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H uman beings have long been awed by space ex-

ploration. In recent years, the analytical chemistry 

community has been particularly excited to see 

that exploration aided by spectroscopic tools, including laser-

induced breakdown spectroscopy (LIBS). The National Aeronau-

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

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 

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

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

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

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 

terrestrial matters. Researchers at the University of Shanghai for  

Science and Technology present a study of the use of Raman 

spectroscopy to detect and investigate nitrophenol iso-

mers in both the solid phase and liquid phase. This work lays 

the groundwork for using this technique for determination  

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

in environmental monitoring.

A second peer-reviewed paper demonstrates the use of  

energy dispersive X-ray fluorescence (EDXRF), along with multi-

variate statistical analysis, to distinguish different classes of his-

torical artifacts, such as ancient pottery—revealing insights about 

their origin and uses.

Our other articles in this issue further our ongoing mission to 

provide practical information about analytical spectroscopy tech-

niques. 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.  

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

measurement regime in inductively coupled plasma–mass spectrom-

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

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!
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Steve Buckley

LASERS AND OPTICS INTERFACE

Geochemical Analysis 
Using Laser-Induced 
Breakdown Spectroscopy

Laser-induced breakdown spec-
troscopy (LIBS) is an ideal method 
for elemental analysis of geo-
logical samples. Although X-ray  
fluorescence (XRF) can measure a 
wide variety of elements, it strug-
gles 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 em-
ployed in a variety of geometries 
with various distances from the 
target. LIBS has famously been 
employed by the National Aero-
nautics 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 quanti-
fication methods to date.

Geomaterial analysis is a con-
stantly advancing field. As both 
imaging and spectroscopic meth-

ods 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 meth-
ods benefits all types of resource explora-
tion, 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 geochemi-
cal 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) anal-
ysis. Similarly, for bulk analysis, subsampling 
methods have been determined by several 
organizations, one being the American So-
ciety 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 method-
dependent but can easily be in the parts 
per billion (ppb) range. Geological labora-
tories located at or near mine sites can typi-
cally turn around samples as fast as 6–8 h. 
Other techniques that use simpler instru-

ments, such as atomic absorption spec-
troscopy (AAS), are commonly used for  
particular elements.

X-ray fluorescence (XRF) is popular for 
real-time testing without extractive sam-
pling. XRF is available in various formats, 
such as portable XRF “guns,” cross-belt 
configurations, and custom configurations 
such as the Bruker S2 Kodiak. Because X-
rays penetrate materials to specific mate-
rial-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 ex-
citing further lower-energy fluorescence.  
Furthermore, XRF needs to be accom-
plished at a very close range to the sample, 
ideally touching the sample, for efficient 
collection of X-rays. XRF is effective for el-
emental analysis of elements greater than 
about 14 (silicon) on the periodic table.  
A lack of absorption of X-rays severely lim-
its accuracy for lighter elements.

Prompt gamma neutron activation 
analysis (PGNAA) is also used for cross-
belt analysis. Neutrons from a radioactive 
source (typically Californium-252) inter-
act with the nucleus of elements present 
in the sample, causing the emission of 
gamma rays onto a suitable detector.  
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Thermo Fisher and Scantech are the leading suppliers of 
PGNAA instruments. PGNAA is particularly popular in the ce-
ment 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 

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 consid-
erations of existing techniques noted above, allows ample room 
for using laser-induced breakdown spectroscopy (LIBS) for geoma-
terial 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 detec-
tion. 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 ther-
mal 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 chem-
istries. The formed particles are then subject to the analytical 
plasma, which has an effective temperature and electron den-
sity 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 inter-
action and is typically weaker than the plasma from a nanosec-

Approximate DL
1-10 PPM
10-100 PPM
10-200 PPM
0.05-0.5%
No data

FIGURE 1: Approximate (conservative) detection limits  
obtainable with LIBS, highly dependent on the material and 
laser(s) and spectrometer used for analysis.
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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 spectrom-
eters 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.

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 se-
quential (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 cali-

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

5 mm

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%

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.
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http://www.lightigo.com
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14  Spectroscopy 36(10)   October 2021 www.spectroscopyonline.com

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 acquisi-
tion 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 in-
strument quantifies elements and miner-
als up to 7 m from the rover using LIBS.  
The ChemCam has a custom diode-
pumped DIVA laser developed by 
Thales and three custom Ocean Optics  
(now Ocean Insight) HR2000 spectrome-
ters. 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 Washing-
ton University of St. Louis. This trove of data 
has been a gold mine for researchers test-
ing different calibration methods for LIBS 
on geological samples.

Earlier this year, the next-generation 
SuperCam touched down with the Per-
severance Mars rover. With a similar LIBS 
system combined with a Raman spectros-
copy system, an improved color camera,  
and an acoustic monitor, SuperCam is 
providing new data. The design of the Su-

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 appli-
cations on bulk materials for conveyors or 
drill core analysis. The Ecore from Elemis-
sion is one of many commercial examples;  
LTB Lasertechnik and Ocean Insight are 
among the companies that provide com-
prehensive solutions for geological analy-
sis. 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 special-
ized 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 op-
timizing 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

This article is the second in a se-
ries that lists four key explanatory 
or tutorial references for each of 
the 29 chemometric methods pre-
viously 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.

