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FEATURED ARTICLE

Spectrometers in Wonderland:
Shrinking, Shrinking, Shrinking

Richard Crocombe

This article gives a brief overview of
the major portable techniques: those
based on optical spectroscopy techniques, including near-infrared (NIR),
mid-infrared (mid-IR), and Raman
spectroscopy; mass spectrometry
(MS) systems, including high-pressure
MS (HPMS), gas chromatography–MS
(GC–MS), ion mobility spectrometry
(IMS); elemental techniques, such as
X-ray fluorescence (XRF) and laser-induced breakdown spectroscopy (LIBS);
and emerging miniaturized techniques
like nuclear magnetic resonance (NMR).
The above are all “conventional” spectroscopic techniques and reduced to a
rugged portable format, containing selfcontained data systems. They provide
specific and actionable information to
their operators working with them outside
the laboratory—in the field—and these instruments have well-defined value propositions. A recent development is the availability of low cost (<$100) multispectral
sensors operating in the visible and NIR
regions. This low cost enables the sensors
to be embedded into consumer products,
such as smart “white goods” appliances,
personal care, fitness products, and even
“wearables” products. In the future,
miniature and portable spectrometers will be ubiquitous—outside the
laboratory, and in your home and pocket.
6 Spectroscopy Outside the Laboratory

I

n Chapter 1 of “Alice in Wonderland,” Alice chases the white rabbit
down a hole and looks into a small
passage, seeing “the loveliest garden
you ever saw” (1). She can’t go through
the passage until she imbibes from a
bottle labeled “Drink Me” and shrinks
in size. Although she shrinks in size,
she does maintain all her faculties.
Like Alice, spectrometers have gone
through this miniaturization process
while maintaining their func tionalities. In the past 20 years, spectrometers have shrunk dramatically in size,
giving us first laboratory-portable,
toaster-sized instruments, then cordless
drill-sized portable instruments for use
in the field, and finally spectrometers
the size of a computer mouse or a deck
of cards (2). This shrinking has been
achieved with only modest performance
reductions in sampling versatility, spectral range, spectral resolution, and signal-to-noise (S/N). However, by utilizing
the ever-increasing power of consumer
electronics, these instruments are capable of generating reliable and actionable results in the field. The latest
development is the availability of very
low-cost multispectral sensors that are
the size of a computer chip, leading
to the possibility of embedding them
into consumer goods.

November 2022

It is convenient to classify portable
spectrometers into four types (Table I).
In this article, we are concerned with
just the first two—completely integrated instruments, and miniature
spectrometers or multispectral sensors, designed to be embedded in
consumer goods.
The Major Techniques
We can see four portable spectrometer techniques: optical molecular
analysis (UV-visible [UV-vis], nearinfrared [NIR], mid-IR, and Raman);
mass spectrometry (MS; high pressure
mass spectrometry [HPMS], gas chromatography–mass spectrometry [GC–
MS], and ion mobility spectroscopy
[IMS]), and elemental analysis (X-ray
fluorescence [XRF] and laser-induced
breakdown spectroscopy [LIBS]). Relative newcomers are ruggedized and
field-portable nuclear magnetic resonance (NMR), both chemical shift and
time-domain (relaxometry) variants.
Each technique or instrument has its
own benefits and limitations, so we
have to choose the right technique for
the problem at hand, and Table II shows
some of their established applications.
O ptic al molec ular ins tr ument s
are widely used for the rapid identification or confirmation of chemical
www.spectroscopyonline.com
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TABLE I: A portable spectrometer taxonomy
Category

Maturity

Applications Development

Well-established and also includes
portable Raman instruments used
by hazardous material technicians
and portable XRF instruments
used by scrap metal dealers

Well-defined and controlled by
the instrument company

Miniature spectrometers
embedded in consumer goods

An emerging field in “white goods”
(washing machines, refrigerators,
vacuum cleaners) and personal care
and personal health products

Well-defined, and often single
purpose, controlled by the
consumer goods manufacturer

Stand-alone spectrometers or
spectrographs for scientific use

Very familiar, with spectrographs
and components with well-defined
specifications sold for laboratory
use by established companies

Produces spectra used by
researchers, and possibly
integrated into complete instruments

An emerging area, with a number
of start-up companies active

More problematic—who develops and
validates those applications, and does the
end user understand the limitations of
the instrument and of the calibration?

Completely integrated
instruments, often from major
analytical instrument companies,
including process instruments

Spectrometers marketed
directly to consumers

TABLE II: Typical applications for portable spectrometers in the field
Spectroscopy Type

Technology

Application Type

Typical Applications

Mid-IR and
Raman

Qualitative –
Identification

Suspicious materials: possible explosives,
narcotics, chemical weapons, and others.
Raw material identification in chemical
and pharmaceutical manufacturing.

Near-IR

Qualitative –
Identification

Raw material identification in chemical
and pharmaceutical manufacturing.
Identifications for recycling: plastics.

Quantitative

Food, feed, and agriculture.

UV-vis

Quantitative

Water analysis and colorimetric analyses in general.

GC–MS

Qualitative and
quantitative

Complex mixtures: military, safety
and security, and environmental.

HPMS

Qualitative –
Detection

Military, safety and security,
environmental, and narcotics.

IMS

Qualitative –
Detection

Trace detection of hazards: military,
safety and security.

XRF and LIBS

Qualitative –
Identification

Metal alloys, mining and minerals,
in-situ inspection, recycling, among others.

Molecular

Mass Spectrometry

Elemental

Nuclear Magnetic
Resonance (NMR)

Quantitative

Precious metals, heavy metals in consumer products.

Chemical shift

Qualitative

Still mostly laboratory usage

Time Domain
(Relaxometry)

Quantitative

Moisture and emerging
applications for less common nuclei.

substances, often “white powders.”
These applications can range from
confirming incoming material in pharmaceutical manufacturing (3), detecting counterfeit pharmaceuticals in
the field, and identifying suspicious
materials by the police, customs,
border officials, and airport security
personnel. NIR, mid-IR, and Raman
spectrometers are all used in these
areas, but each has its strengths and
weaknesses (3). Briefly, Raman spectroscopy is often preferred because of
www.spectroscopyonline.com

its “point-and-shoot” ability, whereas
mid-IR typically requires the material to be handled. This drawback of
mid-IR tends to outweigh the issue
of fluorescence in Raman spec tra.
NIR spectroscopy has been used for
many years for the quantitative analysis of natural products (grain, fruits,
and so on), and it is well-suited to
these highly heterogeneous materials. Raman and NIR spectroscopy are
direct competitors in many pharmaceutical applications (3).
November 2022

These optical techniques are limited to major component (percent
level) analyses in condensed phases.
For trace analysis and complex-mixture analysis, mass spec trometric
(MS) techniques are required. MS has
typically required the use of a high
vacuum, and this precluded miniaturization of the instrument to a handheld
format. Briefcase-sized gas chromatography–mass spectrometry (GC–
MS) instruments have been commercially available since approximately
Spectroscopy Outside the Laboratory 7
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Instant Actionable Data
Answers at the Point of Need
Increased Safety

Value

Reduced Cycle and Wait Time
Increased Efficiency
Increased Quality
Increased Process Confidence

FIGURE 1: The value of a portable spectrometer—taking the spectrometer to
the sample and to the point of need.

1996. They are widely used by hazardous material technicians, the military,
and environmental scientists to investigate and characterize suspicious
locales. Because these instruments
use a separations front end, they are
excellent for analyzing complex mixtures and detecting trace components
within those samples. HPMS operates
at a modest vacuum (0.1 atmospheres)
using an array of micro-ion traps and is
therefore available in a handheld format. HPMS is fast (seconds), reliable
for programmed target chemicals,
and provides a presumptive method
for identification. IMS has been used
in airport security applications since
the late 1980s, with operators “swabbing” luggage and analyzing that
swap in a small desktop instrument.
Portable versions are available in a
“dustbuster” format, and wearable
versions are employed by the military.
Portable XRF has been used for at
least 20 years in the lifecycle of metal,
from mineral prospec ting, mining,
refining, raw material confirmation,
in-process inspection, and finally, to
scrap metal sorting. Other applications include detection of heavy metals (such as lead) in old house paint
and imported toys, recycling automotive catalytic converters, the “cash for
gold” business, environmental surveys, and cultural heritage studies.
For fundamental physical reasons,
portable XRF has some limitations for
elements lighter that silicon, and portable LIBS is especially useful there; for
8 Spectroscopy Outside the Laboratory

instance, portable LIBS has been used
in aluminum alloy sorting and lithium
applications, as well as for ferrous
alloy identification.
NMR instruments fall into two broad
classes: chemical shift and time domain, or relaxometry. Benchtop relaxometers were developed around the
same time as analytical NIR instruments and serve some of the same applications, such as moisture measurement. Advances in permanent magnet
technology and cell phone electronics enable relaxometry to be offered
in a handheld format (4). Benchtop
chemical-shift NMR instruments are
available from a number of vendors,
some with simple functionality and
some capable of advanced pulse
sequences. Although most of these
instruments utilize the familiar 5-mm
diameter NMR tubes, the technology
can be adapted to wider bore, flowthrough plastic tubing, which is more
rugged and suitable for quality assurance (QA) and quality control (QC)
applications (5).
The Value of Portable
Spectroscopy
The value proposition for portable
spectroscopy is summarized in Figure 1. In many cases, a spectrometer
taken to the sample will generate instant actionable information that can
determine your next step. That next
step might be accepting or rejecting
incoming raw material; identifying a
spill and determining how to handle
November 2022

it; analyzing a suspicious white powder and generating probable cause
for arrest, or how to treat an overdose subject; determining the value
of scrap metal; or deciding where to
drill or mine next. The time saved in
achieving these answers is valuable in
all these scenarios.
Although portable and handheld
spectrometers are physically smaller
than their laboratory counterparts,
they typically include many features
that permit their use in the field. Table
III summarizes these ideal features,
and we should note that many portable instruments incorporate most of
them depending on the technology
and application. The ability to “pointand-shoot” is particularly important
because this eliminates the need for
sample handling, cuvettes, and reagents, which could be problematic in
the field. Any field instrument needs
to be splash- and dust-proof, be
shock- and drop-resistant, operate reliably over wide range of temperatures
and humidity, and so on. The ability
to communicate results and spectra,
with timestamps and geographical information, is important, and these data
often need to be uneditable or unalterable for compliance and legal reasons.
Applications Development
The ability to generate those actionable answers depends on turning a
spectrum or spectra into information,
which could be identities or concentrations. Therefore, applications development and incorporating the resulting databases or calibrations, as well
employing appropriate algorithms, is
key to the success of these portable
instruments. It has been observed
that applications (user requirements)
drive the development of these instruments, and in turn, the availability of
portable instrumentation drives the
development of new applications. This
virtuous cyclic process is illustrated in
Figure 2. It should be noted that qualitative applications (identification) are
significantly easier to develop than
quantitative applications (concentrawww.spectroscopyonline.com
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TABLE III: Ideal and possible features of portable spectrometers
Sampling

Logistics

No physical
contact between
the instrument and
the sample (“freespace” coupling)

21 CFR Part 11
compliant

Operation over
wide variety of
environmental
conditions

No sample
preparation

Barcode reader
Ability to upload data
to a quality system

No sample cell,
cuvette or reagents
Able to interrogate
the sample through
an optically
transparent container

Platform and
application(s)

Enhanced
platform

Recent Developments
Commercially available portable spectrometers, operating in the visible-NIR
region have been surveyed recently
(6), and researc h on “photonic,”
“plasmonic,” and “computational”
10 Spectroscopy Outside the Laboratory

Bluetooth, WiFi

Lightweight
Ability to use wearing
protective equipment

Built-in spectral
libraries (and/
or calibrations)

GPS
Time and date stamps

Dust & splash
resistant

Ancillary data
available

Drop and shock
resistant

Red screen and green
screen results display
for ID confirmation

Cellular
communications
possible (for example, for Hazmat)

Marketplace
exposure and
experience
New
application
development

Customer
requests

Operational
Considerations
Samples,
Databases,
Algorithms,
Calibrations

FIGURE 2: Applications development for portable spectrometers (Reproduced with permission from John Wiley from Chapter 1 in Portable Spectroscopy and Spectrometry, Volume 2, Applications, R.A. Crocombe, P.E. Leary
and B.W. Kammrath (editors), John Wiley, Chichester and Hoboken, 2021).

tions of each component present),
and less sensitive to small variations
in spectral quality (S/N, wavelength
scale shifts, fluorescence, and so on).

