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In situ Raman Spectroscopy
Monitors the Corrosion of
Mild Steel in a Salt Fog Chamber
The global cost of corrosion imposes a significant burden on society, with safety and
environmental consequences in addition to its direct impact. One challenge to its
management is that the process of corrosion is complex, and common experimental
techniques provide only limited information. The neutral salt spray test, a standardized
test used for the evaluation of the corrosion resistance of steels and coatings, creates an
aggressive environment not suitable for many analytical methods. Here, we report the
first use of in situ Raman spectroscopy to detect the formation, growth, and evolution
of corrosion products on metal surfaces, monitoring a mild steel plate in alternating salt
fog and dry atmospheric conditions over a period of eight days to identify and track key
corrosion products. Assisted by multivariate curve resolution alternating least squares
(MCR-ALS) analysis and online weighing of the sample, we found the chemical conversion
of iron hydroxides to oxides takes much longer than the physical drying of the corroded
surface. Together, these results pave the way for real-time online observation of corrosion inside a salt fog chamber to obtain chemically relevant information with a single,
compact apparatus.

Arie Bleij, Maria Ponomareva, Markus Nadlinger, Gabriela Schimo-Aichhorn,
Dieter Bingemann, Cicely Rathmell, Gerald Luckeneder, Gerald Haslehner,
Paul Gattinger, Markus Brandstetter, Pierluigi Bilotto, and Markus Valtiner

C

orrosion is the process of degrada-

techniques is a better understanding of the cor-

tion of metals because of atmospheric

rosion mechanisms involved.

phenomena or environmental condi-

Standardized tests, such as the neutral

tions, incurring costs of approximately 3.4% of

salt spray (NSS) test, are used to accelerate

the global gross domestic product (1). To com-

the corrosion process for research purposes

bat corrosion, many coatings and alloys have

(3). Samples are placed in a chamber with

been developed to extend the life span of steel

a fog of neutral 5% NaCl solution at 35 °C.

products. Research institutions and industries,

Once the samples are corroded in the chamber,

including but not limited to the steel, automo-

they are removed and can be analyzed with a

tive, oil and gas, and aerospace industries,

variety of methods (4–6). Raman spectroscopy

have adopted different techniques to under-

is a common analysis technique that can pro-

stand, predict, and ultimately control corrosion-

vide detailed chemical information with high

related processes (2). The key to improving these

specificity (7–9).

8 Raman Technology for Today’s Spectroscopists

June 2022

WP RAMAN XL SERIES

Capture your most
challenging Raman signals
The new WP Raman XL unlocks the potential of an ultra-cooled
scientific-grade camera using a compact, high-throughput
optical bench built around our own patented VPH gratings.
With a configurable coupling system and options for f/#,
spectral range, and resolution, it delivers flexible, powerful
performance to make even your most novel and demanding
Raman measurements a reality.

Learn more at wasatchphotonics.com/XL

+1 919-544-7785 | info@wasatchphotonics.com

In contrast to such offline analyses, here we

angle for optimal signal intensity. The presence

present for the first time a setup that collects

of salt fog in the chamber reduced the Raman

in situ Raman spectra inside a working salt fog

signal intensity by approximately 50%.

chamber, demonstrating the feasibility of online

The Raman system used for monitoring was

investigation of the corrosion process in mild

comprised of a WP-785-R-SR-LMMFC-25 spec-

steel samples (also known as low carbon steel).

trometer (Wasatch Photonics) with an integrated
diode laser (450 mW, 785 nm), connected to an

Materials and Methods

RP-785 Raman probe (Wasatch Photonics) using

In this study, we used a custom tabletop corro-

a 600 μm core SMA-coupled detection fiber and

sion chamber constructed from a glass basin

a 550 μm core FC-coupled laser delivery fiber.

45 x 25 x 30 cm in size (see Figure 1). A solvent-

The laser spot size on the sample was 900 μm, large

cleaned sample of 10 x 10 cm mild steel (DC04,

enough to prevent local heating of the corrosion

voestalpine Stahl GmbH) was corroded for

products, which could induce background emission

8 days as follows: 48 h of salt fog, 48 h of dry-

in the Raman spectrum. Spectra were recorded

ing, an additional 72 h of salt fog, and a further

at 6-min intervals with an integration time of 1 s,

24 h of drying. To generate salt fog, the basin

and 25 averages. The laser was turned off between

was filled with several centimeters of a neu-

acquisitions, and a new averaged dark spectrum

tral 5.0 wt% sodium chloride solution (NaCl,

was acquired prior to every measurement. The laser

Pharmasal, Salinen Austria AG). The salt fog

power was set to the full 450 mW during the salt fog

was produced by a floating ultrasonic fog gen-

periods, but reduced to 300 mW during dry condi-

erator, and homogeneously dispersed with a

tions to avoid local sample heating.

stirrer. To monitor sample weight changes,
the steel plate under study was suspended

Results and Discussion

from a balance which was mounted on top

Figure 2 shows examples of Raman spectra obtained

of the chamber. The sample was placed at a

for the corrosion process of the sample during the

20° angle from vertical to facilitate run-off of

four phases of the experiment (salt fog I and II, drying

the condensed salt water. During the salt fog

phases I and II). Before the start of corrosion (0 h),

experiments, the temperature of the sample

the signal represents the broadband Raman signa-

and chamber was kept at 35±2 °C. These set-

ture of the encapsulation windows and focusing lens.

tings are similar to standardized tests such

The emergence of the low-intensity bands at

as EN ISO 9227 NSS (3) or ASTM B117 (10).