Jerome Workman, Jr. and Howard Mark

In the August 2020 and June 2021 
“Chemometrics in Spectroscopy” 
columns, we descr ibed 29 key 

common chemometr ic methods 
used by spectroscopists, and se-
lected corresponding literature refer-
ence numbers using a set of tables.  
The first article introduced the che-
mometric methods. The second arti-
cle 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 correspond-
ing selected literature references.

The five tables mentioned and the 
chemometric methods they cover are 
listed below:
• Table I: Signal preprocessing com-

parison table (alphabetical order)
• Table II: Component analysis com-

parison table (alphabetical order)
• Table III: Quantitative (calibration) meth-

ods comparison table (alphabetical order)
• Table IV: Qualitative (classification) meth-

ods comparison table (alphabetical order)
• Table V: Programming platforms 

of ten used fo r  c hemomet r ic s  
(alphabetical order).

Description of References
In this ar ticle, a set of four refer-
ences are given in Tables III and IV 

for each of 15 chemometric methods 
(numbers 15–29), and five references 
are given for each computer soft-
ware 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 two-part series 
are sequential from methods 1–30,  
which correspond to references 
1–148, respectively. Thus, the two-
part 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 quanti-
tative (calibration) methods used to 
take raw or preprocessed data and 
compute predictive calibration mod-
els 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 com-
pute 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 lan-
guages or platforms for general data 
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interpretation using chemometrics or 
other statistical analysis methods. 

References 
Quantitative (Calibration) Methods
15. Locally Weighted Regression
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73.  D. Broadhurst, R. Goodacre, A. Jones, 

J.J. Rowland, and D.B. Kell, Anal. 
Chim. Acta 348(1–3), 71–86 (1997).

74.  M.J. Lerma-García, E.F. Simó-Al-
fonso, A. Bendini, and L. Cerretani, 
Food Chem. 124(2), 679–684 (2011).

75.  A. O’Neil, R. Jee, and A. Moffat, 
Analyst 123(11), 2297–2302 (1998).

76.  C. Schierle and M. Otto, J. Anal. 
Chem. 344(4–5), 190–194 (1992).

17. Neural Network (NN)
77.  D. Svozil, V. Kvasnicka, and J. Pos-

pichal, Chemometr. Intell. Lab. 
Syst. 39(1), 43–62 (1997).

78.  P. Bhandare, Y. Mendelson, R.A. 
Peura, G. Janatsch, J.D. Kruse-
Jarres, R. Marbach, and H.M. 
Heise, Appl. Spectrosc. 47(8), 
1214–1221 (1993).

79.  R. Goodacre, E.M.Timmins, P.J. 
Rooney, J.J. Rowland, and D.B. 
Kell, FEMS Microbiol. Lett. 140(2–
3), 233–239 (1996).

80.  P.J. Gemperline, J.R. Long, and 
V.G. Gregor iou, Anal.  Chem. 
63(20), 2313–2323 (1991).

18. Partial Least Squares  
(PLS) Regression  
(Inverse Least Squares)
81.  P. Geladi and B.R. Kowalski, Anal. 

Chim. Acta 185, 1–17 (1986).

TABLE III: Quantitative (calibration) methods comparison table (alphabetical order)

Method Name References

15. Locally weighted regression (LWR) 69–72

16. Multiple linear regression (MLR) 73–76

17. Neural network (NN) or artificial neural networks (ANNs) 77–80

18. Partial least squares (PLS) regression as Inverse least squares (ILS) 81–84

19. Principal components regression (PCR) 85–88

82.  M.P. Fuller, G.L. Ritter, and C.S. 
Draper, Appl. Spectrosc. 42(2), 
217–227 (1988).

83.  E. Vigneau, D. Bertrand, and E.M. 
Qannari, Chemometr. Intell. Lab. 
Syst. 35(2), 231–238 (1996).

84.  F. Lindgren, P. Geladi, and S. Wold, 
J. Chemom. 8(6), 377–389 (1994).

19. Principal Components 
Regression (PCR)
85.  C.W. Chang, D.A . Laird, M.J. 

Mausbach, and C.R. Hurburgh, 
Soil Sci. Soc. Am. J. 65(2), 480–490 
(2001).

86.  O. Faix and J.H. Böttcher, Holz-
forschung (HF) 47(1), 45–49 (1993).

87.  S.K. Schreyer, M. Bidinosti, and 
P.D. Wentzell, Appl. Spectrosc. 
56(6), 789–796 (2002).

88.  P.J. Gemperline and A. Salt, J. 
Chemom. 3(2), 343–357 (1989).

Qualitative (Classification) Methods
20. Boosted Trees— 
Gradient Boosting
89.  A. Natekin and A. Knoll, Neuroro-

bot. 7, 21 (2013).
90.  S. Nawar and A.M. Mouazen, Sen-

sors 17(10), 2428 (2017).
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91.  D.J. Brown, K.D. Shepherd, M.G. 
Walsh, M.D. Mays, and T.G. Re-
insch, Geoderma 132(3–4), 273–
290 (2006).