Additional Features

Micro and macro
cameras

Low power
consumption
(battery-operated)

Internal R&D

Results
Unambiguous
identification, even
of mixtures
Appropriate
algorithms for
different use cases

Fleet management
capability (cloud
connectivity)

No sample handling

New
technologies

Environment

devices was also reviewed (7). Further
miniaturization may also be possible
via metamaterials and photonic integrated circuits, with developments to
extend operation into the mid-IR (8).
The lowest cost devices, available
for a few dollars each, are multispectral sensors (as opposed to full spectrometers), with a small number (usually 6–16) of discrete detectors each
having a different thin-film bandpass
November 2022

filter or implemented via organic semiconductors (9–13). A selection of these
is shown in Figure 3. Some of these
have been demonstrated for use in
conventional applications, like illicit
drug detection (14), but given their
very small size and low cost, the large
potential is for their use in embedded
applications, with an eventual goal of
being incorporated into “wearables”
like smartwatches and smartphones.
As noted above, turning spectra
into information is key. In the case
of embedded instruments, the application is presumably well-defined
and limited in scope, and the probability of success is therefore high,
even with a limited resolution multis pec tral sensor. Some exis ting
products with photonic devices or
spec tral sensors include high-end
sport watches (15), a ring-sized sleep
monitor (16), smart toothbrushes (17),
hair analysis with custom formulations (18), a smart cosmetic applicator
(19), and a vacuum cleaner equipped
with a laser and particle counter (20).
The latter isn’t something out of an
Austin Powers movie but is a product
from Dyson that tangentially illuminates the surface, highlighting dust
and dander while giving the user a
quantitative particle count.
A possible future application is a
“smart toilet.” A 2020 paper in the
scientific literature (21) discusses “easily deployable hardware and software
www.spectroscopyonline.com
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for the long-term analysis of a user’s
excreta through data collection and
models of human health.” The Japanese company Toto has discussed this
possibility for several years, proposing
sensors embedded in the toilet seat
to measure heartbeat, body fat, and
so on, combined with sensors in the
toilet bowl itself to check urine and
stool. (22) Following analysis of these
date in the cloud, it is proposed that
the customer could be provided with
suggestions for diet, guidance for improving health, and so on. After the
2022 Consumer Elec tronic s Show,
there was a column in the Wall Street
Journal entitled “The Bathroom of
the Future is Here: From High-Tech
Toilets to Self-Filling Tubs” (23), which
describes these possibilities:
“The suggestion pops up on your
phone in the produce section of the
grocery store: ‘Your diet seems unbalanced.’ The recommended recipe
is: ‘salmon or chicken avocado salad.’
A message from your nutritionist? Nope.
Personal trainer? If only. In this vision of
the future, it’s your toilet doing the talking. The Wellness Toilet concept that
Toto presented at this year’s Consumer
Electronics Show is a commode that
doubles as a health-monitoring device.”

Conclusions and
Further Reading
The author of this article, along with
Pauline Leary and Brooke Kammrath,
recently edited a two-volume book on
portable spectroscopy and spectrometry (24–25). The interested reader is
referred to that, as well as to the following papers in this issue, for authoritative reviews of the technologies, instrumentation, and applications.
Spectrometers have been shrinking over the years, from room-filling
behemoths, to two-foot-square beige
boxes, and now to being transportable within the laboratory. The last
20 years have seen further transitions
to portable and handheld spectrometers, for use outside the laboratory,
with some now not much larger than

(a)

(b)

(d)

(c)

Source: Pictures courtesy of (a) ams, (b) MantiSpectra, (c) Senorics, and (d) trinamiX.

FIGURE 3: Examples of miniature multispectral sensors. Their small size and
low cost enables them to be incorporated into consumer products. Clockwise
from top left: (a) a 14-channel visible region spectral sensor; (b) a 16-channel
sensor based on an array of detectors having selective wavelengths in the
850-1700nm range; (c) a new-generation lead salt array detector, covering
a wavelength range of 1-3 µm; and (d) an OEM module with 16 near-infrared
channels in the 1200–1700nm range.

a pack of cards. The development
of very compact and low-cost multispectral sensors is the latest stage in
this journey, and it now permits spectrometers, spectral sensors, and other
photonic devices to be completely
outside the laboratory: embedded in
consumer goods, eventually reaching
smartphones as well as smart watches
and other wearables. You will have
spectral sensors in your home, and in
your pocket, and they may also turn
up in the most unlikely of places, for
example in smart toilets. But that’s
another story (26).

(2)

(3)
(4)

(5)

(6)

(7)
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An Archaeometric Investigation
into the Former Cataract House
Hotel via Elemental Analysis
Magdalena Jackson, Douglas Perrelli, Jacob T. Shelley, and Mary Kate Donais

Over the course of the 19th century, the
former Cataract House Hotel of Niagara
Falls, New York, became one of the largest
hotels in the region while also serving as an
important “station” on the Underground
Railroad. A park now occupies the area
covering its demolished ruins. Since 2017,
archaeological excavations of the site have
taken place, led by the Anthropology Department at SUNY Buffalo. Although much
is known about the overall design of the
Cataract House Hotel, a clearer understanding of its construction phases, as well
as its role in the Underground Railroad,
could be determined from spectroscopic
analysis in tandem with ongoing archaeological investigations. In 2022, in situ data
collection was performed on plaster walls
at the excavation site using a portable
X-ray fluorescence (pXRF) instrument.
These elemental data were used in conjunction with archaeological information
to form conclusions regarding different
construction phases of the hotel. Samples of plaster walls were also collected
for further ex situ analyses with pXRF and
portable laser-induced breakdown spectroscopy (pLIBS) in a laboratory setting.
Future work will include data collection
and analysis by additional spectroscopic
methods of other artifacts collected at
the site, such as pigment samples removed from an unearthed stone step.
12 Spectroscopy Outside the Laboratory

A

rchaeometry, the combination
of archaeological knowledge
and quantitative measurements, offers empirical information regarding material origin, time of use or
construction, and artifact conservation
(1,2). Spectroscopic techniques have
been shown to be valuable for characterizing archaeological materials and
may provide chemical data that can be
used to determine the relative ages of
those features (2). In particular, elemental composition has been useful for
gauging similarities among man-made
materials because the makeup of building materials often can be associated
with a specific time period, raw material sources, or both (2). Two elemental
analysis techniques that are well suited
for the analysis of precious archaeological samples are X-ray fluorescence (XRF)
and laser-induced breakdown spectroscopy (LIBS). In XRF analysis, a sample is
bombarded by X-rays, and the inner
electrons of elements in the sample are
removed, allowing outer electrons to fill
their empty spaces and causing energy
to be released in the form of a fluorescent X-ray photons. The energy of the
photon released during this process is
characteristic of the element being interrogated. In LIBS, a high-energy laser
is fired at a sample, a portion of which
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becomes ablated. At the same time,
the energy density yields a high-temperature plasma, which atomizes and
excites ablated material. As the elements decay to a lower energy state,
light is emitted at wavelengths characteristic of the elements in the sample.
These methods are appropriate for this
task because they are minimally or nondestructive in the case of portable LIBS
(pLIBS) and portable XRF (pXRF), respectively. Furthermore, both are available as
handheld instruments and provide spectral information in a matter of seconds.
Although each technique has its unique
drawbacks, when they are used in conjunction, many of these limitations are minimized. For instance, XRF provides qualitative and quantitative information for larger
elements, whereas low-Z elements, such
as carbon and lithium, are not detected.
Meanwhile, LIBS is capable of measuring
a wider range of elements, including light
elements. The nature of the LIBS method
also allows for faster data collection in
much more focused areas; for LIBS instruments with automated two-dimensional
(2D) elemental mapping modes, the technique can easily be applied for evaluating
the homogeneity of a sample (3). However,
the LIBS spectra are much more data-rich
and with higher background than XRF
spectra and require more analysis bewww.spectroscopyonline.com
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CATARACT HOUSE SITE
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Historical Background
The Cataract House, located in Niagara
Falls, New York, was built in 1825 and
named for the nearby cataracts, or
waterfalls. It began as a simple, threestory building, but by the mid-1840s,
the Cataract House had undergone
multiple expansions to become one of
the largest hotels in the area (Figure 1)
(6). The hotel drew tourists from across
the United States, including slave-holding families from the southern United
States, who were often accompanied
by several enslaved persons (5).
In the early 1840s, the Cataract House
became the first hotel in Niagara Falls to
employ African-Americans. Many of those
hired were from southern states and may
have been former slaves themselves (5).
The hotel waitstaff made use of their positions as employees of the Cataract House
and their proximity to Canada, where slavery had been abolished in 1834, to aid enslaved visitors in escaping to freedom (5).

FIGURE 1: Photograph of the Cataract House viewed from Goat Island in the
Niagara River circa 1800s.

VERANDA (c. 18

fore the elements present can be identified and quantified. The LIBS method
is also quasi-destructive. Depending on
the intensity of the laser, the number of
pulses used to generate a spectrum,
and the type of material being ablated,
LIBS leaves small, sometimes visible craters on the surface of a sample. The X-rays
emitted in XRF leave no marks on any
sample during data collection.
The development and proliferation of
handheld chemical analysis instruments,
such as XRF, LIBS, Raman spectroscopy,
and infrared (IR) spectroscopy, has greatly
expanded archaeometric capabilities:
samples can be rapidly analyzed in situ
where access can be sharply limited (4).
Obtaining this information in the field allows conclusions to be made during an
excavation and inform the direction of a
project, such as taking additional samples
or deciding where next to dig. This work
describes the use of two spectroscopic
techniques, XRF and LIBS, to analyze architectural features uncovered during the
recent archaeological excavation of the
Cataract House, which was once a spacious, luxury hotel that served as an important node on the Underground Railroad (5).

4 STORY WING
(c. 1842)

FIGURE 2: Field map of Test Unit (TU) 1–10 locations relative to Heritage Park
landmarks. Each numbered TU is one square meter.

Their efforts resulted in several successful
escapes, including in the cases of Cecelia
Reynolds, Nancy Berry, and Patrick Sneed
(5,7). Other less successful rescue attempts
resulted in some negative press around
the hotel, but the Underground Railroad
“station” continued to operate out of the
hotel through the end of the American Civil
War in 1865 (5,7).
Between the 1890s and 1920s, the practice of hiring African-American waiters in
American hotels and restaurants declined
significantly, and the composition of the
waitstaff at the Cataract House reflected
this trend. The Cataract House continued
operating as a hotel until 1945, when a fire
destroyed the building (8,9). The ruined
hotel was razed in 1946, with rubble from
November 2022

above-ground structures being used to fill
in basements. Plans to rebuild were never
realized and the site was covered. Today,
Heritage Park occupies much of the former
hotel’s location (8,9).
Recently, there has been renewed interest in the site, particularly with regard to
the Underground Railroad activity. In 2015,
preliminary work began to establish an excavation of the hotel (8,9). Digging started
in 2017, and subsequent excavations were
carried out in 2018 (7) and resumed in
2022. In 2017 and 2018, excavations took
place along the former eastern wall of the
hotel. In 2017, test units (TUs), which are
one square meter trenches dug at areas
of cultural interest and carefully documented, were dug, making up two larger
Spectroscopy Outside the Laboratory 13
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(a)

(b)

(c)

FIGURE 3: Photographs of Cataract House excavation sites of (a) Feature 1; (b)
Feature 2; and (c) Feature 6 in May 2022.

trenches. Trench 1 contained TUs 1 and 2,
Trench 2 contained TUs 3 and 4, and TU 5
was dug in a separate location (Figure 2).
Both excavated trenches contained foundation-wall segments from the Cataract House,
referred to as features, which are indicated
in Figure 2. Feature 1 (Figure 3a), along the
eastern side of Trench 1, is a semi-intact wall
of an unknown substrate covered in plaster.
Feature 2 (Figure 3b), on the northern side of
Trench 2, is a semi-intact brick wall partially
covered by a layer of plaster approximately
25 mm thick. In 2018, two additional trenches,
Trench 3 containing TUs 6 and 7, and Trench
4 containing TUs 8 and 9, were dug and TU
10 was dug in a separate location (see Figure
2). These trenches lay to the east of the Cataract House’s easternmost wall. The spaces
between these trenches and TU 5 were excavated, connecting them and turning TUs
5–9 into one large trench (8,9).
In 2022, the focus of the excavations
shifted toward the Cataract House’s
kitchen, which is believed to have been the
hub of local Underground Railroad activity. A new trench with four TUs (TUs 11–14)
was dug several yards to the west of the
original TUs. Site archaeologists used floor
plans of the hotel to guide placement of
the trench, approximating the location of
the kitchen. Uncovered in this trench was
Feature 6 (Figure 3c), an entryway flanked
by plaster-covered wall remnants and lined
on one side with wooden trim. To investigate the relative ages of these features and
verify the accuracy of the hotel’s floor plan,
atomic spectroscopic methods of analysis
were employed.
Materials and Methods
In Situ Data Collection
In Summer 2022, a handheld XRF spectrometer was brought to the ongoing
14 Spectroscopy Outside the Laboratory