297 and 378 cm-1 (marked with solid diamonds) dur-

The drying was performed in laboratory at-

ing the first salt fog phase marks the onset of cor-

mosphere conditions at 23±2 °C with 40–60%

rosion with appearance of α-FeO(OH), also known

relative humidity.

as goethite (11–12). During the first drying phase,

The in situ Raman measurements were per-

bands with more significant Raman emission at 289,

formed with a hermetically enclosed Raman

402, 489, and 604 cm-1 (marked with solid triangles)

probe pointed perpendicular to the sample

were observed. Using library spectra (13) and lit-

surface and observed the same spot through-

erature spectra (14,15) with very similar band posi-

out the experiment. The working distance was

tions, we assign these bands to hematite (α-Fe2O3).

kept to within ±0.5 mm of the optimal working

Therefore, we interpret these spectral changes as

distance of 11 mm to maintain good signal-to-

the drying of the iron oxyhydroxides to iron oxides

noise (S/N) ratio, maintaining a 90° sample-laser

through the removal of chemically bound water.
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FIGURE 1: Schematic representation of custom tabletop salt fog chamber with Raman probe.

Raman intensity

(a)
Drying phase II
Salt fog phase II
Drying phase I
Salt fog phase I
Start
Species identified
via Raman peaks
α-Fe2O3
Fe3O4
* FeCO3
α-FeO(OH)
γ-FeO(OH)

250

(b)
Fe

0

500

750

1000 1250

1500

1750

Raman shift (cm-1)

Salt fog I

Drying I

Salt fog II

Drying II

α-FeO(OH)

α-Fe2O3
FeCO3
Fe3O4

γ-FeO(OH)

α-Fe2O3
γ-FeO(OH)
Fe3O4

1

2

3

α-FeO(OH)
Fe3O4

4

5

6

7

8

t/days

FIGURE 2: Representative in situ Raman spectra recorded during the different phases of
the corrosion experiment with tentative assignments to corrosion products (top figure),
and a schematic representation of the deduced chemical transformations (bottom).
Additional features were observed at 647

spectra, we assign these bands to magnetite

cm -1 and 1078 cm -1 (marked with the open trian-

(Fe 3 O 4 ) (16) and siderite (FeCO 3 ) (17), respec-

gle and the star, respectively). Based on library

tively. We interpreted the emergence of the

www.spectroscopyonline.com
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FIGURE 3: Evolution of the in situ Raman spectra during the first hours of a neutral
salt fog exposure indicating the formation of corrosion products on mild steel.
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FIGURE 4: Recorded Raman spectra of a corroding mild steel sample during drying
phase I (left) and II (right) in a salt fog experiment designed to monitor corrosion.
siderite band as an indication of a chemical

During the second drying phase, many of

reaction between the sample surface and CO 2

the aforementioned bands at tributable to

from the laboratory atmosphere during the

iron oxyhydrides and oxides reappeared (as

drying phase.

marked), namely hematite, lepidocrocite, and

During the second salt fog phase, we ob-

magnetite, although it is hard to distinguish the

served bands at 306, 346, 376, and 525 cm -1

α and γ oxyhydroxides bands around 376 cm -1.

(marked with the open diamonds). We assign

Hence, the nature of the exact crystal structure

these bands to lepidocrocite (γ-FeO[OH])

present was uncertain.

(18). An additional band at 649 cm -1 was ob-

In addition to qualitative assessment of the

served, and can again be assigned to magne-

chemical changes, in situ Raman observations

tite (marked by an open triangle, as before).

also allowed the extraction of dynamic informa-

The persistence of magnetite throughout the

tion about the corrosion process. Even though

salt fog phase can be explained by the stable

corrosion occurs slowly, changes in the spec-

nature of this iron oxide.

trum could be observed within a few hours,
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FIGURE 5: Weight changes of the steel sample compared to the shift to the main peak
around 375–400 cm -1 measured by the position of the most intensive peak in this
region, indicating the transformation from FeO(OH) (375 cm -1) to Fe2O3 (400 cm -1).
as shown in Figure 3. The bands at 298 and 376

in the spectrum, taking about 30 h. Based on

cm -1 (assigned to α-FeO(OH) above) emerged

earlier band assignments, this spectral change

once the sample was exposed to the salt fog.