92.  K.D. Shepherd, C.A. Palm, C.N. 
Gachengo, and B. Vanlauwe, 
Agron. J. 95(5), 1314–1322 (2003).

21. Decision Trees
93.  J.R. Quinlan, Int. J. Man-Mach. 

Stud. 27(3), 221–234 (1987).
94.  A.J. Myles, R.N. Feudale, Y. Liu, 

N.A. Woody, and S.D. Brown, J. 
Chemom. 18(6), 275–285 (2004).

95.  S. Kucheryavskiy, J. Anal. Test. 
2(3), 274–289 (2018).

96.  D.  Fernandes Andrade,  E.R . 
Pereira-Filho, and D. Amarasiri-
wardena, Appl. Spectrosc. Rev. 
56(2), 1–17 (2021).

22. Linear Classifiers:  
Logistic Regression,  
Naive Bayes Classifier
97.  I. Rish, “An empirical study of the 

naive Bayes classifier,” in IJCAI 

20 01 Workshop on Empirical 
Methods in Artificial Intelligence 
3(22), 41–46 (2001).

98.  J.D. Rennie, L. Shih, J. Teevan, 
and D.R. Karger, “Tackling the 
poor assumptions of naive bayes 
text classifiers,” in Proceedings 
of the 20th International Con-
ference on Machine Learning 
(ICML-03) 3, 616–623 (2003).

99.  E. Tsolaki, P. Svolos, E. Kousi, E. 
Kapsalaki, K. Fountas, K. The-
odorou, and I. Tsougos, Int. J. 
Comput. Assist. Radiol. Surg. 8(5), 
751–761 (2013).

100.  S .  Sankaran and R .  Ehsani, 
Trans. ASABE 55 (1), 313 –320 
(2012).

23. Logistic Regression 
(Predictive Learning Model)
101.  J. Merlo, B. Chaix, H. Ohlsson, A. 

Beckman, K. Johnell, P. Hjerpe, 
L. Råstam, and K. Larsen, J. Epi-
demiol. Community Health 60(4), 
290–297 (2006).

102.  Y. So, “A tutorial on logistic re-
gression,” SAS White Papers 
(1995). https://support.sas.com/
rnd/app/stat/papers/logistic.pdf

103.  T.C.B. Schut, P.J. Caspers, G.J. 
Puppels, A. Nijssen, F. Heule, 
M.H. Neumann, and D.P. Hayes, 
J. Invest. Dermatol. 119(1), 64–69 
(2002).

104.  M.G. Sowa, L. Leonardi, J.R. Pay-
ette, K.M. Cross, M. Gomez, and 
J. Fish, J. Biomed. Opt. 11(5), 
054002 (2006).

24. Mahalanobis  
Distance Metrics
105.  H.L. Mark and D. Tunnell, Anal. 

Chem. 57(7), 1449–1456 (1985).
106.  R.G. Whit f ield, M.E. Gerger, 

and R.L. Sharp, Appl. Spectrosc. 
41(7), 1204–1213 (1987).

107.  R. De Maesschalck, D. Jouan-
Rimbaud, and D.L. Massart, Che-
mometr. Intell. Lab. Syst. 50(1), 
1–18 (2000).

108.  G. Downey, Analyst  119 (11), 
2367–2375 (1994).

25. Nearest Neighbor
109.  U. Von Luxburg, Stat Comput. 

17(4), 395–416 (2007).
110.  B. Li, Y. Wei, H. Duan, L. Xi, and 

X. Wu, Vib. Spectrosc. 62, 17–22 
(2012).

111.  R.M. Balabin, R.Z. Safieva, and 
E.I. Lomakina, Anal. Chim. Acta 
671(1–2), 27–35 (2010).

112.  V. Allen, J.H. Kalivas, and R.G. Ro-
driguez, Appl. Spectrosc. 53(6), 
672–681 (1999).

26. Neural Network  
(for Classification)
113.  G.P. Zhang, IEEE Trans. Syst. Man 

Cybern., Part C Appl. Rev. 30(4), 
451–462 (2000).

114.  W. Wu, B. Walczak, D.L. Massart, 
S. Heuerding, F. Erni, I.R. Last, 
and K.A. Prebble, Chemometr. 
Intell. Lab. Syst . 33 (1), 35 – 46 
(1996).

115.  J.B. Sirven, B. Bousquet, L. Can-
ioni, L. Sarger, S. Tellier, M. Potin-
Gautier, and I. Le Hecho, Anal. 

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

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
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vances 6(36), 30353–30361 (2016).
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121.  O.G. Meza-Márquez, T. Gallardo-

Velázquez, and G. Osorio-Revilla, 
Meat Sci. 86(2), 511–519 (2010).