Cataract House excavation with the intention of determining whether construction
features in separate trenches were of similar elemental composition and, therefore,
likely built as part of the same expansion or
modification. Because of the simplicity of
the spectra produced and the possibility
that the features being analyzed may be
present in small quantities or considered
precious, XRF was used for in situ data
collection. Spectra were obtained with a
Bruker Tracer III-V+ and fitted with a rhodium X-ray tube and a yellow filter with
305-µm aluminum and 25-µm titanium.
The X-ray tube was operated at 40 keV
of excitation energy and 3 µA of current.
Each interrogate spot was analyzed with
the head of the XRF instrument flush with
the plaster surface for 120 s. Duplicate
spectra were collected for select locations that were easily accessible based
on geometric placement of the feature to
be analyzed and instrument dimensions.
The spectra were taken at points on the
flattest parts of the plaster and were at
least 15 cm apart from other points. A total
of 39 spectra were obtained onsite from
Features 1 and 6.
Ex Situ Data Collection
Excavation time constraints limited the
number of sample spots and spectra
obtained in situ. However, plaster wall
samples were removed from Features 1,
2, and 6, and they were further analyzed
in the laboratory. There were six samples
collected from Feature 1, 11 samples collected from Feature 2, and seven samples
collected from Feature 6. Additional pXRF
data was collected with the same handheld XRF instrument and settings used
for in situ analysis. For the laboratory
measurements, the XRF instrument was
November 2022

mounted to a stand pointing upward and
samples were placed on top of the device so that they were flush with its head.
Replicate XRF spectra were obtained at
every analyzed location.
To verify and support XRF results, pLIBS
spectra were collected in the lab using
the same set of samples from Features
1, 2, and 6. The pLIBS instrument used
(the Z-300 LIBS Analyzer from SciAps)
contained three charge-coupled device (CCD) spectrometers that together
cover a wavelength range of 190–950 nm.
The instrument utilizes an Nd:YAG laser at
a wavelength of 1064 nm and a beam diameter of 100 µm. Spectra were obtained
with a laser repetition rate of 50 Hz. Two
cleaning shots and four data-collection
shots were used to generate each spectrum. Additionally, argon gas (high purity
grade from SciAps) was used to purge the
sample area to increase the spectral intensity of most elemental lines; argon purge
is an integrated feature of the instrument
used for this study that delivers a few milliliters of gas per analysis. The samples
were placed flush with the head of the instrument during analysis. Replicate analyses with LIBS were performed in certain
locations to verify consistency in intensity
and elements detected. These two instruments were used to collect data sets from
the same set of samples from Features 1,
2, and 6. A total of 116 XRF and 60 LIBS
spectra were collected in the laboratory,
including replicate spectra.
Results and Discussion
Spectra taken in situ with pXRF were visually distinguishable by the intensity of the
peaks. For example, spectra taken from
the left side of Feature 1 had much more
intense lead peaks than those taken from
the right side. To demonstrate, a plot of
overlayed spectra from both sides of Feature 1 is shown in Figure 4. For a more definitive conclusion regarding the elemental compositions of the plasters from the
site, principal component analysis (PCA)
was performed with Unscrambler (version
10.1 from AspenTech) on three data sets
extracted from the Cataract House plaster
sampling frame to compare the data from
the different features; each is discussed
www.spectroscopyonline.com
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below. Prior to principal component analysis (PCA), a subset of data was evaluated
using a Shapiro-Wilkes test and was found
to be normal.

XRF Data Extracted In Situ Combined
with XRF Data Extracted Ex Situ
Fully cross-validated PCA with XRF results
verified that the in situ and ex situ data
could be combined while also comparing
the elemental compositions of Features
1, 2, and 6. The score plot from this PCA
can be seen in Figure 5a. Integrated peak
areas from the XRF spectra were used to
generate this PCA and data were normalized to one, mean centered, and divided
www.spectroscopyonline.com

XRF intensity (a.u.)

XRF Data Extracted In Situ
from Features 1 and 6
The XRF spectra from the in-field analysis
was used for PCA analysis. This fully crossvalidated PCA was performed at the site during the 2022 excavation season so that results
could be quickly relayed to archaeologists.
This initial PCA was produced using the XRF
spectral intensity data that was mean centered for each analysis. Feature 1 was found
to contain two different elemental compositions that were distinct from the single composition across Feature 6. Both features contained calcium, iron, zinc, lead, and strontium,
though in different abundances. Feature 1
was found to be composed of two distinct
regions, marked by different levels of lead,
according to XRF spectra collected from various points on the feature (Figure 4). The left
side of Feature 1 displayed higher amounts
of lead than the right side of Feature 1 or any
part of Feature 6. A thin, grayish coating—
possibly paint—on the left side of Feature
1 may explain the higher lead levels. Lead
was commonly used in paint formulations,
with its use in the United States peaking in
the 19th century. Because Feature 1 was a
continuous piece of plaster, the higher lead
composition on the left side is not indicative of a second construction event. Feature
6 has more strontium than Feature 1 and it
is believed that Feature 6 was built earlier, a
hypothesis supported by the floor plans and
records available. At the site, the XRF analysis
data corroborated the theory that Features
1 and 6 were built during separate construction events.
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FIGURE 4: Overlay of two XRF spectra collected in situ from different parts of
Feature 1 showing dramatic differences in lead and zinc content.
TABLE I: Elements and corresponding wavelengths that were used from the
LIBS spectra to generate the PCA.
Element Detected

Spectral Notation

Wavelength (nm)

Zinc

Zn I

213.9

Carbon

CI

247.7

Magnesium

Mg I

284.9

Silicon

Si I

288.0

Aluminum

Al I

308.0

Lead

Pb I

405.5

Iron

Fe I

438.1

Calcium

Ca I

445.1

Strontium

Sr I

460.5

Barium

Ba II

493.1

Lithium

Li I

610.0

Potassium

KI

766.0

by the standard deviation of the data set.
Elements included in the analysis included
calcium, iron, nickel, lead, strontium, and
zinc. Spectra taken from the high-lead
portion of Feature 1 were excluded from
this PCA because the high lead levels
were found to be from paint (see above)
and not part of the plaster composition.
Sodium peaks, which are often inflated by
soil contamination, were similarly excluded
from the PCA. The explained variance of
PCs 1 through 3 was 90.1%. The majority
variance in PC1 was because of contributions from nickel, iron, and calcium. Meanwhile, zinc and lead contributed the most
to variance in PC2 and iron and calcium to
variance in PC3. This combined in situ and
November 2022

ex situ data analysis supports the earlier
finding that Features 1 and 6 are made of
different plasters. The XRF data collected
ex situ also included Feature 2, which was
not analyzed at the site. According to PCA
results, Feature 2 has a third distinct plaster composition, containing more zinc than
the other two features.
LIBS Data Extracted
Ex Situ from Features 1, 2, and 6
The fully cross-validated PCA from the laboratory-based LIBS analysis corroborated
the XRF results and further distinguished
the features with a larger subset of elements detected by LIBS, which included
nickel, carbon, magnesium, silicon,
Spectroscopy Outside the Laboratory 15
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FIGURE 5: Three-dimensional PCA score plots for (a) in situ and ex situ XRF;
and (b) ex situ LIBS from analyses of wall samples from Features 1 (blue
squares), 2 (red circles), and 6 (green triangles).

aluminum, lead, iron, calcium, strontium,
barium, lithium, and potassium. Prior to
PCA analysis, the data were normalized
to one, mean centered, and divided by
the standard deviation of the data set.
This PCA was performed using integrated peaks at selected wavelengths,
which are listed in Table I, with the score
plot shown in Figure 5b. The explained
variance across PCs 1–3 was 87.0%,
where aluminum, strontium, silicon, carbon, and magnesium contributed the
most to the variance in PC1. Variances
for PC2 and PC3 was because of mainly
barium, calcium, and potassium, respectively. As anticipated, analysis of these
data revealed additional elements that
could not be detected by XRF, providing
information that may link the plasters to
specific time periods. For example, carbon is identified in all three plasters, but
almost twice as much carbon is present
in Features 1 and 2 as in Feature 6. Calcium carbonate (CaCO3), or lime, was
commonly used in North American
plasters before the 20th century (10).
These LIBS results also showed that
Feature 6, in addition to high amounts
of strontium, contained more lithium
than either Feature 1 or 2 and revealed a
higher degree of heterogeneity in Feature 2’s plaster than in Features 1 and
6, with Feature 2 being speckled with
small, high-barium areas. However, the
separation between Features 1 and 2
16 Spectroscopy Outside the Laboratory

can be seen more clearly in the score
plot of the XRF data. Overall, the LIBS
and XRF results both demonstrated that
Features 1 and 2 share many elemental
components and are more similar to
each other than either is to Feature 6,
suggesting that Features 1 and 2 were
built at approximately the same time.
Conclusion
Combining archaeological knowledge with
empirical evidence established using analytical techniques, we have been able to distinguish features at the Cataract House excavation from one another and relate them
to specific time periods. Through the application of handheld instruments for collecting and analyzing data in situ, archaeological endeavors can be supported by rapidly
supplying information during an ongoing
investigation. Such information may inform
the direction of an excavation, enhancing
or modifying conclusions based solely on
a feature’s appearance and surroundings.
Future work will focus on analysis of other,
non-plaster artifacts recovered from the
site, allowing archaeologists to confidently
develop a clearer picture of the Cataract
House during its time as a “station” on the
Underground Railroad.
References
(1)

R.M. Ehrenreich, J. Archaeol. Method
Theory 2(1), 1–6 (1995). DOI: 10.1007/
BF02228433

November 2022

M.K. Donais, S. Wojtas, A. Desmond,
B. Duncan, and D.B. George, Appl.
Spectrosc. 66(9), 1005–1012 (2012). DOI:
10.1366/12-06616
(3) R.S. Harmon, D. Khashchevskaya, M.
Morency, L.A. Owen, M. Jennings, J.R.
Knott, et al, Molecules 26(17), 5200 (2021).
DOI: 10.3390/molecules26175200
(4) M.K. Donais and P. Vandenabeele, in Portable Spectroscopy and Spectrometry 2:
Applications, R. Crocombe, P. O’Leary,
and B. Kammrath, Eds. (Wiley & Sons Ltd.,
West Sussex, United Kingdom, 2021), pp.
523–544.
(5) J. Wellman, “Niagara Falls Underground
Railroad Heritage Area Management
Plan, Appendix C: Survey of Sites Relating
to the Underground Railroad, Abolitionism, and African American Life in Niagara
Falls and Surrounding Area, 1820–1880”,
for Companies and Niagara Falls Underground Railroad Heritage Area Commission, April 2012.
(6) F.C. Pierce, Descendants of John Whitney, Who Came from London, England,
to Watertown, Massachusetts, in 1635
(Chicago, IL, 1895).
(7) K. Whalen, R. Austin, N. Montague,
and D.J. Perrelli, Reports of the Archaeological Survey 50(31) (2018).
(8) Niagara Falls Gazette, Famed Cataract
House Turned Into Mass of Charred
Ruins. (accessed October, 1945).
(9) Niagara Falls Gazette, Historic Hotel to
be Rebuilt (accessed October, 1945).
(10) R.F. Austin, “Analysis of Wall Plasters
at the Cataract House Site, City of
Niagara Falls, Niagara County, New
York”, State University of New York at
Buffalo, 2022.