can be attributed to the chemical transforma-

It was also possible to monitor and analyze a

tion from α-FeO(OH) to α-Fe2O3 . For the second

shift in the position of the dominant Raman band

drying phase, Figure 4 illustrates a decreasing

during drying phase I and II, as shown in Figure 4,

band at 376 cm -1 and an increasing band at

revealing a shift in intensity from the band at 374

400 cm-1, leading to the appearance of an instan-

cm to a band at approximately 400 cm . We in-

taneous transition of the maximum in Figure 5.

terpret this spectral change as the transformation

We assign this change to the transformation

from FeO(OH) to α-Fe2O3, as assigned above.

from γ-FeO(OH) to α-Fe 2 O3 , which may explain

-1

-1

The position of the main peak within this

the difference between drying phases I and II.

spectral window was determined through qua-

Using in situ Raman spectroscopy, it was pos-

dratic interpolation across the band maximum.

sible to identify the chemical transformations

Additionally, as shown in Figure 5, we compared

and also determine their timelines. Access to

the resulting shift of the maximum Raman peak

this information would be of significant benefit

position (in blue) with the recorded weight

to both fundamental corrosion research and in

changes (in green). The sudden weight changes

the development of new coatings and alloys.

were caused by surface water evaporation in

The complete set of in situ Raman spectra

the drying phase and sample wetting in the salt

recorded during the week-long experiment

fog phase, respectively, and take approximately

contains a full representation of the chemi-

1–2 h to occur.

cal changes during this corrosion process.

Comparing the sudden weight changes dur-

Multivariate statistical analysis tools can be

ing drying phase I to the change in Raman band

used to transform the full set of spectra into

position, we find a much more gradual change

a sum of spec tra from individual chemical
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Raman shift (cm-1)
FIGURE 6: Component spectra from MCR-ALS multivariate analysis of the entire experiment. The component spectra are tentatively assigned to actual chemical species
based on best agreement with published band positions.
species, each with a contribution varying as a

was not clearly identifiable and is hence simply

function of time. Therefore, this analysis pro-

labeled as “other components.”

vides a potential chemical interpretation of the

Based on these component spec tra, the

process based on the recorded set of in situ

MCR-AL S analy sis g ener ated a visualiz a -

Raman spectra.

tion of t he c hang e in eac h com p onent ’s

One such analysis is multivariate cur ve

contribution to the experimental spec trum

resolution (MCR), of ten using alternating

as a func tion of time, as shown in Figure 7.

least squares (ALS) during the fitting process.

These plots represent the dynamic s of the

The analysis is dependent on the chosen

process, observed with in situ Raman spec-

starting values; here, we use the orthogonal

troscopy, but interpreted from a chemical

projection approach (OPA) to estimate the

perspec tive. However, as MCR-ALS is a fit-

time changes of each species’ contribution.

ting technique, the result s c an only show

Five components were fitted, with the four main

one potential representation of the experi-

contributions discussed below. This number was

mental spectral data set.

determined through a combination of principal

The MCR-AL S result s show even more

component analysis (PCA), chemical intuition,

clearly the slow transition from oxyhydrox-

and trial and error. It should be noted that MCR-

ides to oxides during the dr ying phases of

ALS has difficulties separating spectral contri-

the experiment, both in the disappearance

butions that are significantly correlated in time.

of the “FeO(OH)” contribution, as well as in

The MCR-ALS analysis resulted in spectra

the appearance of the “Fe 2 O 3“ contribution.

for four components, shown in Figure 6, which

The sudden jump in the various contribu-

were assigned to chemical species based on

tions during the first drying phase most likely

the spectra referenced above. Three compo-

stems from a small shift in the observed lo-

nents were assigned as “FeO(OH),” “Fe 2 O 3 ,”

cation, or some macroscopic change in the

and “FeCO 3 .” However, the fourth component

monitored spot on the sample surface.

www.spectroscopyonline.com
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FIGURE 7: Dynamics and time profile of the contributions of the four components to
the experimental spectra set, as determined with MCR-ALS analysis, here tentatively
assigned to four chemical species as indicated.
Conclusion

took about 24 h), with MCR-ALS analysis of the

This study shows how in situ Raman spectros-

spectra revealing the detailed dynamics of

copy can facilitate the investigation of surface

these transformations.

chemistry processes, such as the corrosion of

The results confirm that a compact Raman

mild steel, even in a harsh salt fog environment.

spectroscopy setup can be used to monitor

Detailed chemical insights into the corrosion

and understand complex corrosion processes

process that would otherwise be inaccessible

taking place in a custom salt fog chamber,

can be obtained.

allowing new insights to be generated for aca-

By performing a cyclical corrosion experi-

demic and industrial corrosion investigations.