122.  T. Gallardo-Velázquez, G. Osorio-
Revilla, M. Zuñiga-de Loa, and Y. 
Rivera-Espinoza, Food Res. Int. 
42(3), 313–318 (2009).

123.  A.L. Pomerantsev and O.Y. Rodi-
onova, J. Chemom. 28(6), 518–
522 (2014).

124.  E. Smidt, K. Meissl, M. Schwann-
inger, and P. Lechner, Waste 
Manage 28(10), 1699–1710 (2008).

29. Support Vector Machines (SVM)
125.  J. Luts, F. Ojeda, R. Van de Plas, 

B. De Moor, S. Van Huffel, and 
J.A. Suykens, Anal. Chim. Acta 
665(2), 129–145 (2010).

126.  O. Devos, C. Ruckebusch, A. Du-
rand, L. Duponchel, and J.P. Hu-
venne, Chemometr. Intell. Lab. 
Syst. 96(1), 27–33 (2009).

127.  A. Borin, M.F. Ferrao, C. Mello, 
D.A. Maretto, and R.J. Poppi, 
Anal. Chim. Acta 579(1), 25–32 
(2006).

128.  R.M. Balabin, R.Z. Safieva, and 
E.I. Lomakina, Microchem. J. 
98(1), 121–128 (2011).
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Programming Platforms 
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Impact of Measurement  
Protocol on ICP-MS Data  
Quality Objectives: Part I

Quadrupole-based inductively cou-
pled 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 applica-
tions. To meet such varied application 
needs, modern ICP-MS instrumenta-
tion has to be very flexible if it is to 
keep up with the increasing demands 
of its users. Nowhere is this more im-
portant than in the area of peak inte-
gration and measurement protocol. 
The way the analytical signal is man-
aged in ICP-MS has a direct impact 
on its multielement characteristics, 
isotopic capability, detection limits, 
dynamic range, precision, signal sta-
bility 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 funda-
mentals of quadrupole-based ICP-MS 
measurement regimes—in particular, 
the balance between maximizing pro-
ductivity and optimizing performance.

Robert Thomas

To understand signal management 
in greater detail and its implica-
tions on data quality objectives,  

it is important to discuss how measurement 
protocol is optimized based on the ana-
lytical requirements and, in particular, its 
impact on both continuous signals gener-
ated 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 mea-
surement 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 sam-
pling methods involving transient peaks.  

Measurement Variables
There are many variables that affect the 
quality of the analytical signal in induc-
tively 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 prin-
ciples 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 time-
dependent alternating current (AC) of 
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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 se-
lected 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 posi-
tive or negative bias on the rods will elec-
trostatically 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 differ-
ent m/z ratio until all the analytes in a mul-
tielement analysis have been measured. 

The process for the detection of one 
particular mass in a multielement run is rep-
resented 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 chan-
nels per mass. As the electrical pulses are 
counted in each channel, a profile of the 
mass is built up over the 20 channels, cor-
responding 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 rep-
resented 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-

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 ap-
proaches to consider. One is the multichan-
nel 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 posi-
tion on the peak (normally the maximum 
point), allowed to settle, and a measure-
ment 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 calibra-
tion and resolution checks, and as a classi-
cal qualitative method development tool 
to find out what elements are present in the 
sample, and to assess their spectral impli-
cations on the masses of interest. Full peak 
profiling is not normally used for doing 

Quadrupole rods

FIGURE 1: Schematic showing principles of mass separation using a quadrupole.

63 Cu scan

Mass scan (amu)

Quadrupole 
mass scan 
controllerMultichannel data

acquisition system

Ions 
(electricalpulses)

63 Cu

Copper Ion – m/z 63

Detector

n
63

1

1 2 3 4 5 6 7 .......... 20

Channel

FIGURE 2: Profiles of different masses are built up using a multichannel data 
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rapid quantitative analysis, because valu-
able 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 valu-

able time on the wings and valleys of the 
peak, which contribute less to the ana-
lytical signal and more to the background 
noise. This is shown in Figure 6, which 
demonstrates the degradation in signal-
to-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 com-
pared to 20 points/peak is shown in Figure 7.

Optimization of 
Measurement Protocol
Let’s now focus on the impact of optimiz-
ing 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 sig-
nal from a sampling accessory (such as the 
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FIGURE 5: Peak-hopping approach.
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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  

“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 sec-
onds. 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 compro-
mise of detection limit based on the speed 
of analysis requirements or amount of sam-
ple 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 sam-
pling 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 proto-
col can be optimized, the major analytical 
requirements of the application need to be 
defined. Let us look at this in greater detail.

Multielement Data Quality Objectives
Because multielement detection capabil-
ity is probably the major reason why most 

laboratories invest in ICP-MS, it is impor-
tant to understand the impact of mea-
surement 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 per-
formed 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 sim-
plified 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 measure-
ments 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 empha-
sized that this is a generalization of the mea-
surement 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 signifi-
cant amount of time spent scanning and 
settling the quadrupole, which does not 
contribute to the quality of the analyti-
cal 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 be-
cause they are a function of the quadru-

Scan back to mass
A and repeat

Scan Scan Scan

Settle, dwell,
measure

Settle, dwell,
measure

Settle, dwell,
measure

Mass A Mass B Mass C

Increasing mass

FIGURE 8: Multielement scanning and peak measurement protocol used for 
peak quantitation in  a quadrupole-based ICP-MS.