Magdalena Jackson and Jacob T.
Shelley are with the Department of
Chemistry and Chemical Biology at
Rensselaer Polytechnic Institute, in
Troy, New York. Douglas Perrelli is
with the Department of Anthropology, at the State University of New
York at Buffalo, in Buffalo, New
York. Mary Kate Donais is with the
Chemistry Department at St. Anselm College, in Manchester, New
Hampshire. Direct correspondence
to: MDonais@Anselm.edu. ●
www.spectroscopyonline.com

FEATURED ARTICLE

Real-World Application of
Open-Path UV-DOAS, TDL, and FT-IR
Spectroscopy for Air Quality
Monitoring at Industrial Facilities
Steven R. Schill, R. Scott McEwan, Ryan C. Moffet,
Josette E. Marrero, Clinton P. MacDonald, and Eric D. Winegar

Open-path spectroscopy is known for
its ability to provide real-time measurements of dozens of compounds over
sampling paths of up to 1000 meters in
length. Advances in open-path monitoring technology and data processing
techniques, coupled with new regulatory requirements, have greatly increased
the acceptance and widespread application of spectroscopy-based open-path
measurements. Large industrial facilities adjacent to residential communities
are a particular application of interest,
because traditional fixed-point analyzers
lack the spatial coverage of the open-path
instruments. This work discusses technical and practical considerations for the installation and operation of more than 120
open-path analyzers that are currently
providing continuous data at several oil
refineries in California. Open-path analyzers include ultraviolet differential optical
absorbance spectroscopy (UV-DOAS),
Fourier transform infrared (FT-IR), and
tunable diode laser (TDL) technologies.
We will discuss lessons learned from
these projects, including fundamental
approaches to compound identification,
target species detectability, interferences,
and data management.
18 Spectroscopy Outside the Laboratory

T

he term fenceline monitoring
refers to air quality measurements collected at or around the
perimeter of a facility, and is typically
performed at industrial facilities with
processes that may generate airborne
emissions. A fenceline monitoring network often contains a range of instrumentation depending on the facility
and monitoring objectives. Figure 1
shows a generic example of a large
monitoring network, including fenceline
open-path, point, meteorological monitors, and community point monitors.
Motivations for fenceline monitoring
often include compliance with regulations, addressing community concerns
about fugitive emissions, or consent
agreements. Most facilities conducting fenceline monitoring do so to
comply with state or local regulations.
For example, in 2017, California Assembly Bill 1647 (AB-1647) (1) mandated
fenceline monitoring programs at petroleum refineries, to be regulated by
local Air Districts. Examples of the local
regulations include Regulation 12 Rule
15 (2) from the Bay Area Air Quality Air
Management District (BAAQMD), Rule
1180 (3) from the South Coast Air Qual-
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ity Management District (SCAQMD),
and Rule 4460 (4) from the San Joaquin
Valley Air Pollution Control District
(SJVAPCD). Two smaller air districts—
San Luis Obispo and Santa Barbara—
also instituted regulations, but there are
no active refineries in those areas that
currently meet the required production
levels. Each of these regulations require
facilities to establish air monitoring systems to provide air quality data along
refinery boundaries. Similar regulations,
such as Colorado House Bill 21-1189
(5), have been passed within the past
year, and more are expected in other
states with large industrial manufacturing presences. These state and local
rules enhance the breadth and depth
of other recent federal fenceline regulatory requirements, such as the Refinery Technology Review via the Clean
Air Act Section 112(d) that resulted in
the widespread application of passive
fenceline monitoring for benzene (6).
These industrial monitoring programs typically require real-time monitoring of a range of compounds over
large distances, and at detection limits relevant for comparison to health
thresholds. The measurements must
www.spectroscopyonline.com
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meet strict uptime requirements, and
be displayed on a publicly accessible
website shortly after collection, in some
cases requiring public alerts during an
emission event. This unique combination
of requirements requires a robust technical approach, for which open-path spectroscopy is particularly well-suited.
Technical Background
Open-path analyzers measure absorbance of airborne compounds between a light source and a detector.
Different compounds have unique
absorbance characteristics at discrete
wavelengths which correspond to absorption spectra when scanning over
a range of wavelengths. The agreement between measured spectra and
reference spectra (the spectral match)
is used to identify compounds present.
Quantification is achieved by scaling of
the reference spectra. The appropriate
open-path analyzer is selected based
on the absorbance wavelengths of the
compounds of interest.
A monostatic configuration uses a
combined light source and detector at
one end of the open sampling path and a
reflector located several hundred meters
away, thus effectively doubling the path
length. Figure 2 shows an example of a
monostatic configuration. A bistatic system has the light source and detector on
opposite sides of the path, across a single
path. Importantly, while an open-path
system can measure compounds over a
large distance (500+ meters), it cannot
distinguish between a concentrated or
dispersed plume within that path.
Open-Path Spectroscopy Techniques
Differences between open-path spectroscopy techniques are primarily due
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FIGURE 1: A large-scale monitoring system at a generic petroleum refinery
with open-path, point, and meteorological monitors (collocated with fixedpoint and community sites).
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FIGURE 2: Operating principle of a monostatic open-path analyzer.

to the light source used, which subsequently determines the available wavelengths for measuring compounds.
UV-DOAS analy zers contain an
ultraviolet (UV ) light source—commonly a xenon or deuterium lamp,
operating in the range of 225 nm to
400 nm. Target compounds for UVDOAS analyzers include air toxic s
such as benzene, toluene, ethylben-

zene, xylenes, and sulfur dioxide.
This instrument simultaneously measures multiple compounds in real time
at a time resolution as fast as every
30 sec. Detection limits are down to
low ppb and, in some cases, sub-ppb
levels. Typically, one-way path lengths
range from 300–700 meters for monostatic configurations, and up to 1000
meters for bistatic configurations.

TABLE I: Considerations in selecting an open-path technology for hydrogen sulfide (H2 S) monitoring. Note, not all
manufacturers of these instruments can achieve identical results.
Open-Path
Technology

H2S
Selectivity

H2S MDL
(300 m path)

Time Resolution

Single- or MultipleGas Capability

Relative Cost

UV-DOAS

Poor

N/A

30 seconds

Multiple

$$

FT-IR

Good

1,500 ppb

3 minutes

Multiple

$$$

TDL

Best

25 ppb

5 minutes

Single

$
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FT-IR analyzers contain an infrared
laser operating in the wavelength range
of 670 cm-1 to 4400 cm-1 at a resolution
of 0.5 cm-1. Target compounds for FT-IR
analyzers primarily include short-chain hydrocarbons, methane, aldehydes, ammonia, hydrogen cyanide, and other volatile
organic compounds (VOCs). FT-IR analyzers can be used to measure multiple
compounds simultaneously in real time at
a time resolution of approximately once
every two to three minutes. Similar to
UV-DOAS, typical one-way path lengths
range from 300–700 meters for monostatic configurations. Bistatic configurations are not typically used for FT-IR.
Tunable diode laser (TDL) technology
uses a diode laser that emits a narrow
wavelength of light tuned to a specified
range of interest, which is typically in the
mid-IR spectrum. This technique is typically used to measure a single compound
of interest, with one or two additional
compounds (such as water or methane)
measured to verify operations under normal ambient conditions. Example compounds measured by this instrument
include hydrogen sulfide, hydrogen cyanide, and hydrogen fluoride.

Absorbance (AU)

Minimum Detection Limits (MDLs)
With current regulations (see above)
requiring detection of compounds

0.35

at or below health thresholds, there
has been increased focus on how to
achieve the lowest possible detection
limits for each compound of interest. In
addition, the standardization of methodologies to calculate the minimum
detection limits (MDLs) has become
a growing topic of discussion. Broadly
speaking, laboratory-derived MDLs
do not represent actual performance
in real-world applications, and realworld MDLs are dependent on operating conditions and interference from
other similarly absorbing compounds.
Currently, there is no broadly accepted standard for MDL determination with open-path spectroscopy.
Two common approaches include
the U.S. Environmental Protec tion
Agency (EPA) Compendium of Methods for the Determination of Toxic
Organic Compounds in Ambient Air,
known as TO-16 (7), and the American Society for Testing and Materials (ASTM) International Standard
Test Method for Determination of
Gaseous Compounds by Extractive
Direct Interface Fourier Transform Infrared (FT-IR) Spectroscopy, known as
ASTM D6348-03 (8). Both techniques
generally provide similar results, but
differ in their technical approach, and
therefore implementation.
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FIGURE 3: Representative benzene absorbance spectra in the (a) FT-IR and
(b) UV-DOAS spectral analysis regions.
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Operational Considerations
Selection of the instrument type to
deploy depends on the compounds
of interest. Many fenceline monitoring networks require a combination
of open-path technologies to provide
comprehensive coverage of many target compounds. TDL open-path analyzers generally provide single-gas measurements, where UV-DOAS and FT-IR
can simultaneously monitor dozens of
compounds in real time.
The definition of “real-time monitoring” depends on the regulatory
driver, or the program goals, but most
open-path analyzers can provide realtime measurements every five minutes
and MDLs below health thresholds.
Typical instrumental time resolutions
of UV-DOAS, FT-IR, and TDL openpath analyzers are on the order of
30 sec, 3 min, and 5 min, respectively.
If possible, it is preferable to select
open-path analyzers that retain raw
instrument data independent of calibration, which may be used at any time
to verify real-time measurements.
Detectability of target compounds
in the presence of atmospheric interferents is an important consideration in
designing open-path fenceline monitoring networks. Many compounds
can be measured by multiple types of
open-path analyzers, but the appropriate open-path technology should
be selected to meet the needs of the
monitoring program. For example, benzene—a common target compound—
can be measured by UV-DOAS and
FT-IR open-path spectroscopy, but the
two techniques have significantly different detection capabilities. For benzene,
the Agency for Toxic Substances and
Disease Registry (ATSDR) cites an inhalation reference concentration (RfC),
which is an estimate of the concentration that a population can be exposed
to without an “appreciable risk” of
noncancer health effects, of 9.4 ppb
(9). The Refinery Risk and Technology
Review regulation cites benzene concentrations down to 2.8 ppb (10), and
the California Office of Environmental
Health Hazard Assessment (OEHHA)
www.spectroscopyonline.com
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acute benzene REL of 8.6 ppb (11), so
applications that require comparison to
the applicable health thresholds must
be capable of measuring well below
them. With an appropriate application
of these technologies (in this case UVDOAS, and not FT-IR), these healthbased fenceline concentration limits
can be achieved (12).
Figure 3 shows absorbance spectra
for benzene in the FT-IR and UV-DOAS
spectral analysis regions, which illustrate the differences in detectability
for these techniques.
As an example, for FT-IR analysis of
benzene, the maximum usable absorbance units (AU) amplitude is 0.006 AU
at 1037 cm -1 The absorbance feature
at 674 cm -1 is extremely sensitive but
is obscured by interfering CO2 absorbance in ambient long path open-path
applications. While FT-IR can be used
to monitor benzene, the practical minimum detection limit (MDL) is on the
order of greater than 100 ppb for a
300 m path, which is significantly higher
than the applicable health thresholds.
For UV-DOAS analysis of benzene, the
maximum usable absorbance amplitude is 0.26 AU at 253 nm, and the practical MDL is on the order of less than
1 ppb for a 300 m path. Therefore, for
applications requiring fenceline monitoring of benzene with comparison to
health thresholds, UV-DOAS open-path
spectroscopy is the ideal technique.
Some target compounds with few
unique spectral features or spectral
overlap with atmospheric interferents
can be challenging to measure with
open-path spectroscopy. An example
of this is hydrogen sulfide—associated
with a variety of industrial processes—
which has an OEHHA (13) Acute Reference Exposure Level (REL) of 30 ppb
(also the California 1-hour air quality
standard [14]). Hydrogen sulfide can
be measured by UV-DOAS open-path
spectroscopy, but absorbance spectrum overlap with benzene, and other
aromatics may result in false positive
detections. FT-IR open-path spectroscopy can be used, but the MDL
is commonly too high. The preferred
www.spectroscopyonline.com

technique for open-path monitoring
of hydrogen sulfide is TDL, with high
selectivity and lower detection limits
compared to other available openpath technologies. Moreover, recent
advances in signal processing and
wavelength modulation approaches
have allowed for enhanced signal-tonoise (S/N) ratios, more robust data
post-processing, and lower MDL s
(on the order of 25 ppb for a 300 m
path). These technological advances
have precipitated regulations from local
air districts in California to encourage
use of TDL for open-path monitoring of
hydrogen sulfide.
Table I shows considerations for selecting an open-path technology for
hydrogen sulfide monitoring based on
selectivity, detectability, time resolution, single-gas or multiple-gas capability, and cost.
Practical Aspects of Implementation
Considerations for installation of openpath analyzers can vary depending on
the facility. For example, topography
or fenceline perimeter distance typically determines the number instruments needed. Another consideration
is whether a facility needs total fenceline coverage, or if partial coverage may
be sufficient because of the proximity
to local communities and typical wind
conditions. Short paths with temporary installation may be achieved with
basic tripods for the analyzer components, whereas permanent installations
with longer pathlengths require more
substantial infrastructure, such as concrete foundations or support pillars.
If a monostatic configuration is selected, power and shelter requirements
can be reduced to one side of the path,
as those requirements for a reflector on
the other side are minimal, or in some
cases unnecessary. A bistatic configuration requires power and shelters at
both ends of the path. In either case,
placement of sampling paths can be
optimized to minimize the total number of power and shelter installations
to reduce costs while meeting the program objectives. As open-path analyzer
November 2022