ment consisting of alternating salt fog and dry-

The coupling of in situ Raman spectroscopy and

ing periods for 1–3 d each, we find that initially

a salt fog chamber represents a valuable tool for

α-FeO(OH) is formed after about 2 h of salt fog

future investigations of corrosion mechanisms,

exposure. During the first drying phase, a slow

and for evaluating the resistance of newly devel-

change to α-Fe 2 O 3 was accompanied by the

oped coatings and alloys.

formation of iron carbonate and magnetite;
while the former rapidly converts to a mixture
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Analysis of Transdermal Patch Layers
via Confocal Raman Microscopy
A transdermal patch is a method of drug delivery through the skin into the bloodstream that
is composed of layers that store and release the active pharmaceutical ingredient (API) over
time. The ability to analyze these layers without damaging the patch allows for quality control and stability measurements. Raman spectroscopy has excellent chemical identification
abilities, thanks to the fingerprint like spectrum it produces, that deliver rapid discrimination
between components typically found in transdermal patches, such as polymers and APIs.
Coupling this with a confocal microscope gives high spatial resolution on all three axes,
with the pinhole providing otherwise unachievable axial resolution, permitting depth profile
analysis. Using this technique, the patch can be analyzed from top to bottom without any
risk of damage. This article highlights the use of confocal Raman microscopy to acquire a 3D
Raman map of a transdermal patch for layer evaluation. The map revealed six layers which
were composed of four polymers and the API layer at the center of the patch.

Angela Flack

A

transdermal patch is a method of drug

without the additional harmful components of

delivery through the skin into the blood-

cigarettes, such as tar. A recent review of data

stream (Figure 1). The patch contains a

from the public and from clinical trials revealed

drug that absorbs into the skin; the patch releases

that using NRT can increase the chance of suc-

a consistent and controlled amount of medication

cessfully quitting smoking by up to 60% (1).

into the body over long periods time. This method

Analyzing multilayer polymers, such as trans-

of delivery is preferred in cases where the drug

dermal patches, can provide manufacturers and

can have negative side effects on the gastroin-

researchers with important information on the

testinal tract, for prolonged drug release, or as an

quality of their product. Probing into the layers

option for people with a fear of needles looking to

allows validation of the amount and distribution

avoid medication delivered via injection.

of the active pharmaceutical ingredient (API)

One of the most common uses for trans-

within a patch, as well as identifying any contami-

dermal patches is to help combat nicotine ad-

nants. Achieving this without sample damage or

diction. Nicotine patches were first developed

alteration is critical for providing meaningful

in the 1980s as a method to help people quit

data on real-life products. Raman microscopy

smoking after several studies proved the absorp-

is an extremely sensitive technique for polymer

tion of nicotine into the body reduced cravings.

identification, and coupling to a confocal micro-

Nicotine replacement therapy (NRT) releases

scope allows high spatial resolution in the z-axis

small amounts of nicotine throughout the day,

for investigating different layers.
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Backing layer
API reservoir
Membrane
Adhesive
Release liner

FIGURE 1: A typical transdermal patch and its layer composition.
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FIGURE 2: Role of the confocal pinhole in a Raman microscope: (a) representation of
the excitation 3D point spread function, (b) excitation cone induces Raman scattering
throughout the sample volume, (c) Raman scatter originating from above the focal
plane is rejected by the confocal pinhole, (d) Raman scatter originating from below the
focal plane is rejected by the confocal pinhole, (e) Raman scatter originating from the
focal plane is passed through the pinhole and enters the spectrograph for detection.
Confocal Raman Microscopy

Databases of known polymers can be de-

Raman spectroscopy can be used for identification of

veloped, meaning unknown samples can be

polymers due to its fingerprint-like level of sensitivity.

compared to these spectra for identification,

Each peak in a Raman spectrum can be thought of as

thus adding to the speed and accuracy of polymer

the fingerprint of a specific molecular vibration from

identification by Raman spectroscopy. For exam-

the sample, meaning polymer spectra can easily be

ple, the database applies a best fit comparison of

distinguished. For example, the technique is sensitive

the measured spectra with those in its library, and

enough to identify co-polymers and determine differ-

carries out a series of optimized corrections to pro-

ences between high- and low-density polyethylene.

vide the best possible match against its database.

Furthermore, its non-destructive nature allows analy-

The skill set of Raman spectroscopy can be

sis of samples to be analyzed without any damage or

further enhanced by incorporating a confocal mi-

need for sample preparation (2).

croscope where the Raman laser will be directed
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FIGURE 3: Raman depth profile of a multilayer polymer sample comprised of a
PET-PVC-PET stack measured with a 532 nm laser and a 100x 0.9 NA objective and
(a) 100 µ m pinhole and (b) 25 µm pinhole.
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FIGURE 4: 3D Raman depth profile map of a transdermal nicotine patch (x, y, and z
axes shown).
though a microscope containing a pinhole, en-

as the excitation point spread function (PSF), and a

abling the analysis volume to be defined with

representation of its shape is shown in Figure 2a.

simultaneously high lateral (xy) and axial (z) reso-

As the light converges towards the focal point, the

lution, allowing the analysis of discrete sample fea-

diameter of the PSF decreases, reaching a diffraction-

tures and layers down to less than 1 µm in size (3).

limited minimum diameter at the focal plane followed
by an increase in diameter as the light diverges.

