
Cannabis and CBD-infused products have grown in popularity in states that allow medicinal and recreational use
of cannabis and hemp. This application note details the
digestion and analysis of various forms of hemp and cannabis products for determination of trace metals content.
Instrumentation

A CEM MARS™ 6 microwave digestion system was
used to digest varied cannabis and hemp sample types.
48 Spectroscopy 36(10)

October 2021

Figure 1: Samples selected for digestion and analysis.

The MARSXpress™ Plus vessels use a vent and reseal design,
which allows for acid vapors to be exhausted while maintaining
the sample integrity and elements within the vessel.
The 110 mL vessel volume provides for a larger headspace,
allowing a larger sample size for a more homogenous sample.
The MARSXpress Plus vessel design uses only three pieces
that are easily assembled and placed in a 24-position
turntable, prior to placing into the MARS 6 system.
All samples were analyzed by ICP-MS on a Shimadzu
ICPMS-2030 instrument.
www.spectroscopyonline.com
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Procedure and Method

A variety of 11 hemp and hemp-containing samples were
obtained from local retailers. Samples ranged from edibles to lotions to plant material. Solid samples required
minimal particle size reduction in order to obtain a representative sample. Liquid and semi-liquid samples were
digested as received.
A 0.5 g sample was weighed into a MARSXpress Plus
vessel taking care to deposit the entire sample onto the
bottom of the vessel. A combination of 9 mL HNO3 and
1 mL HCl was added to each vessel before the vessels
were sealed and placed into the microwave. Using the
preprogrammed Cannabis One Touch Method, the samples were digested at 210 °C for a total run time of 45 min,
including a 20 min ramp to temperature, a 15 min hold
at 210 °C, and a 10 min cool down. Upon completion
of the run, samples were diluted to 50 mL with DI H2O.
All samples were run in duplicate with duplicate blanks.
A second batch of samples was run identically to the first
except for the addition of a spike solution containing 5 ppb
Pb, As, Cd, and Hg to all samples, duplicates, and blanks.
Figure 1 shows the 11 samples analyzed in this study.
All samples were analyzed on a Shimadzu ICPMS-2330
system to determine spike recoveries and actual sample
content of the “big four” heavy metals of As, Cd, Hg,
and Pb. Instrument conditions are shown in Table I.
Results and Discussion

The MARS 6, with MARSXpress Plus vessels, was able to
successfully digest all 24 samples and blanks in a single
batch. All of the samples were completely digested,
yielding clear and particulate-free solutions upon dilution with deionized water. The MARS 6 is an ideal digestion system for the cannabis industry because it is able
to successfully digest batches of mixed materials, including foods, oils, tinctures, creams, and plant materials,
in as little as 45 min.
The clear and particulate-free digestate solutions that
were analyzed by ICP-MS showed excellent spike recovery and RSDs, as shown in Table II, indicating complete
matrix decomposition by microwave digestion.
Conclusions

The MARS 6 with MARSXpress Plus vessels was able to digest
a wide variety of cannabis and hemp samples in mixed
batches producing digestate that was suitable for analysis.
Analysis of all samples showed excellent spike recovery and
repeatability. Laboratories faced with a large number of
samples will be able to confidently digest a mixed batch of
samples in under 1 h.
www.spectroscopyonline.com

TABLE II: Spike recovery results

Hard
candy

Granola
bar

MCT oil

Ghee

Hemp
oil

Lotion

Froggy

Hemp
flower

Beef
jerky

Peanut
butter

Conc.
CBD oil

75As

111Cd

200 Hg

208 Pb

Mean value

5.12

4.92

5.05

5.13

RSD (n = 3)

3.51

1.68

0.19

1.74

Recovery (%)

102

98

101

102

Mean value

4.55

5.07

5.09

5.06

RSD (n = 3)

13.53

1.61

1.58

1.15

Recovery (%)

91

99

102

101

Mean value

5.39

5.04

5.13

4.94

RSD (n = 3)

1.36

1.54

1.24

1.89

Recovery (%)

108

101

103

99

Mean value

5.46

5.05

5.15

5

RSD (n = 3)

3.8

2.01

1.19

1.73

Recovery (%)

109

101

103

100

Mean value

5.27

5.18

5.2

5.09

RSD (n = 3)

11.91

1.53

2.1

1.5

Recovery (%)

105

104

104

100

Mean value

4.96

5.09

5.16

5.03

RSD (n = 3)

11.08

1.21

3.12

2.62

Recovery (%)

99

102

103

101

Mean value

4.76

4.9

4.83

5.07

RSD (n = 3)

0.95

0.74

1.46

1.92

Recovery (%)

95

98

97

101

Mean value

4.81

5.05

5.11

5.15

RSD (n = 3)

9.68

1.22

0.6

1.48

Recovery (%)

96

101

102

100

Mean value

4.81

5.07

5.06

5.22

RSD (n = 3)

7.54

1.17

1.25

1.86

Recovery (%)

96

100

101

103

Mean value

5.22

5.28

5.13

5.11

RSD (n = 3)

5.32

1.08

1.45

2.93

Recovery (%)

104

103

103

101

Mean value

5.41

5.17

4.93

5.05

RSD (n = 3)

10.43

0.7

2.03

2.74

Recovery (%)

108

103

99

100

CEM Corporation
3100 Smith Farm Road, Matthews,NC 28104
Tel. (800) 726-3331
Website: www.cem.com
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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: 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

RoHS/WEEE Polyethylene and
PVC calibration standards for
XRF analysis.
They are available in 31mm and 40mm
discs in addition to powder form. They
are for ASTM test method F2617 restricted
levels of Polybrominated Biphenyls (0.1%),
Polybrominated diphenyl ether (0.1%),
Cadmium(0.01%), Hexavalent Chromium
(0.1%), Mercury (0.1%), and Lead (0.1%).

Contact our sales team to place an order or request
a custom quote sales@asistandards.com or visit our
online shop at https://shop.asistandards.com .