operations depend on the amount of
light that returns to the detector, instrument alignment is a critical component
of continuous operations. Monostatic
configurations double the effective
pathlength, which can be helpful for
achieving lower detection limits, but
necessitates more frequent alignment.
Conversely, bistatic configurations may
achieve shorter paths that the light travels and require less-frequent alignment.
Regardless, robust and stable infrastructure is critical.
Fenceline monitoring programs that
incorporate open-path spectroscopy
typically require an up-front capital
investment from the facility. Although
the per-analyzer cost may be greater for
open-path technologies as compared
to traditional point monitors, the spatial coverage provided by open-path
analyzers is usually comparable to that
provided by several point monitors.
Moreover, depending on the target
compounds and the corresponding
point monitor technology, ongoing
operations and maintenance activities
may provide cost savings over time for
open-path installations as compared to
point monitors. The cost-benefit analysis of open-path vs. point monitors is
a consideration when designing the
fenceline monitoring program and will
ultimately depend on the goals of the
program and the regulatory drivers.
Data Management
All fenceline monitoring programs require a data management system for
the ingest, storage, quality control,
and dissemination of data. Programs
that require data display to the public in real time necessitate additional
infrastructure, such as reliable internet connection at each sampling site
and an automated quality control approach that can filter unreliable data
points in real-time.
Depending on the size of the fenceline monitoring system, data flow can
be on the order of 250 data points
every five minutes, or 6.5 million data
points per calendar quarter. Therefore,
a robust data management solution
Spectroscopy Outside the Laboratory 21
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is needed for this scale. Data quality
control is typically performed in several ways. On a real-time basis, the
data management system performs
quality control based on instrument
diagnostics to ensure proper operations, and flag data according to their
quality indicators. Qualified personnel
subsequently review the data on a daily,
weekly, monthly, and/or quarterly basis,
and may generate reports depending
on the requirements of the program.
For projects that require real-time
display on a publicly accessible website, data must be displayed shortly
(10–20 min) after they are collected.
This requires rigorous automated
quality control to minimize false positive alerts and ensure alerts are issued during potential emission events.
Additional analysis tools may be used in
conjunction with the data management
system, such as source-receptor analysis
metrics to assess origination of detections at the fenceline, as well as where
potential emissions may travel based on
local meteorological conditions.
Conclusion
Over the past five years, over 120 openpath analyzers (along with dozens of
meteorological and point monitors for
other compounds) have been installed
and operated at the fenceline of several large oil refineries in California.
Similar programs exist in other states
or are under consideration. The openpath monitor types employed include
UV-DOAS, FT-IR, and TDL, depending
on the target species and site characteristics. These analyzers measure
many key pollutants defined by regulatory or other site requirements at
detection limits appropriate for the
specified health-based standards. The
open-path instruments cover large
fenceline distances and provide better
coverage than traditional point instruments, though point monitors are used
for target compounds not suited to be
measured by open-path methods. Besides the instrument selection process,
robust infrastructure and data processing systems are critical elements due to
22 Spectroscopy Outside the Laboratory

the high data throughput and demanding public reporting requirements.
These operating installations continue
to successfully provide continuous data
for public and regulatory use.
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Using Handheld Raman Spectroscopy
Equipped with Orbital Raster
Technology for Field Detection of
Cocaine and its Impurities in Fingernails
Megan Wilson, Dhiya Al-Jumeily, Jason Birkett, Iftikhar Khan,
Ismail Abbas, and Sulaf Assi

Fingernails can accumulate drugs as a
result of chronic exposure. This work employed Raman spectroscopy for detecting
cocaine hydrochloride (HCl) and its impurities within fingernails, utilizing orbital
raster scanning (ORS) technology, where
the laser beam hits multiple positions
within the sample. Doing so maintained
sensitivity and ensured that more of each
sample’s components were represented.
Fingernails were spiked with powder and
solution forms of cocaine HCl and its impurities, including benzocaine HCl, levamisole HCl, lidocaine HCl, and procaine HCl.
The strong Raman scattering observed for
these substances indicated a high drug accumulation in the fingernails. Key cocaine HCl
bands were seen at 848, 874, and 898 cm-1
(C-C stretching-tropane ring), 1004 cm-1
(symmetric stretching-aromatic ring), 1278
cm-1 (C-N stretching), 1453 cm-1 (asymmetric
CH3 deformation), and 1605 and 1712 cm-1
(C=C and C=O stretching). Principal components analysis (PCA) confirmed that 90%
(nails spiked with drug powders) and 77.2%
(nails spiked with drug solutions) were accounted for in the variance among the data.
The findings showed that Raman spectroscopy identified the presence of cocaine HCl
and its impurities within fingernails.
www.spectroscopyonline.com

T

he pervasive use of illicit drugs
in modern society is a phenomenon that has never occurred in
the history of humanity (1). Approximately
275 million individuals have used illicit
drugs in 2021, which is an increase of 22%
from 2010. It is estimated that projected
population growth for 2030 translates
into a possible increase of 11% in the percentage of illicit drug users worldwide,
with a far higher impact in low-income
nations rather than high-income nations.
Drug usage has resulted in numerous severe problems, especially addiction (2).
Drug addiction has caused young individuals to drop out of school and has made
it difficult for parents to care for their children. It undermines ambition, drags individuals into poverty and crime, and wrecks
lives. Furthermore, the illicit drug trade
hinders social and economic advancement, and it can cause serious danger to
both global security and stability in some
parts of the world. Within the illegal drug
market, cocaine has been one of the most
common substances with an estimated
2,000 metric tons produced per year (3).
Cocaine is a stimulant that exerts its mechanism of action by producing a build-up of
dopamine between synapses. Three main
November 2022

forms of cocaine are available: free base,
“crack” rocks, and hydrochloride (HCl)
powder (4,5).
Many investigating authorities across
the world routinely seize cocaine and take
judicial actions. Forensic scientists and law
enforcement organizations require rapid,
accurate, and adaptable techniques of
drug detection to combat drugs addiction.
Despite the existence of numerous detection techniques, including immunoassays
(6), capillary electrophoresis (7), deoxyribonucleic acid (DNA) aptameric sensors (8),
and nuclear magnetic resonance (NMR)
spectroscopy (9), hyphenated methods
are currently the industry standard for analyzing illicit drugs in fingernails and other
matrices. Of the hyphenated techniques,
gas chromatography–mass spectrometry
(GC–MS) and liquid chromatography–MS
(LC–MS) are often used in these analyses
(10). Both GC–MS and LC–MS are destructive and time-consuming, involving the use
of chemicals that can be harmful to both
the operator and the environment despite their great sensitivity and molecular
specificity. Hence, the use of vibrational
techniques, such as Fourier transform infrared (FT-IR) (11) and Raman spectroscopy
(12), is considered as a reliable alternative
Spectroscopy Outside the Laboratory 23
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FIGURE 1: Raman spectra of (a) BEN, (b) COC HCl, (c) LEV HCl, (d) LID HCl, and
(e) PRO HCl measured using the handheld Raman spectrometer equipped with a
785-nm laser wavelength; powder (black) and liquid (red) spiked spectra.
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FIGURE 2: Raman spectra of fingernails spiked with BEN powder (black) and
BEN liquid (red) forms measured using the handheld Raman spectrometer
equipped with 785-nm laser wavelength.

because these methods offer a portable,
quick, non-destructive, and cost-effective
solution for drug analysis. In particular,
Raman spectroscopy is a versatile technique that is applied to analyze different
types of forensic samples that cannot
be determined by other spectroscopic
methods, such as IR spectroscopy (13).
Raman spectroscopy is used for both qualitative and quantitative purposes (14,15).
Numerous drug classes, including amphetamines, date rape drugs like ketamine, and
24 Spectroscopy Outside the Laboratory

designer drugs, have been studied using
Raman spectroscopy (16). Raman is used
because it has better chemical specificity than IR (17). The chemical specificity
offers advantages of Raman in detecting
physical and chemical differences between
isomers and analogues of the same drug
(18). Recent developments in data analysis,
portable Raman spectrometers, and new
excitation wavelengths offer exciting new
opportunities for Raman spectroscopy
applications in the detection and quanNovember 2022

tification of drugs of abuse, including investigations carried out immediately at
the crime scene. Raman spectroscopy is
regarded as a “Category A” technology,
offering the maximum level of selectivity through structural information, according to worldwide recommendations
given by the Scientific Working Group on
Drugs (SWGDRUG) Core Committee (19).
An emerging technique for the quick onsite detection of illicit drugs is handheld
Raman spectroscopy because it offers additional features over conventional Raman
in safety and security where the operator
does not need to touch the sample that
can be measured inside original packaging
(20–23). The aim of this study is to demonstrate the application of rapid, portable
methods for the quantitative detection of
cocaine HCl and its impurities in human fingernails using handheld Raman spectroscopy in combination with chemometrics.
Materials and Methods
This work comprised the Raman spectroscopic analysis of 20 sets (11 males and
nine females) of fingernails of adults of two
ethnicities. Fingernail clippings of 1–2 mm
were collected and measured through
glass vials. No intervention was made
by the researchers during the collection
of the fingernail clippings, considering
this procedure as an everyday activity.
Ethical approval was provided from two
institutions: Liverpool John Moores University (PBS/2021/22/04) and the Lebanese University in Lebanon (2022-0104).
Five sets of fingernail clippings were then
spiked with one of the following drugs
or drug impurities: benzocaine (BEN);
cocaine HCl (COC); levamisole HCl
(LEV); lidocaine HCl (LID); and procaine
HCl (PRO). After six weeks of treatment,
the spiked nails were measured using
a handheld Metrohm Mira XTR Raman
spectrometer equipped with a 785-nm
laser wavelength, and less than 100 mW
of laser output power was used. Raman
spectra were collected over a wavenumber range of 400–2300 cm-1 with a spectral
resolution of 10 cm-1. The laser beam of
the spectrometer used orbital raster scanning (ORS) technology where the beam
sampled multiple positions on the sample.
www.spectroscopyonline.com
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Results and Discussion
The measured nails consisted of 20 sets of
fingernails obtained from different individuals within the age group of 18–64 years old.
The male:female ratio of these individuals
was 11:9, and they were of (two) ethnicities:
white British and Arab. Each nail set consisted of 7–10 fingernail clippings, and the
dimension of each fingernail clipping was
1–2 mm. Of the 20 sets, five were spiked with
BEN, COC, LEV, LID, and PRO, respectively.
Two types of spiking were made: powder
form of the drug (3–5 nails per set) and liquid
form (3–5 nails per set) of the drug. A minimum of 20 spectra were collected for each
nail set (whether plain or spiked).
Raman Activity of Drugs
Raman spectroscopy was able to detect
COC and its impurities in fingernails six
weeks post-spiking (Figure 1). In this respect, nail samples showed strong spectral quality with a maximum intensity up to
30,000 a.u.
Raman activity of the chosen drug and
impurities was determined through investigating their Raman spectral quality
www.spectroscopyonline.com
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FIGURE 3: Raman spectra of a fingernail clipping using the handheld Raman
spectrometer equipped with 785-nm laser wavelength.
TABLE I: Spectral quality of drugs and drug impurities measured using the
Metrohm Mira XTR handheld Raman spectrometer equipped with a 785 nm
laser wavelength.

Sample Name

N

Maximum
Band Position
(cm -1)

Maximum
Band
Intensity
(a.u.)

S/N
Ratio

Raman
Activity

BEN powder

33

1455

31

48

S

BEN solution

28

1605

67

25

M

COC HCl powder

26

1087

28

44

M

COC HCl solution

19

1458

11

18

W

LEV HCl powder

16

1035

15

45

M

LEV HCl solution

26

996

12

35

M

LID HCl powder

29

615

74

29

S

LID HCl solution

45

1635

11

42

S

PRO HCl powder

20

1608

16

25

M

PRO HCl solution

21

1032

27

40

M

S: Strong, M: Medium, W: Weak, N: Number of peaks, S/N: signal-to-noise ratio.
The maximum band intensity unit is arbitrary units.
Absorption range of all tested drugs and impurities was 400- 2300 cm -1 .