Role of the Pinhole

The exact shape of the PSF is heavily dependent on

When laser light is focused into a sample by a Raman

the optical properties of the sample, such as opac-

microscope, a three-dimensional excitation volume

ity at the excitation wavelength, refractive index, and

is formed within the sample. This volume is known

how it scatters the incident excitation. Raman scat-
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FIGURE 5: (a) Raman spectra from each component, (b) x, z cross section of the
sample is illustrated.
tering will occur throughout the entire excitation

scatter (increased confocality), and the effective

volume, and simply measuring the Raman spectrum

axial resolution improves. Using narrow pinhole di-

from this excitation would, therefore, result in spec-

ameters, axial resolutions of <1 µm can be achieved.

tral contributions from the entire volume with limited

The tradeoff with narrowing the pinhole diameter is

axial (z-axis) discrimination.

that the throughput of the microscope is significantly

The role of the confocal pinhole is to spatially

lowered, and measurements will therefore take lon-

filter the analysis volume so that the Raman scatter

ger, due to decreased Raman scatter intensity at

is detected from the focal plane only; its operation

the detector. Due to this tradeoff, most Raman mi-

is illustrated in Figures 2b-e. Raman scatter that

croscopes use a variable diameter confocal pinhole

originates either above Figure 2c or below Figure

enabling the microscope mode to be adjusted from

2d the focal plane is not brought to a focus in the

high confocality/low throughput to non-confocal/

confocal plane; rather, it is blocked by the confocal

high throughput, depending on the application.

pinhole and not detected. In contrast, Raman scatter that originates from the focal plane is brought to

Experimental

a focus in the confocal plane and passes through

An Edinburgh Instruments RMS1000 Raman Mi-

the pinhole and is detected. This is the meaning of

croscope was used for the 3D measurement of a

the word confocal; to share the same focal point,

transdermal nicotine patch. The nicotine patch

and Raman scatter from inside the excitation focus

was a commercially available NRT purchased

will also be in focus at the pinhole (4).

from a pharmacy. The microscope was equipped

The addition of the pinhole allows for 3D analy-

with a 100 x 0.9 numerical aperture (NA) objective;

sis, which is particularly useful for multilayer samples,

this also ensures high resolution. The choice of

such as composite plastics. The polyethylene tere-

objective lens is important as the NA of the objec-

phthalate (PET) and polyvinyl chloride (PVC) poly-

tive lens and the laser wavelength determine laser

mers have unique Raman spectra, and the Raman

spot size on the sample and the spatial resolution

depth profile can identify the discrete layers within

of the Raman mapping.

the PET-PVC-PET polymer stack. It can clearly be

The 3D Raman map of the patch was acquired

seen in Figure 3 that, as the diameter of the pinhole

with a 785 nm laser at 100% power with an expo-

is decreased from 100 µm to 25 µm, it becomes

sure time of 0.5 s and the pinhole set to 200 µm.

increasingly effective at blocking the out-of-focus

A slit width of 70 µm was used along with a
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600 gr/mm grating and a back illuminated CCD.

patch, the API (in this case, nicotine) can be visual-

The total sample height was approximately 4 mm

ized, as can the surrounding polymers responsible

and Raman spectra were acquired every 10 µm in the

for protecting and ensuring the release of the API.

z-dimension. The library used for spectral identifica-

Thanks to the fingerprint-like chemical identifica-

tion was the KnowItAll Raman Database.

tion offered by Raman spectroscopy, successful
spectral evaluation was possible for each of the dif-

Results and Discussion

ferent polymers present. The confocal microscope

The transdermal patch analyzed contained nicotine

allowed for the z-axis to be investigated, resulting in

as the active ingredient, surrounded by polymers.

layer thickness to also be assessed. The sample was

By carrying out a Raman 3D map, we can visualize

rapidly analyzed and remained intact and unaltered

the different material layers present in the patch,

throughout the experimental procedure. In this way,

shown in Figure 4 as a 3D render.

confocal Raman microscopy is a useful technique for

The 3D Raman map (Figures 4 and 5) reveals the

pharmaceutical laboratories to quality control their

patch contains six layers, and the spectrum of each

products and ensuring they have been produced

layer can be extracted and analyzed for identifica-

correctly without contaminants, as well as to help

tion. The outer layers of the patch, layers 1 and 6,

monitor the stability of adhesive layers.