350000

191715131197531

Number of points per peak

100000

150000

250000

200000

300000

R
at

io
 o

f s
ig

na
l t

o 
b

ac
kg

ro
un

d
 n

oi
se

FIGURE 6: Signal-to-background noise 
degrades when more than one point, 
spread over the same integration time, 
is used for peak quantitation (2).

Be 9 Co 59 ln 115 Ti 205 U 238
0

0.5

1

1.5

2

2.5

03

3.5

4

Element (m/z)

D
/L

 im
p

ro
ve

m
en

t 
of

 1
 p

oi
nt

 c
om

p
ar

ed
 t

o 
20

p
oi

nt
s 

p
er

 p
ea

k

FIGURE 7: Detection limit improve-
ment using one point per peak com-
pared to 20 points per peak over the 
mass range (2).



October 2021   Spectroscopy 36(10)  25www.spectroscopyonline.com

pole and detector electronics. For this reason, it is essential that 
the dwell time, which ultimately affects detection limit and preci-
sion, dominates the total measurement time, compared to the 
scanning and settling times. It follows, therefore, that the mea-
surement duty cycle (percentage of actual measuring time com-
pared 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 in-
tegration 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:

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 ulti-
mately 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 detec-
tion limits, longer integration times generally have to be used to 
reach the lowest possible detection limits. This is shown in Fig-
ure 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 be-
comes 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 

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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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 pre-

dicted by Poisson counting statistics. It can be seen that the mea-
sured standard deviation (black bars) follows theory very well up to 
about 100,000 cps, where detector shot noise associated with con-
verting 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 nebuliza-
tion 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).

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 cen-
ter of the peak. For this reason, if good precision is a fundamen-
tal 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 lon-
ger 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 be-
comes. Therefore, the ability to make the measurement as simul-
taneous 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 isoto-
pic measurements at the same time using multiple detectors (6).  
Also, time-of-flight (TOF) technology, which simultaneously sam-
ples 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 SRM-
981 (75 ppb Pb) solution, using 5.5 s integration time per isotope.
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FIGURE 10: Plot of detection limit against integration 
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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 
207Pb+/206Pb+

% RSD 
208Pb+/206Pb+

   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
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Isotope Ratios
From these data, the researchers con-
cluded 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 preci-
sion 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, set-
tling 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 208Pb (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, be-
cause it is continually being asked to solve 
a wide variety of application problems at 

increasingly lower levels. However, by opti-
mizing 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 pre-
cision on both continuous and transient sig-
nals, 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 sys-
tem 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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TABLE II: Impact of Integration Time on the Overall Analysis Time for Pb Isotope Ratios (8)

Dwell Time (ms) No. of Sweeps Integration 
Time (s)/mass

% RSD 
207Pb+/206Pb+

% RSD 
207Pb+/206Pb+

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
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Determining Nitrophenol Isomers 
Using Raman Spectroscopy 

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 concentra-
tions. Therefore, it is crucial to detect ni-
trophenol quickly, easily, and accurately. 
In this study, the nitrophenol isomers  
(o-nitrophenol, m-nitrophenol, and p-ni-
trophenol), in solid and liquid phases with 
methanol or acetone as the solvent, were 
investigated using Raman spectroscopy. 
The characteristic Raman peaks of nitro-
phenol isomers were observed. In addi-
tion, the intensities of the corresponding 
Raman peaks for nitrophenol isomers 
in the liquid phase with methanol or ac-
etone as solvent at different concentra-
tions (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 coeffi-
cients between intensities and concen-
trations were greater than 0.99. Further-
more, 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. 

Wenyou Qiao, Jin Tao, Li Peng, Mengmeng Xing,  
Huinan Yang, Jun Chen, and Mingxu Su

Nitrophenol isomers (o-nitrophe-
nol, m-nitrophenol, p-nitrophenol) 
are widely used as analytical re-

agents or intermediates for a variety of 
chemicals (for example, in pesticides, med-
icines, and dyes). Hence, a large amount 
of nitrophenol isomers in wastewater and 
gas is discharged into rivers and the atmo-
sphere. 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 Environ-
mental Protection Agency (EPA), and their 
concentrations in natural water bodies 
should be controlled (3). Therefore, devel-
oping 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 p-
nitrophenol and 2,4-dinitrophenol in cloud 
water at low concentrations by high per-
formance liquid chromatography–mass 
spectrometry (HPLC–MS). Dou and oth-
ers (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 oth-
ers (6) detected p-nitrophenol in a phos-
phate buffer phase with an electrochemi-
cal sensor. Li and others (7) measured 
o- and p-nitrophenol in aqueous samples 
by preparing reduced graphene oxide-
cyclodextrin-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 de-
tect 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 ab-
sorption 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 attenua-
tion 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 polycrystal-
line phase by Fourier transform (FT)-Ra-
man spectroscopy. Zhang and others (14) 
compared the Raman scattering enhance-
ment effects of trinitrophenol by synthesiz-
ing 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 
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concentrations of the corresponding Raman peaks for nitrophenol 
isomers in liquid phase were explored.