(Table I). In turn, Raman spectra were evaluated using the following parameters: the
number of peaks (N), the maximum peak
position and intensity, the wavenumber
range, and the signal-to-noise (S/N) ratio. In
this respect, the BEN powder, LID powder,
and LID solution showed strong Raman
activity with N (29–45), maximum intensity
(11–74 a.u.), and S/N (33–42). The BEN liquid, COC HCl powder, LEV HCl powder,
LEV HCL liquid, PRO HCl powder, and
PRO HCl liquid displayed medium Raman
activity with N (16–28), maximum intensity
(12–66 a.u.), and S/N (20–29). COC HCl liqNovember 2022

uid showed low Raman activity with N (19),
maximum intensity (28 a.u.), and S/N (25).
Effect of Physical Form
on Raman Activity
Key variations were seen in the Raman activity between drugs in solid versus liquid
forms (Figure 2). The degree of variation
depended on the type of drug being
analyzed because some drugs showed no
difference in Raman activity in their solid
forms compared to their liquid forms,
which was the case for LEV and PRO; both
showed medium Raman activity in their
Spectroscopy Outside the Laboratory 25
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FIGURE 4: Raman spectra of (a) fingernail clipping spiked with cocaine powder, specifically cocaine HCl powder, (b) fingernail clipping spiked with cocaine HCl powder, and (c) unspiked fingernail clipping measured using the
handheld Raman spectrometer.
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FIGURE 5: PCA scores plot of the Raman spectra of fingernails spiked with BEN
(blue), COC HCl (red), LEV HCl (green), LID HCl (magenta), and PRO HCl (cyan).

solid and liquid forms. LID also showed
strong Raman activity in both its solid and
liquid form. Some drugs, such as BEN and
COC, showed differences in Raman activity between their solid and liquid forms.
In this respect, BEN and COC showed
stronger Raman activity in their solid form
compared to their liquid forms (that was
medium). Variations between drugs and
impurities in their solid and liquid forms
suggested that physical properties of the
substance influenced their Raman activity.
Raman Activity of Fingernails
Previous work has reported the Raman
activity of key endogenous compounds
such as carbohydrates, lipids, and pro26 Spectroscopy Outside the Laboratory

teins (24). Figure 3 shows the Raman
spectra of endogenous compounds.
Carbohydrates have been associated with
the bands 1471 (CH2 scissoring) and 808
cm-1 (C-C stretching) (25). The amino acids
cystine and cysteine have been linked to
C-S stretching vibrations that showed
Raman scattering at 623 and 643 cm-1 (26).
These amino acids make up the disulfide
bridges related to the microstructure of
fingernails. Disulfide cross-linking is determinant for physical and mechanical
properties of a fingernail’s keratin, and
it can often be used to identify disease
or nail degradation such as diabetes (27).
For example, bands at 830 and 850 cm-1
corresponded to the presence of deNovember 2022

natured tyrosine (amino acid) in keratin
(26), which is advantageous for establishing patterns between healthy, diseased,
or aged fingernails. The strong C-C
stretching band at 935 cm-1 was associated with the α-helix of the fingernail’s
nail plate (28). Proteins have also corresponded to S-S stretching bands at 509–
514 cm-1. CH2 and CH3 scissoring bands
at 1447–1448 cm-1 were representative of
lipids and proteins, respectively (24).
The Raman activity of fingernails was
also evaluated using the aforementioned parameters. The tested fingernails (N = 20) showed strong Raman
activity with 38 peaks and a S/N ratio
of 56. Fingernails also demonstrated a
maximum peak position of 1457 cm -1
and 12,000 a.u.
Raman Scattering of Fingernails
The Raman activity of fingernails impacted
the level of Raman scattering, and this was
apparent in terms of the number of bands
and the Raman activity of the fingernail
clippings. It is important to mention the
incorporation of ORS technology and
how this improved the representation of
the sample’s identify and composition.
Traditional Raman methods incorporated
a small interrogation area, whereas ORS
technology ensured a larger interrogation area. The ORS technique included
a tightly focused laser beam scan over a
large sample area, which provided high
intensity spectra and resolution, resolving
previous limitations of conventional Raman
spectroscopy (29). Thus, highly complex
structures could be analyzed. The ORS
technique ensured that all components
within the fingernail clipping were collected, and a high spectral resolution was
maintained. Hence, Raman spectra of fingernails were highly representative of the
heterogeneous components found within
fingernails, such as BEN, COC HCl, LEV
HCl, LID HCl, and PRO HCl (Figure 4).
Raman Scattering of Drugs in Spiked Nails
In the case of COC, the physical properties
of the drug influenced its Raman scattering. For example, COC powder showed
medium Raman scattering, whereas the
COC solution showed weak Raman scatwww.spectroscopyonline.com
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tering. However, some drugs, such as LID,
were unaffected by physical properties
and demonstrated strong Raman scattering in both the powder and liquid forms.
BEN was also a strong scattering regardless of the physical state. LEV and PRO
showed medium scattering in both their
powder and liquid forms.

TABLE II: Functional groups attributed to the measured drugs and impurities.
Drug or Impurity

BEN (30)

Band Position (cm -1)

Corresponding Group

1280

C-C/C-N/C-O
stretching of
aromatic ring
Stretching and
bending of aromatic
ring/NH2 scissoring
C=O stretching

1600
1680
848, 874 and 898

Detection of Drugs in Fingernails
Spectral interpretation showed characteristic scattering bands for the chosen drug and
impurities, which suggested that Raman
spectra indicated a key difference between
the sets of spiked fingernails. The tested
drug and impurity showed key bands between 400–1700 cm-1. In this respect, Raman
spectra showed key differences between
the spiked fingernail sets. Fingernails spiked
with COC HCl could be differentiated from
BEN over the ranges of 1600–1712 cm-1
(30). PRO could also be discriminated from
BEN and COC over a range of 1600–1712
cm-1. For example, PRO showed key bands
at 1605 (C=C stretching), 1640 (NH2 bending), and 1695 cm-1 (30). Similarly, LEV could
be differentiated from COC over a range
of 460–1004 cm-1, where COC showed key
bands at 848, 878, and 898 cm-1, which have
been associated with the C-C stretching of
the tropane ring. COC also showed bands
at 1278 (C-N stretching), 1453 (asymmetric
CH3 deformation), 1605 (C=C stretching),
and 1712 cm-1 (C=O stretching) (Figure 4)
(30). On the other hand, LEV showed key
bands at 469 (C-S stretching), 627 (C-C
bending of the benzene ring), 969 (In-plane
bending related to the imidazole ring) and
1000 cm-1 (stretching of the mono-substituted aromatic ring) (31,32). Furthermore,
LID showed characteristic bands at 954 and
991 (C-C stretching), 1044 (C-C stretching
of the aromatic ring), 1094 (C-N stretching),
and 1275 cm-1 (C-C and C-N stretching of
the aromatic ring) (30) (Table II).
PCA scores recognized patterns in
the spiked fingernail scores, which corresponded to the spectral features and
contributed to a high variance (Figure 5).
The first three PCs contributed 70.4% of
the variance among the spiked fingernail spectra. PC scores indicated that
Raman spectroscopy and chemometrics
demonstrated the ability to differentiate
www.spectroscopyonline.com

1004
COC HCl (30)

1278
1453
1605
1712
469
627

LEV HCl (31,32).

969
1000
954 and 991
1044
1094

LID HCl (30)

1275
1387
1448
1596

C-C stretchingtropane ring
Symmetric
stretching- aromatic ring
C-N stretching
Asymmetric CH3
deformation
C=C stretching
C=O stretching
C-S stretching
Benzene ring C-C
bending deformation
Imidazole ring
in-plane bending
Stretching of the monosubstituted aromatic ring
C-C stretching
C-C stretching – aromatic
ring and C-N stretching
C-N stretching
C-C and C-N
stretching - aromatic ring
C-N stretching
C-N stretching and
N-H bending
Stretching and
bending of aromatic ring

865
1165
1290
PRO HCl (30).

1320
1520
1605
1640

CH out-of-plane wagging
Aromatic CH in-plane
CN stretching
CH2 twisting
CH bending
C=C stretching
NH2 bending
C=O stretching

1695

fingernails spiked with COC from other
drug impurities. PC1 demonstrated
the highest variance among the data
(42.8%) and showed scores relating to
BEN, COC, LID, and PRO. PC2 showed
the second highest variance (20.8%)
and accounted for BEN, LEV, and LID,
and PC3 showed the third highest variance (6.8%) with scores relating to BEN.
The combination of Raman spectroscopy and PCA analysis was successful in
identifying and classifying the different
sets of spiked fingernails where each set
of spiked fingernails showed a distinct
November 2022

cluster (Figure 4). In this respect, no false
positive was observed but false negatives were seen for the scores of BEN,
LEV, and PRO spectra. This observation
could be related to two main reasons—
the first being the inconsistency of distribution of drugs within fingernails, and
the second being related to the nature
of ORS in hitting multiple spots within
the sample. To address this limitation
in future, Raman microscopy could be
used where larger areas of the sample
could be measured and studied in
further detail.
Spectroscopy Outside the Laboratory 27
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Conclusion
Raman spectroscopy offered a rapid
and specific detec tion method for
fingernails’ endogenous constituents, COC HCl, and its impurities.
The results showed ORS technology
resolved previous issues of conventional Raman spectroscopy, such as
low spectrum intensity and resolution,
and enhanced the Raman signal of fingernails spiked with drugs and impurities. This was ensured by a greater
interrogation area and therefore advancing the overall sample’s identity.
Further research is needed into looking at the influence of spiking over a
longer duration of time and identifying the differences between acute and
chronic drug exposure.
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Rapid Determination of the Peroxide
Value of Edible Oil by Handheld NIR
Spectroscopy in Combination with
Wavelength Variables Selection
and PLS Calibration
Ziniu Zhao, Hui Yan, and Heinz W. Siesler

Detecting the peroxide value (PV) in
oil is significant for people in everyday
life, especially as a fast, convenient,
and on-site method. To tackle this challenge, the near-infrared (NIR) spectra of
oil were collected by a Viavi MicroNIR
1700 handheld NIR spectrometer and
a liquid sample transmission accessory.
Subsequently to the spectral pretreatment method of standard normal variate
(SNV), the sensitive wavelength variables
were optimized by the algorithms of competitive adaptive reweighted sampling
(CARS), genetic algorithms (GA), and
random frog (RF). The results showed
that CARS was the best, and the selected
variables were used to build the partial
least squares (PLS) regression model.
The root mean square error (RMSE) values for cross-validation (RMSECV) and
prediction (RMSEP) were 0.984 mmol/
kg and 0.950 mmol/kg, respectively,
and the corresponding R2cv and RP2 were
0.875, and 0.867, respectively. Therefore, the PV of edible oil can be determined easily and quickly with a handheld
NIR spectrometer.
30 Spectroscopy Outside the Laboratory

B

ec ause of high -volume
manufacturability and the
oppor tunit y to significantly
reduce costs, numerous companies
target handheld near-infrared (NIR)
scanners for a non-expert user community for consumer applications.
A tremendous impac t of handheld
NIR spectroscopy for everyday life
applications can be expected, ranging from food testing to detection of
fraud and adulteration in a broad area
of materials (1). The present study focuses on the on-site determination of
the peroxide value (PV) in edible oil
by handheld NIR spectroscopy.
Edible oil is one of the main raw
mater ial s for fo o d, and i t s P V is
one of the impor tant indexes for
the evaluation of oil quality. It is an
index of the degree of oxidation of
oils and fatty acids. During the rancidit y process, oil produces some
intermediate produc t s that are
ver y unstable and continue to decompose into aldehydes, ketones,
a n d ot h e r ox id e s, w hic h f u r t h e r

November 2022

deteriorates the oil (2). Long-term
consumption of food with excessive PV is ver y disadvantageous to
human heal t h bec au s e perox id e
can destroy cell membrane structure, which could result in gastric
cancer, liver cancer, ar teriosclerosis, myocardial infarction, hair loss,
and weight los s (3). Therefore, a
fast detec tion method for measuring PV in oil is important. Undoubtedly, handheld NIR spectroscopy is
the optimal choice because it is fast
and easy to use.
Materials and Methods
Samples
For this study, 54 oil samples were collected as the calibration set for the development of the calibration models.
NIR Spectra Acquisition
A MicroNIR 170 0 instrument combined with a liquid-sample accessory
(Figure 1a) was applied for the recording of spectra. For the transflection measurements, a drop of oil was
www.spectroscopyonline.com
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FIGURE 1: Images showing method and apparatus for NIR spectrum collection for oil. (a) A liquid-sample accessory
and (b) optical path diagram of spectrum acquisition.

deposited in the trough of the liquid sample accessory, and then the
lid was closed (Figures 1a and 1b).
First, 50 scans with an integration
time of 60 ms were accumulated for
the wavelength range 950 –1650 nm
with a spectral resolution of 12.5 nm.
A 99% Spectralon reflection standard
(Labsphere Inc.) was used as the reference. The final spectrum was the
average of triplicate measurements.
PV Measurements
The reference PV of the samples was
determined based on the national
standard GB5009.277-2016; the unit
was mmol/kg.
Spectral Analysis
Spectra Pretreatment
NIR spec tra frequently contain
background information, drift, and
noise. To obtain reliable, accurate,
and stable calibration models,
it may be necessar y to preprocess
the spec tral data before modeling
(4). In this application, the spec tra

TABLE I: The descriptive statistical analysis for the oil PV values (mmol/kg)
Data set

N

Mean

Maximum

Minimum

Range

Std.