shown in red, can be identified as poly(ethylene
terephthalate) (PET) using the spectral database.
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Raman Spectroscopy in Analyzing
Fats and Oils in Foods
Fats and oils are ubiquitous in natural and processed foods, providing necessary energy
storage. Fat and oil content in foods also have important contributions to the shelf life,
texture, compatibility with processing operations, and sensory profiles of food products.
Understanding the molecular properties of fats and oils separately within a heterogeneous
food matrix requires a multidisciplinary approach. Vibrational spectroscopy techniques are
used throughout the food industry to gain product understanding, identify adulterated products, ensure quality, and control processes. In analyzing fats and oils in food, near-infrared
(NIR) spectroscopy is an established analytical technique, and there are other growing
applications of infrared (IR) and Raman spectroscopies. In particular, Raman spectroscopy
is well suited to measure fats and oils because their C-H and C-C bonds are polarizable.
In this article, we review the historical use of Raman spectroscopy in studying fats and oils in
foods from Fourier transform (FT)–Raman spectroscopy to dispersive Raman spectroscopy.
We also provide an overview of various Raman approaches to understand fat compositional
heterogeneity in solid foods, identify polymorph or crystallinity, and measure fatty acid
saturation. Examples in a variety of fat-containing foods demonstrate feasibility for Raman
applications in the laboratory and process environments.

Karen Esmonde-White, Mary Lewis, Thomas Perilli,
Tomaso Della Vedova, and Ian Lewis

L

ipids are a class of biological molecules

etry (MS), and vibrational spectroscopy (1–3). Raman

that provide important energy storage,

spectroscopy and nonlinear Raman spectroscopy

metabolism, and cell membrane structure

techniques are particularly well suited to measure

functions. They encompass sterols, fatty acids, glyc-

lipids because of a high Raman cross section and

erides, phospholipids, and waxes. Saturated fatty

high optical scattering. A book, titled Raman Spec-

acids are also called fats. Fats have higher melting

troscopy for Chemical Analysis by Rich McCreery,

points, are solid at room temperature, and are more

starts with the theory and goes into calculating the

stable. Unsaturated fatty acids are also called oils.

cross sections of some simple molecules. C-H and

Oils have lower melting points, are liquid at room

C-C bonds are polarizable, and they comprise the

temperature, and are less stable. Understanding

majority of a lipid. As a result, it stands to reason

lipids for biomedical, food and beverage, and now

that lipids would have a higher Raman cross section

lipidomics applications, requires a variety of analyti-

than other biological molecules, such as proteins

cal tools and techniques, including chromatography,

or nucleic acids (4). This assumption was verified by

wet chemistry, molecular probes, mass spectrom-

calculating the cross-sections of cholesterol and
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FIGURE 1: Raman spectra of canola, peanut, and avocado oils were collected from
commercially available samples. Major bands in the oil spectra are noted and assigned.
TABLE I: Raman band assignments for fats and oils in the 1000–1800 cm-1 spectral region
are rich with information about multiple functional groups. Qualitative and quantitative
assessment of fat or oil Raman spectra provide insight into bond saturation and have
been correlated with oil quality parameters such as iodine value or peroxide value.
Spectral Region
Raman Shift (cm -1)

Assignment

Component

1000–1200
~1060
~1080
~1097
~1130

Skeletal υ C-C
υasC-C
υsC-C
υsC-C
C-C, C-OH C-N stretch

All-trans extended chains
Gauche extended chains
Gauche extended chains
All-trans extended chains

1250–1300
~1267, 1275
~1300

τCH2
=C-H deformation,
cis isomer
τCH2

Unsaturated fatty acids
Chain-chain coupling

1420–1480
~1442
~1460

CH2 /CH3 deformation
δCH2 and δCH3
δCH2

Saturated fatty acids

~1650–1670

υs C=C, cis isomer
υs C=C, trans isomer

Fatty acids

1700–1780

Ester carbonyl
stretch (υs C=O)

Fatty acids

proteins, where the cross section of the 1440 cm-1

ume. Fatty tissues have a higher optical scattering

band is three times higher than that of proteins (5).

coefficient than muscle tissues (6,7).

Another reason that lipids are easily measured by

Because of their importance and strong

Raman spectroscopy is because of optical scatter-

Raman scattering, lipids have been studied by

ing, particularly in biological tissues. The density of

Raman spectroscopy since 1936. A 1936 paper

the scattering is considered in calculating the Raman

by Jogarao is the first acknowledged paper on

intensity, but that calculation only considers Raman

Raman spectroscopy analysis of food oils (8).

scatters. Optical scattering also occurs elastically,

Olive, gingelli, castor, coconut, groundnut oils,

so that would affect light fluence and sampling vol-

cocogem, and buffalo ghee were examined by
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FIGURE 2: Milk powders of varying protein, carbohydrate, and fat concentrations
were measured by Raman spectroscopy. The specificity of the Raman spectrum
enabled simultaneous measurement of the three macronutrients and contributions
from fats (*), protein amino acids (◊), and carbohydrates (‡) were observed.
TABLE II: Nutritional overview of macronutrients found in four milk powders as provided
on the consumer label
Sample ID
Powder 1

Fat
(mg/100 g)