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 out-
put 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 charged-
coupled detector (CCD) detector (Horiba) was 203 K. To improve 
the signal-to-noise ratio (S/N) of the spectrometer, the integra-
tion 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 analy-
sis. The spectrometer was calibrated with anhydrous ethanol 
before each experiment. 

In the work, o-nitrophenol (purity: 99%), m-nitrophenol (pu-
rity: 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 Ling-
feng 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 near-
infrared (IR) laser absorption spectroscopy (16).

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 anhy-
drous ethanol reveals that the spectrometer employed here  
possessed good stability.

Edge �lter
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FIGURE 1: Self-built Raman spectrometer, using 785 nm 
diode laser excitation.
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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 stretch-
ing 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-nitro-
phenol, 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, nitro-
phenol isomers in the solid phase can  
be identified.
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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 in-
vestigated. 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-nitrophe-
nol, 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-nitro-
phenol 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-nitrophe-
nol 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-nitrophe-
nol, 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-nitro-
phenol 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 
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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) Ra-
man 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-ni-
trophenol in liquid phase with acetone as solvent, and (f) linear fit between Raman in-
tensities 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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solvent, respectively. These four char-
acteristic Raman peaks (1343 cm-1 of 
m-nitrophenol with methanol as sol-
vent, 1333 cm-1 of p-nitrophenol with 
methanol as solvent, 1134 cm-1 of o-
nitrophenol 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:

[1]ted0
Raman

Raman
dI E N d V

d
σ
Ω

= η Ω

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-ni-
trophenol 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 concentra-
tions were found, the corresponding lin-
ear 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-nitro-
phenol 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 ac-
etone as the solvent at known concentra-
tions (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 repre-
sents the known values of concentra-
tions, 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 de-
viations were 4.94%, 2.69%, 4.37%, and 
1.86%, respectively. 
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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-nitrophe-
nol with methanol as the solvent and m-
nitrophenol with acetone as the solvent, 
can be obtained. Meanwhile, m-nitro-
phenol 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 sol-
vent 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 ni-
trophenol isomers in liquid phase with 
methanol and acetone as the solvent at 

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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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 
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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 

“Ru-type ware” and unglazed fir-
ing 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 sev-
eral 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 se-
lected. The chemical compositions of 
16 elements in body and glaze were 
measured by energy-dispersive X-ray 
fluorescence (EDXRF), and multivari-
ate 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 concen-
trated, and the glaze formula is stable, 
which conforms to the characteristics 
of official celadon.

Bo Wu, Weijuan Zhao, Dan Zhao, Xiaomin Liu,  
Songlin Feng, Xiangqian Feng, and Hong Zhao 

The 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 pro-
duced an extremely rare type of pot-
tery 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 cela-
don-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 porce-
lain also contained the similar glaze color of 
sky green and grass green that was histori-
cally associated with Ru Kuan ware porce-
lain. 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 con-
centrated in the pit under the Yuan Dynasty 
layer (Layer 3) and the accumulation of the 
Jin Dynasty layer (Layer 4), and the strati-
graphic 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 
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FIGURE 3: 2D dispersion analysis of Fe2O3 and TiO2.

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 en-
ergy-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 experi-
mental results were subjected to multivari-
ate statistical analysis to obtain the relation-
ship 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 founda-
tion 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 be-
ryllium 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, oper-
ating 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-en-
ergy secondary X-rays produced by the 
low-Z elements, the spectrometer was 
equipped with a vacuum chamber. 

The relative position of the sample sur-
face, the detector, and the light outlet were 
fixed, and the samples were positioned to 

Modern ash pit Modern foundation

0 1 2m

1

2

3

4

5

FIGURE 1: Stratigraphic profile of T85 exploration pit. Note: 1  Modern liv-
ing and cushion soil layer, 2 , 3 Yuan and Ming Dynasties layer, 4  Jin Dynasty 
layer, and 5  late Northern Song Dynasty layer.

TABLE I: Selection of samples

Samples Category and 
Appearance Kiln and Location

QL52B–QL55B Unglazed firing,  
white body, fragile Qingliangsi Kiln, 

No. IV firing zone
T85 exploration pit, 

the forth layerQL11–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

T36 exploration pit, 
the third layer

(a) (b) (c) (d)