Calibration

54

4.25

12.23

0.67

11.57

2.76

Test

27

4.17

10.86

0.67

10.19

2.65

were pretreated by the standard normal variate (SNV) scatter correction.
Wavelength Variables Selection
In NIR spectra, the spectral information is not evenly distributed over
the whole wavelength range under
investigation. Therefore, the selection of the informative variables is
a significant preprocessing step (5).
In the present work, three kinds of
wavelength selection methods, competitive adaptive reweighted sampling (CARS), random frog (RF), and
genetic algorithm (GA), were applied.
CARS is based on the simple and
ef fec tive “sur vival of the fit tes t”
principle to select wavelength variables, and it selec t s the optimal
com bination of waveleng th vari-

ables with larger absolute regression coef ficients in PLS regression
(6). RF is a novel feature wavelength
optimization method applying
the framework of reversible jump
Markov Chain Monte Carlo (RJMCMC) (5 ). It r uns a searc h in the
model space through both fixeddimensional and trans-dimensional
moves bet ween dif ferent models,
and then a pseudo-MCMC chain is
computed to calculate the selection probabilit y (SP) for each variable. T he waveleng th variable is
preferred according to the ranking
of all variables based on SP. GA is
an adaptive search procedure based
on the mechanism of genetics and
natural selection (7). The fitness of
an individual (it s abilit y to adapt

TABLE II: The calibration statistics results of the PLS models with different wavelength variables obtained by the three
chemometrics methods of CARS, RF, and GA.
Method

Factor

RMSEC
(mmol/kg)

RMSECV
(mmol/kg)

RMSEP
(mmol/kg)

R2c

R2cv

RP2

RPDcv

None

5

1.02

1.26

1.02

0.862

0.813

0.846

2.19

CARS

5

0.76

0.98

0.95

0.923

0.875

0.867

2.82

RF

5

0.80

0.97

1.14

0.916

0.880

0.809

2.85

GA

5

0.82

0.93

1.15

0.910

0.891

0.804

2.97
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0.06

3

(a)
(a)

(b)
(b)

2

Arbitrary units

Absorbance (AU)

0.08

(RMSEC), cross-validation (RMSECV),
and predic tion (RMSEP), re s pec tively, were determined. Accordingly,
the R 2 were represented by the Rc2 ,
2
, and Rp2 (9). The RMSEC, RMSECV,
Rcv
and RMSEP were used to evaluate
the feasibility and predictive capabilit y of the model The lower the
RMSEP and the closer its value to
the RMSECV, the stronger the predic tion abilit y and the greater the
robustness of the model. The residual predictive deviation (RPD CV )
defined by the standard deviation/
RMSECV of the cross-calibration set
was included to estimate how well
the calibration model can predic t
the compositional data. Generally,
an RPD C V value greater than three
can be considered as very good for
prediction purposes (10).
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FIGURE 2: The NIR spectra of oil showing (a) raw spectra and (b) spectra pretreated by SNV.

to the environment) is calculated;
high-qualit y individuals are retained and low-qualit y individuals
are discarded. New individuals are
generated through inheritance and
evolved through natural selec tion.
In this way, eventually, the solution
to the problem is achieved.
CARS and RF were run by the libPLS toolbox (6), and GA was run by
the “genpls” toolboxes.

ments, one segment was reser ved
for validation, and the remaining
19 segments were used for calibration. This process was repeated until
all segments were used for validation once, and t hen t he o ptimal
number of factors was obtained (8).
Validation with Unknown Samples
For this par t of the s tudy, 27 unknown samples were collected as a
test (or prediction) set to externally
validate the prediction capability of
the calibration models.
Calibrations and Validation Statistics
Calibration and validation statistics
parameters were the R-squared values (R 2 ) and the root mean square
e r ro r s ( RMSE s). Fo r t h e c ali b r a tion, cross-validation, and prediction sets, the RMSEs for calibration
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Partial Least Squares (PLS) Calibration
T h e U n s c r a m b l e r ( v e r s i o n 10 . 4 ,
C amo Sof t w are A S) w a s u s ed to
develop the PLS calibration models, and the number of fac tors
was determined by 20 -fold internal cross-validation. Cross-validation was applied to es timate the
predic tion error by dividing all
the samples into 20 random seg-

Regression
coefficients path

Results and Discussions
PV Reference Values
The oil PV values were determined
by a national method and the re s ul t s a re s u m ma r ize d in Ta ble I.
For the calibration set and the test
set, the mean values were 4.25
mmol/kg and 4.17 mmol/kg, respectively. The corresponding ranges
w e r e 4 . 2 5 –12 . 2 3 m m o l / k g a n d
4.17–10.86 mmol/kg, and the standard deviations were 2.76 mmol/kg
a n d 2.6 5 m m ol / kg, re s p e c t i vel y.
The values were almost the same,
which demonstrated that the collec ted samples for the calibration
set and test set were reasonable.
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FIGURE 3: The results of wavelength variable selection by the three different methods: (a) CARS, (b) RF, and (c) GA.
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Validation of Unknown Samples
There were 27 samples collected for
the validation of the calibration model.
The results are summarized in Table II,
where CARS has the smallest RMSEP
of 0.95 mmol/kg, compared to 1.14
mmol/kg and 1.15 mmol/kg of RF and
GA, respectively. The plot of reference
compared to the predicted values is
shown in Figure 4b, with the points
lying close to the regression line.
The large Rp2 of 0.867 proves that the
built model has a good performance
for the PV prediction of unknown oil
samples and the calibration can be
used for future applications.

H. Yan, B. Han, and H.W. Siesler,
Spectroscopy 35(6), 15–18 (2020).
(2) N. Zhang, Y. Li, S. Wen, Y. Sun, J.
Chen, Y. Gao, A . Sagymbek, and
X . Yu, Fo o d Che m. 358, 12 9 8 3 4
( 2 0 2 1 ) . D O I : 1 0 .1 0 1 6 / j . f o o d chem.2021.129834
(3) R . R . M a r ia n a, E. S u s a n t i, L . H i dayati, and R.A. Wahab, AIP Conf.
Proc. 2231(1), 040 057 (2020). DOI:
10.1063/5.0002656
(4) X.L. Chu, H.F. Yuan, and W.Z. Lu,
Prog. Chem. 16(4), 528 –542 (2004).
DOI: 10.1016/j.jco.2003.08.015
(5) H.D. Li, Y.Z. Liang, X.X. Long, Y.H.
Yun, and Q.S. Xu, Chemom. Intell.
Lab. Syst. 122(5), 23–30 (2013). DOI:
10.1016/j.chemolab.2013.01.003
(6) H.D. Li, Q .S. Xu, and Y. Z. Liang,
Ch e m o m. I nte l l. La b. Sy s t. 176,
34–43 (2018). DOI: 10.1016/j.chemolab.2018.03.003
(7) X. Shao, F. Wang, D. Chen, and Q.
Su, Anal. Bioanal. Chem. 378 (5 ),
13 8 2–13 87 (2 0 0 4). D O I: 10.10 07/
s00216-003-2397-9
(8) T. Næs, T. Isaksson, T. Fearn, and
T. Davies, A User-Friendly Guide to
Multivariate Calibration and Classification (NIR publications, London,
United Kingdom, 2002). DOI:10.1255/
nirn.658
(9) S.X. Fan, B.H. Zhang, J.B. Li, W.Q.
Huang, and C.P. Wang, Biosyst. Eng.
143, 9–19 (2016). DOI: 10.1016/j.biosystemseng.2015.12.012
(10) T. Fea r n, NIR Ne w s 13 (6), 12–13
(2002). DOI: 10.1255/nirn.689
(11) J. Workman and L. Weyer, Practical
Guide and Spectral Atlas for Interpretive Near-Infrared Spectroscopy
(CRC Press, Boca Raton, FL, 2nd ed.,
2012)

Conclusion
The PV of edible oil can be easily and
rapidly determined on-site by handheld
NIR spectroscopy. With the further development and dissemination of this
technology, it will prove very helpful for
the protection of human health and also
be used for the rapid detection of other
quality indicators in food.
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FIGURE 4: The scatter plots of PV reference compared to the predicted values
for (a) the calibration cross-validation sets and (b) the test set.

Raw NIR Spectra
The raw NIR spectra of oil are presented in Figure 2a. The most intense
peak at 8343 cm -1 and the shoulder
at 8660 cm -1 are the second overtones of the ν(CH2 ) and ν(CH3 ) vibrations, respectively. The absorption
bands at 7243 cm -1 and 7114 cm -1 can
be assigned to the 2ν(CH3 ) + δ(CH3 )
and 2ν(CH 2 ) + δ(CH 2 ) combination
bands (11), respec tively, superimposed by the first over tone of the
ν(OH) stretching vibration. As shown
in Figure 2b, after SNV pretreatment,
especially the spec tral differences
in the 8000 –9000 cm -1 wavenumber
range were highlighted.
Wavelength Selection
As mentioned in the previous section,
CARS, RF, and GA were used to select
wavelength variables. The selection
results are shown in Figure 3. Finally,
25, 52, and 40 wavelength variables
were selected for the calibration.
Calibration Analysis
After the wavelength variables were
selected by the CARS, RF, and GA
methods, they were subjec ted to
PLS modeling. For the three wavelength optimization methods,
they all improved the calibration performance. Although they had almost
the same RMSECVs of 0.98 mmol/kg,
0.97 mmol/kg, and 0.93 mmol/kg,
CARS had the lowest RMSEC of 0.76
mmol/kg, Therefore, CARS proved to
be the best variable selection method.
www.spectroscopyonline.com

Regarding the RPDcvs values of models with selected variables, they were
larger than those of models with the
full variables and were close to 3,
which demonstrated that the models
had accurate prediction capability in
the whole range of PV. Figure 4a presents the scatter plot of the reference PV
compared to the predicted PV for the
calibration and cross-validation sets; the
proximity to the regression line demonstrates a good calibration performance.
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Spectral Sensing Using a
Handheld NIR Module Based on a
Fully Integrated Sensor Chip
Fang Ou, Anne van Klinken, Kaylee D. Hakkel, Maurangelo Petruzzella, Don M. J. van Elst,
Petar Ševo, Chenhui Li, Francesco Pagliano, Rene P. J. van Veldhoven, and Andrea Fiore

Near-infrared (NIR) spectroscopy is
widely used for the classification of
materials and the quantification of
their properties. Today, there is a
high demand for extending the use
of this technique to portable applications, and eventually, the integration with consumer appliances and
smartphones. To reach this goal, the
overall size of the NIR sensor, its production cost, robustness, and resistance to vibrations are of particular
importance. This paper describes an
approach to spectral sensing in the
NIR (850 –1700 nm) using a handheld sensor module based on a fully
integrated multipixel detector array
with a footprint of around 2×2 mm 2 .
The capabilities of the spectral sensor module were recently evaluated
in two application cases: Quantification of the fat percentage in raw milk
and the classification of plastic types.
Fat quantification was achieved with
a root mean square error (RMSE)
of prediction of 0.14% and classification of plastic types was achieved with
a prediction accuracy on unknown
samples of 100%. The results demonstrate the feasibility of the direct NIR
sensing approach used by the integrated sensor, which has potential to
be used in a variety of applications.
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F

o r d e c a d e s , n ea r- inf r a re d
(NIR) spectroscopy has played
an important role in countless
applications, ranging from monitoring industrial processes to assessing
the chemical composition and quality of products. However, traditionally
spectrometers are large, expensive,
complex, and include moving parts,
making them sensitive to vibrations
and shocks. The challenge today lies
in reducing the size and cost of these
spec troscopic devices while maintaining their robustness and sensitivity, which is essential to expand
their application beyond dedicated
stations in industrial set tings and
analytical laboratories.
The design of current portable NIR
sensor systems is mainly focused on
the miniaturization of conventional
spectrometers using gratings or interferometers. Although they represent valid options for portable NIR
spec troscopy, the size and cost of
most commercially available systems
is still relatively large. The level of
miniaturization, cost, and production
scalability required for consumer applications can only be reached with
wafer-scale integration—analogous to
how complementar y metal-oxides e micond uc tor (CMOS) c am er a s
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came to pervade industrial and consumer applications. There has been
substantial progress in this direction for the visible spec tral region
(400 –700 nm) up to 1100 nm, utilizing mature silicon technologies (1).
However, progress in the integration of NIR spectral sensors has been
relatively slow.
Recently, a novel a p proac h to
NIR spectral sensing was proposed,
using a miniaturized fully-integrated
multipixel array of resonant-cavityenhanced (RCE) InGaAs photodetec tors (2). Their millimeter-scale
footprint and wafer-scale fabrication make them appealing for portable and embedded NIR sensing.
The approach utilized by this multipixel sensor was dif ferent from
conventional spectrometry because
the sensor does not measure the full
spectrum, but rather a limited number of spectral regions with limited
resolution (50 –10 0 nm). The target
biochemical information was directly
extracted from the power reflected
or t r an smi t ted by t he s am ple in
these regions, without any intermediate spectral reconstruction step.
The multipixel sensor has a footprint
of 1.8 × 2.2 mm 2 and consists of an
array of 16 pixels with tailored specwww.spectroscopyonline.com
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FIGURE 1: The standalone handheld module and response curves. (a) Schematic
of the handheld module (dimensions: 8.2 L × 8.2 W × 3.4 H cm). The response
curves of (b) chip A and (c) chip B.
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(a)
Normalized photocurrent