Carbohydrates
(mg/100 g)

Proteins
(mg/100 g)

0.3

2.5

90

Powder 2

1.7

27

57

Powder 3

25.1

53.7

9.8

Powder 4

30

41

12

Raman spectroscopy using an exposure of nearly

from relevant work that was performed in long

48 h to collect a spectrum. Bands at 1302, 1469,

chain hydrocarbons (11,12), small-chain carboxylic

1661, and 2873 cm-1 were identified and assigned

acids (13), and other model compounds (14).

to C-H, C-O-C, and C=C groups. Other early work

The perception that oil or fat purification was a

by van Den Hende examined various saturated

limitation of the Raman technique resulted in few pa-

fatty acids and identified cis- and trans-isomers

pers being published in this application again until

in oleic acid (articles in French) (9,10). Additional

the 1970s. In the 1970s, studies using Raman spec-

early work studying oleic acid was described in

troscopy to examine lipids received little attention

papers written in 1945 and 1951, which focused on

relative to other biopolymers such as proteins, amino

the chemistry of lipids and contained references to

acids, and nucleic acids (15). However, the papers

research papers written in 1943 and 1950 that were

that were published in this decade demonstrated

on Raman spectroscopy. However, those research

an increased sophistication of the Raman technique,

papers could not be obtained by the authors.

including the use of Fourier-transform (FT)–Raman

An experimental challenge that may have limited

spectroscopy, and the scientific questions that

the number of Raman-based studies, in addition to

Raman spectroscopy was trying to address. Some

the long exposure times, was the ability to purify

example applications include biophysics on mixed

samples (9). Thus, we can also draw on conclusions

lipid-protein systems, measurement of chain length,
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FIGURE 3: Raman spectra showing main protein (black) and fat (red) related bands
for fresh salmon. Contributions from fats (‡) and protein amino acids (*) are shown.
cis- and trans-isomer composition, lipids in natural

volumetric probe (Endress+Hauser). Measurements

products, and classification of lipids (16–20).

were performed at ambient laboratory conditions of

Today, dispersive Raman, FT-Raman, enhanced

commercially available samples with no additional

Raman, and nonlinear Raman techniques are used

sample preparation. Data were preprocessed using

to measure lipids. In particular, dispersive and non-

Grams/AI spectroscopy software (Thermo Scientific)

linear techniques are growing in basic science and

and using routines written in-house.

industrial applications. Readers are referred to excellent reviews by Li and others on coherent anti-Stokes

Industrial Applications of Dispersive Raman

Raman spectroscopy and by Prince and others on

More recent applications have expanded on the his-

stimulated Raman scattering (21,22). This paper fo-

torical uses to now include structure elucidation, the

cuses on dispersive Raman spectroscopy of oils and

role of lipids in health and disease, and lipidomics

fats in food and beverage applications.

(23). Within food and beverage applications, there
has been an increased use of portable, benchtop,

Materials and Methods

and process Raman spectroscopy in edible oil mea-

A review of the literature was performed in Google

surements. We highlight a few applications in oil and

Scholar using the terms Raman spectroscopy,

fat quality, and oils and fats in foods demonstrate

Raman, and Raman scattering to describe the

the utility of Raman spectroscopy in the field. They

technology, and the search terms lipids, oils, fats,

establish scientific feasibility for additional tests on

and fatty acids were used to describe the target

polymorphism, accelerated stability, or coproducts.

molecule family. The references in several review
papers were used to retrace the history of Raman

Oil Quality Understanding

spectroscopy to the earliest papers.

Figure 1 shows the Raman spectra of canola, pea-

For experiments performed by the authors, such

nut, and avocado oils between 600 and 1775 cm-1

as the fats and oils identification and the salmon and

as representative oils. Visual inspection of the band

chocolate studies, a Raman Rxn2 (Endress+Hauser)

position, width, and intensity provides an initial un-

Raman analyzer operating at 785 nm or 1000 nm was

derstanding of multiple functional groups. The main

used. Raman measurements were performed with

bands of fats and oils are noted in Figure 1, with the

a Rxn-10 collimated probe equipped with a non-

band assignments referenced in Table I. A parameter

contact optic, immersion optic, or a Rxn-20 large

of interest is saturation. The position and width of the
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FIGURE 4: Raman spectrum of chocolate sample showing the major band positions.
band at ~1444 cm-1 and ~1661 cm-1 shifts to a lower

indistinguishable through physical or chemical con-

Raman shift and becomes more narrow with increas-

stants such as iodine value, saponification, refractive

ing saturation. Total unsaturation can be determined

index, or density. A 1994 review by Li-Chan summa-

quantitatively by measuring the ratio of the C=C

rized advances in chromatographic and spectro-

stretch (υC=C) centered at 1661 cm-1 to the CH2 scis-

scopic techniques to measure chemical composition

soring deformation (δCH2) at 1444 cm-1. Calculating

markers of adulteration including Raman spectros-

band intensity ratios is a straightforward approach

copy (24). Since the time the review was published,

to quantifying total unsaturation. Cis-isomer content

studies have reported application success using

can also be determined from the Raman spectrum.