FIGURE 2: The figures of the typical samples. (a, b) Sky green Ru Kuan wares. 
(c, d) Sky green Ru-type wares.
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the fixed focus of the analysis system ac-
curately with the three-dimensional (3D)
stepping motor, and high- and low- mag-
nification charged-coupled device (CCD) 
cameras. The fundamental parameter 
(FP) method was used for nondestruc-
tive quantitative analysis of unglazed fir-
ing, 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 pent-
oxide (P2O5), potassium oxide (K2O), cal-
cium oxide (CaO), titanium dioxide (TiO2), 
manganese(II) oxide (MnO), and iron(III) 
oxide (Fe2O3). To calibrate the matrix ef-
fects 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 pro-
cessed using the program version 32, 
which was provided with the equipment.  
Through discriminant analysis and hier-
archical cluster analysis (HCA) in multi-
variate statistical analysis, the relationship 
between the chemical components was 

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 ele-
ments of body and glaze samples of un-
glazed firing, Ru-type, and Ru Kuan ware 
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FIGURE 4: Discriminant analysis of bodies.
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was measured by EDXRF. The contents 
of seven elements, including Al2O3, 
SiO2, and K2O, are listed in Tables II 
and III (accessible on the Spectroscopy  
website through the QR code available 
at the end of the article). 

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 ox-
ides, 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 con-
tents 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 in-
dicates 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 con-
tent 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 pro-
cesses, such as elutriation, in the prepara-
tion process of unglazed firing. The differ-
ences 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 
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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 ex-
periment, 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 classi-
fication 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 un-
glazed firing and Ru-type ware belong to 
the same excavation layer, their sources of 
body materials differ, which is caused by dif-
ferences in the origin of raw materials or fir-
ing batches. The two categories differ from 
those of Ru Kuan ware, which shows that the 
two differ in terms of body material selec-
tion for the porcelain made in the Ru Kiln. 
The Ru-type ware data points in area B and 

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

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. 

After the molar coefficient of alkaline oxide 
(RO+RO2) is adjusted to 1, the Seger for-
mulas of Ru-type and Ru Kuan ware glazes 
are 1.1 and 1.2, respectively.
 
0.04-0.05 Na2O
0.14-0.19 K2O
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]

b
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FIGURE 8: The b values of Ru-type ware and Ru Kuan ware.
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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 col-
oring element of celadon glaze in northern 
China (9). Figure 5a shows the 1D disper-
sion 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 cela-
don. 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 Ru-
type 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), 

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 analy-
sis 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 sili-
con 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 feld-
spar, 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 fluc-
tuation range of the two is relatively small, 
which implies that the glaze formula is rela-
tively 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 tempera-
ture of glaze. Their contents and types also 
have a decisive influence on the melting 
temperature and appearance character-
istic of glaze. CaO in glaze mainly comes 
from limestone and calcite (main ingredi-
ent is CaCO3), whereas MgO mainly comes 
from dolomite (CaCO3·MgCO3). Figure 7a 
shows a 2D dispersion analysis of calcium 
and magnesium oxides. A positive corre-
lation 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 Ru-
type ware is glazed with plant ash with less 
P2O5 content different from Ru Kuan ware.
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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 cal-
culated 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 in-
dicates 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 Ru-
type ware and 0.78~0.81 for Ru Kuan ware), 
which indicates that Ru-type ware may fol-
low 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 similar-
ity and correlation of the samples (13).  
The HCA of Ru-type and Ru Kuan ware 
glazes is shown in Figure 9, and can be di-
vided 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 Ru-
type 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. Al-
though 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 fir-
ing, sky green Ru-type ware and sky green 
Ru Kuan ware bodies differ. Although un-
glazed firing and sky green Ru-type ware 

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 com-
position 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 Ru-
type ware are strictly controlled in raw ma-
terial 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

This article is the first of a 3-part se-
ries that gives a procedure to avoid 
several of them using an example 

case.  Part 2 will focus on throughput and 
polarization correction of spectrofluorom-
eters 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 wave-
length selector for detection, and one or 
multiple light detectors. A common in-
strument 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 mono-
chromator selects mostly a narrow band of 
wavelengths that exit toward the sample.  
Many instruments include a pick-off mir-
ror in this region that directs light to a ref-
erence detector (often a photomultiplier 
tube) to compensate for the varying in-
tensity of light at each wavelength emerg-

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 fre-
quently 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 se-
lected and a narrow band of emission wave-
lengths 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 fol-
lows: a) poor choices of excitation and 
emission wavelengths leading to noisy 
spectra; b) a poor choice of the sample 
concentration leading to inner-filter ef-
fects; 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 re-
corded on a spectrophotometer using 
the same sample cuvette you intend to 
use for spectrofluorometry, ideally with 
a SBW of 2 nm or better. This measure-
ment helps you select the best choices 
for excitation wavelengths, the likely 
range for emission wavelengths, an 
appropriate concentration, and an ap-
propriate SBW and step size. It confirms 
that the sample cell and solvent are suit-
able. Finally, it allows you to select con-
ditions that avoid most problems with  
scattered light. 