tral responses in the 850 –170 0 nm
wavelength range. Each pixel was
fabric ated within a single mono lithic element having a thin absorbing layer and a tuning layer inside
an optical cavity. In this approach,
the detector and filter elements were
directly co-integrated at the waferlevel, providing a ro bus t s y s tem
that could be fabricated at high volumes using standard semiconductor
processing methods (2).
In this ar ticle, we repor t the results of sensing experiments using
a s t a n d alo n e, ha n d h e ld s e n sing
module called SpectraPod, based
on the direct NIR sensing concept.
T he mod ule, w hic h has been re cently described in the literature
(3), incorporates the 16 -pixel integrated chip, an internal light source,
and basic optics for light collection.
The per formance of the handheld
module was evaluated in two exemplar y real-world application cases:
Quantification of the fat percentag e in r aw milk and plas tic t y pe
classification. The purpose is to assess whether an integrated spectral
sensor with ver y limited resolution
and number of spec tral points can
deliver the performance required in
practical application cases.
Measurements of the fat content
in milk and the plastic type classification were chosen as being representative of a wider class of sensing
problems that fall into either the regression or classification category.
Fur thermore, the accurate quantification of the fat content in milk
impacts its economic value and provides insights into the cow’s health
(4). Meanwhile, plastic is one of the
most widely used materials today,
and improving its sorting and recycling processes is crucial to reducing the enormous amount of plastic waste generated globally (5 –7).
NIR spectral sensing has the potential
for a positive impact in both application cases, and the miniaturization of
the sensor will facilitate access to and
adoption of the technology.
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FIGURE 2: (a) The measured photocurrent values normalized by SNV, and
(b) the predicted fat percentage in milk, obtained via PLS regression using the normalized photocurrents. The number of latent variables (LVs),
root mean square error of cross-validation (RMSECV), prediction (RMSEP),
coefficient of determination for prediction (R 2 P), and the ratio of performance to deviation (RPD) are indicated in subfigure (b).

Materials and Methods
Sample Preparation for Milk
Fat Quantification Experiment
Commercially available sets of raw
milk with calibrated fat concentrations were obtained (QSE GmbH)
and pair-wise mixed (8) to increase
the number of concentration levels.
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The final sample set consisted of
samples with 17 different levels of
fat, ranging from 2.1–6.0 g/mL. Eight
samples were assigned to the test
sample set, whereas the remaining
nine were the calibration set used to
train the prediction algorithm. The
milk samples were kept in a water
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FIGURE 4: Results of plastic type classification using PLS-DA analysis with
10 LVs. Confusion matrices display in absolute frequency the outcomes of
classification (a) on the calibration, and (b) on the test sample set. Here, 100%
accuracy was achieved for both cross-validation and test set prediction.

bath set to 24 °C until their transfer
into cuvettes for optical measurement at room temperature. The experiment was completed within one
day because of the limited lifetime of
the samples.
Sample Preparation for
Plastic Classification Experiment
For this study, 90 plastic samples with
various thicknesses, colors, and textures collected from common household waste were used in this study.
Of the 90 samples, 28 were selected in a
randomized way prior to measurement
as the test set, such that this group consisted of seven samples of type 1 plastic (polyethylene terephthalate [PET]),
three samples of type 2 (high-density
36 Spectroscopy Outside the Laboratory

polyethylene [HDPE]), seven samples
of type 4 (low-density polyethylene
[LDPE]), six samples of type 5 (polypropylene [PP]), two samples of type 6
(polystyrene [PS]) and three samples of
type 6 foam (PS foam). All the remaining 62 samples were incorporated in
the training set. More information on
the samples, acquisition procedure,
and data analysis for the plastic classification experiment can be found in
the literature (3).
Spectral Data Acquisition
The NIR diffuse reflectance or transmission were measured using the
novel, standalone handheld spectral
sensing module. The core technology of the module is the ChipSense
November 2022

(MantiSpectra) sensor chip, an array of
16 detectors that have tailored broadband spectral responses and exhibit a
high peak responsivity (>0.25 A/W) and
low noise, enabling measurements at the
few pW level (2,9). The multipixel detector array is contained inside the handheld module along with an adjustable
internal tungsten lamp, a diffuser, an 850
nm high-pass filter, and a lens to focus
the incoming light onto the sensor array.
Various illumination and signal collection
configurations are feasible via the attachment of several extensions, including
reflectance, interactance, transmission,
and a fiber-coupled input. The module
is operable via an in-house developed
software application that controls the instrument and acquisition settings, including the integration time, number of scan
averages, and lamp power.
The module used in the milk fat
quantification experiment contained
a first generation of chips (“chip A”),
while a second generation (“chip B”)
was used for the plastic classification
experiment. The response curves of
the two sensor chips are shown in Figures 1b and 1c, which were measured
as a function of illumination wavelength
using a narrow spectral line produced
by a monochromator (8 nm line width,
approximately 1.34 μW power). Chip A
and chip B present 15 and 16 functional
pixels, respectively, whose photocurrent values were directly used in chemometrics analysis without the need for
spectral reconstruction.
Samples from both experiments
were illuminated by the internal lamp
and an integration time of 145 ms per
pixel was used. Cuvettes containing
the milk samples were held by a cuvette holder extension and measured
in reflectance mode using five acquisition cycles. The plastic classification experiment samples were placed directly
against the measurement window and
measured in reflectance using one acquisition cycle. Translucent and transparent plastic samples were measured
with a diffuse reflectance standard
(>95% reflectivity; Ocean Insight) held
against the sample.
www.spectroscopyonline.com
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Data Analysis
The photocurrent s from each experiment were dark-corrected, and
outlier analysis was done using Q2
residuals and Hotelling’s T 2 (10).
Subsequently, the measurement s
were pre-processed using either sumnormalization (normalization by the
sum of all the spectral data points in
each measurement) or standard normal variate (SNV) prior to modeling.
Partial least squares regression (PLSR)
was used to model fat percentage in
milk using the calibration sample set
and PLS–discriminant analysis (PLSDA) was used for classification of the
plastic t ype. In both cases, 5 -fold
cross-validation (CV) was used to optimize the number of latent variables
(LVs) used in the model. The errors
in regression were quantified using
root mean square error for calibration (RMSEC) and root mean square
error for cross-validation (RMSECV),
which were calculated using the calibration data set and the RMSE of prediction (RMSEP) calculated using the
test set. All data analysis algorithms
were implemented in Python using
packages from NumPy (11), Matplotlib
(12), and Scikit-learn (13).
Results and Discussion
Quantification of the Fat
Percentage in Milk
Figures 2a and 2b shows the SNVprocessed signals measured by the
module and the modeling results
of fat percentage, respectively. The
model was developed using calibration samples and subsequently evaluated using test samples for external
validation. Using five LVs, the PLSR
model achieved a RMSEP of 0.14%,
R 2 P of 0.98, and a high ratio of performance to deviation (RPD) of prediction of 7.3. The RPD value considers both the standard deviation of the
reference and error of the prediction,
and generally, an RPD value below
1.5 indicates poor prediction performance, whereas an RPD above three
is accepted as an acceptable working model (14,15). With the high RPD
www.spectroscopyonline.com

of 7.3, we demonstrate that a strong
regression model for predicting fat
percentage in raw milk was attainable
using only 15 values measured from
the multipixel sensor array, without
measuring a full spectrum nor using
spectral reconstruction.
Classification of Plastic Types
The dark-correc ted photocurrents
obtained via the module and the average sum-normalized photocurrent values for each type of plastic are shown
in Figures 3a and 3b, respectively.
The variations in intensity seen in Figure
3a are mainly because of the differences
in sample thickness and color. The spectral differences between the different
plastic types are highlighted in Figure
3b, as shown by the difference in the
shape of the normalized photocurrent
peaks. The distinct reflectance signals
measured by the handheld module in
the 850–1700 nm range are primarily
because of the overtone vibrations of
the plastic molecules. C-H, O-H, N-H,
and C-O bonds have distinct absorption
peaks in this NIR region, which give rise
to the spectral characteristics of the
plastic samples and enable the identification of their type (5,6,16).
The model for classification of plastic types was developed using PLSDA, with sum-normalized sensor data
as input. The classification model
used 10 PL S latent variables and
achieved 100% accuracy in both crossvalidation and test set predic tion
(confusion matrices in Figure 4a–b).
These results show that fast and reliable determination of plastic types
can be achieved using a fully integrated multipixel NIR sensor.
Limitations and Future Outlook
Overall, satisfactory sensing performance was demonstrated for these
two applications using the handheld
module, which shows the potential
of the direct sensing approach using
a simple integrated multipixel sensor chip. This study clearly indicates
that the small multipixel array can
capture the relevant spectral inforNovember 2022

mation despite not measuring the
spectrum. NIR spectra are complex
and consist of multiple overlapping
peaks that result in broad bands (17).
A s a result, the spec tral features
commonly encountered in NIR spectral sensing are broad and measurement using high spectral resolution
is not always necessar y to achieve
the sensing goal.
However, the approach of direc t
sensing using multipixel sensor arrays may provide reduced per formance if the chemical features are
narrow (<50 nm) and are located in
a wavelength region sparsely covered by the sensor’s response peaks.
Generally, miniaturized sensing solutions such as the one presented
in this ar ticle of fer a prac tical approach to industrial and consumer
sensing applications, they are not
intended to replace high-end laboratory spectrometers.
Conclusion
In this article, we demonstrated the
successful application of a handheld NIR sensor, based on a fully
integrated array of RCE photodetec tors to quantif y fat percentage
in milk and classif y plastic t ypes.
This suppor ts the direc t NIR sensing approach used by the handheld
module, where only a limited number of broad and overlapping spectral bands are measured compared
to the measurement of the full spectrum in traditional spec trometers.
It thereby shows the potential of
multipixel spectral sensing as an analytical technique easily applicable
outside the laboratory.
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Mass Spectrometry

ADVERTISEMENT

An Intuitive Desktop Instrument Provides
High-Sensitivity Chemical Mapping
Exum Instruments

A

fter a recent visit to the Exum Instruments’ facility, the
Director of Engineering for a large manufacturing
consortium said, “This technology is transformational.
The Massbox is really going to democratize the materials
science industry.” The Massbox’s novel ionization source
of LALI eliminates many challenges associated with other
techniques. The first laser ablates, or releases, material
directly from a solid sample’s surface, avoiding the
need for complicated sample preparation procedures.
The second laser then ionizes material from within the
neutral cloud. Compared to traditional plasma-ionizing
techniques, targeting neutral particles reduces matrix effects
and elemental fractionation (1). Finally, TOF measures the
difference in time required for ions of different masses to
impact a detector, and it provides a complete mass spectrum
for each laser spot. For any solid material, the Massbox can
detect both trace and major elements, and it can quantify
interstitial elements like carbon, nitrogen, and oxygen that
generally require several different analytical techniques.
In addition to bulk quantification, the instrument can also
perform elemental mapping.
Experimental Conditions

With LALI, the user can specify the laser shot diameter to
generate a chemical map with spatial resolution ranging
from 5–200 microns over an area up to 83 mm by 83 mm.
The same sample area can then be analyzed with a second
pass to investigate how elemental distributions change
with depth. Each laser shot includes a full mass spectrum of
data, detecting variations of any element of interest within a
given solid sample. The Massbox was designed to simplify
elemental analysis, allowing a user with no experience in mass
spectroscopy to obtain impactful results with just a few hours
of training and sample preparation time.
www.spectroscopyonline.com
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Traditional high-performance analytical instruments
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elemental coverage, and low detection limits for
solid materials.
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Figure 1: Left: Mapping results from a lithium battery material.
The color scales show concentrations of three different elements.
Right: Mass spectrum identifying the sample’s major elements.

Results

Figure 1 shows mapping results from a 5.5-mm by 5.5-mm
lithium battery material. The map displays concentrations for
three different elements, aluminum, zirconium, and lanthanum.
For each, brighter colors represent higher concentrations.
Each pixel is an 11-micron laser shot and includes a full mass
spectrum of data. The mass spectrum graph demonstrates
the instrument’s ability to measure nearly the entire periodic
table in each analytical session. In this case, detected elements
range from lithium (7Li) to lanthanum oxide (155LaO).
Conclusions

The Massbox is an ideal technology for quality control, quality
assurance, and failure analysis outside of the traditional
laboratory environment. Its chemical mapping capabilities
identify both spatial distributions and depth profiles of any
element of interest within a given solid material. Such capacity
can drive business decisions and inform discovery across a
variety of materials science applications—from verifying the
homogeneity of a feedstock to diagnosing the failure of a
manufactured part.
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