If you are planning to record fluores-
cence 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 spec-

trum of the sample based on informa-
tion in the absorption spectrum

• record a fluorescence excitation 
spectrum based on the information 
in the absorption and fluorescence  
emission spectra.
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Example
As an example, let us consider the following absorption and 
fluorescence spectra (Figure 2) for tetrakis(4-carboxyphenyl)por-
phyrin (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 emis-
sion 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 ana-
lyte 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 maxi-
mum 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 scat-
tered 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 

the detector in the first order; however, it can also transmit light 
at 417 nm in the second order. Running our fluorescence emis-
sion spectrum through 834 nm could produce a giant spike in our 
spectrum because of scattered excitation that could easily satu-
rate our detector. The second, less obvious scattered light prob-
lem is stray light in our excitation and emission monochromators.  
This stray light can cause a baseline artifact, which could be im-
portant 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 ex-
citation 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 wave-
length light and beyond, will prevent scattered light from 
impacting the measurement at all. If you only have a long-
pass 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 mono-
chromator to a wavelength that is an integer multiple of the  
excitation wavelength.

We’re now ready to record our fluorescence emission spec-
trum, 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-

http://www.starna.com
mailto:sales@starnacells.com
http://www.starna.com
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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 

fluorescence excitation spectrum will 
likely continue to ~660 nm. It makes best 
sense then to choose 713 nm as our de-
tection wavelength and record our excita-
tion spectrum from 360 nm (below that 

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.

Improving the Result
If you decide you want better data than 
this procedure provides, you can return 
and adjust the SBW separately for excita-
tion and emission spectra. For example, 
the SBW for the excitation source can 
usually be increased when you are re-
cording a fluorescence emission spec-
trum, 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 measure-
ment 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 dis-
cuss how some samples can be respon-
sible for making data irreproducible, even 
when everything else was "done right the 
first time."

Resources We Recommend
(1) J.R. Lakowicz, Principles of Fluores-

cence Spectroscopy (Springer, Boston, 

Massachusetts, 3rd Ed., 2006).

(2) J.D. Ingle, Jr. and S.R. Crouch, Spec-
trochemical Analysis (Prentice-Hall Inc., 

Englewood Cliffs, New Jersey, 1988).

Caitlyn English, Zechariah Kitzha-
ber, Joshua Williams, Amanda 
Humphries, and M.L. Myrick are 
with the University of South Caro-
lina, in Columbia, South Carolina. Di-
rect correspondence to: MYRICK@
mailbox.sc.edu ●

Lamp

Condenser
Optics

Excitation
Monochromator

Emission
Monochromator

Det

Detection
Optics

Excitation
Optics

Ref
BPF

LPF

Sample

FIGURE 1: Instrument layout for a common commercial spectrofluorometer.  
A xenon arc lamp is illustrated as the light source that is focused into an ex-
citation 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 pho-
tomultiplier 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 emerg-
ing toward the detector defines a horizontal plane.  All light rays polarized in this 
plane at the sample are called horizontally polarized, while rays polarized per-
pendicularly to this plane at the sample are called vertically polarized.
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In 1970, marijuana was designated a Schedule I drug 
under the Controlled Substances Act, making it near-
ly impossible for laboratories to perform cannabis 
research. However, medicinal use of cannabis is now 
legal in Canada and 36 U.S. states, with more join-
ing 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 pro-
tocols, requirements, and acceptable testing practices.  
Typical testing requirements for cannabis and its 
products include heavy metal analysis, pesticide resi-
due, 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 condi-
tions ranging from cancer and inflammation to anxi-
ety and sleeplessness. It is believed that the combi-
nation of terpenes and cannabinoids in cannabis 
produce a synergistic effect with regard to medical 
benefits, further elevating its popularity worldwide.

Certain heavy metals can cause adverse effects on hu-
man health. Toxic heavy metals such as arsenic, cad-

mium, 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 pop-
ularity 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 can-
nabis 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.  

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.

Microwave Digestion and Trace Metals Analysis of 
Mixed Cannabis and Hemp Products 
Samuel Heckle and Leanne Anderson, CEM

Figure 1: Samples selected for digestion and analysis.

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

http://www.cem.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 edi-
bles to lotions to plant material. Solid samples required 
minimal particle size reduction in order to obtain a rep-
resentative 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 sam-
ples 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 dilu-
tion with deionized water. The MARS 6 is an ideal diges-
tion system for the cannabis industry because it is able 
to successfully digest batches of mixed materials, includ-
ing 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 recov-
ery 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.

 CEM Corporation
3100 Smith Farm Road, Matthews,NC 28104

Tel. (800) 726-3331
Website: www.cem.com

TABLE II: Spike recovery results

75As 111Cd 200Hg 208Pb

Hard 
candy

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

Granola 
bar

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

MCT oil

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

Ghee

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

Hemp 
oil

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

Lotion

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

Froggy

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

Hemp 
flower

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

Beef 
jerky

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

Peanut 
butter

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

Conc. 
CBD oil

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

http://www.cem.com
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The 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 

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.

Sample Preparation of Heavy Crude Oil
Milestone, Inc.

Figure 2: Samples after digestion. 
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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.

 Milestone, Inc.
25 Controls Drive, Shelton, CT 06484

Tel. (203) 925-4240, toll free (866) 995-5100
Website: www.milestonesci.com

MILESTONE
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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 .

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%). 
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