FT-Raman spectroscopy, Raman microscopy,

The band at 1272 cm-1 is attributed to in-plane =C–H

handheld Raman, and fiberoptic Raman for a variety

deformation in an unconjugated cis double bond.

of adulterants and data analysis approaches (25–29).

The intensity of this band ratioed to the in-phase

A comprehensive three-year longitudinal study by

methylene twisting vibration at 1306 cm-1 provided

Kwofie and others enabled an understanding of sup-

a direct cis-isomer measurement, which is illustrated

plier variations and yearly variations for 15 varieties of

by comparing the Raman spectrum of vegetable

oils (30). As hardware and chemometric techniques

oil with that of partially hydrogenated vegetable

improved along with a better understanding about

shortening. Hydrogenation results in a preferential

the field, we saw many sophisticated questions

decrease in the cis- or trans-isomer ratio.

answered. Two recent papers that used Raman
spectroscopy to authenticate geographical loca-

Authentication, Adulteration, and Blending

tion, identify adulterants, and discriminate cultivars

An early application was in oil discrimination and

demonstrate how the hardware and chemometric

identification of adulterated oils. Adulteration is the

techniques have significantly improved (31,32).

deliberate and undeclared substitution of low-qual-

Univariate or multivariate analyses are useful for

ity, but indistinguishable using senses, ingredients

Raman-based oil adulteration measurements. Uni-

to hide poor quality or increase the volume of high-

variate analyses are straightforward and allow for

value foods. Adulteration represents a significant

chemical changes to be easily interpreted. Univariate

food safety, labeling, and product quality concern.

markers of total unsaturation and cis isomer content

Olive oils are frequently adulterated because they

have been proposed in the literature. Partial least

are high-quality foods, and adulterated oils often are

squares (PLS) analysis was successful in identifying
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canola oil, rapeseed oil, and spent oil adulterants.

follow the margarine content in the calibration sam-

The principles of measurement for adulteration can

ples. The PCA of model mixtures demonstrate that

be applied toward blending because both involve

the three Raman peaks at 973, 1268, and 1656 cm-1 can

the identification and quantification of a mixed prod-

be attributed entirely to vegetable fat in margarine

uct. Blending is the deliberate and declared substi-

and those peaks can be used to quantify margarine

tution of different ingredients to improve labeling

content in butter. This important feature means that

claims or sensory attributes. Some common exam-

the fat does not have to be isolated from the rest of

ples of a blended product are butters blended with

the sample as was necessary in a chromatographic

margarine or olive oil. Butter blended with margarine,

method. The removal of the fat-extraction step is an

starch, or plant-based oils is also common practice.

improvement toward streamlining the analysis for the

An important aspect to blending is accurate and

laboratory or process environment.

rapid quantification because errors can lead to product giveaway or reduce process efficiency. Similar to

Dairy Goods

adulterated products, blended products generally

Different types of macronutrients are commonly

do not change the taste of butter and detection re-

found in foods, with fats, proteins, and carbohy-

lies upon analysis. Laboratory-based measurements

drates being the main macronutrients. Measure-

can be expensive and require specially trained staff

ment of these macronutrients in a heterogeneous

and consumables. A paper by Nedeljković and oth-

matrix can be achieved using Raman spectroscopy.

ers demonstrates the Raman-based identification

Milk powders is an example of a common food that

of margarine in butter–margarine mixtures (33).

contains fats, protein, and carbohydrates. Cheese is

The motive behind the study was for adulteration

another dairy product that contains fats and proteins.

purposes, but the study can also be viewed in the

Solid milk powders with various concentrations of

context of a product blending application.

fats, carbohydrates, and proteins as shown in Table

In the study by Nedeljković and others, margarine

II were obtained and analyzed as-received. All milk

was distinguished from butter using bands at 1268

powder samples were analyzed in a laboratory using

and 1656 cm-1 associated with the C=C double bond

a Raman Rxn2 Hybrid analyzer (λ = 785 nm). The

and at 973 cm-1 associated with the choline group

analyzer was equipped with a 6-mm Rxn-20 probe,

in the phospholipid. Raman-based calculations

which provided a 6-mm spot size. The Rxn-20 probe

were similar to known values measured by weight.

was positioned approximately 25 cm from the solid

PLS regression further confirmed the very good over-

powder samples. Raman measurements of the milk

all performance of the model, with the coefficient plot

powders were collected for 2 min directly from open

showing large positive values at the locations of the

containers or as loosely packed in a plastic container.

peaks discussed above. For the calibration data,

Figure 2 shows the representative Raman spectra

R 2 = 0.991 and RMSECV = 3.199. For the test data, R 2 =

from four different milk powders. Bands on the spec-

0.994 and RMSEP = 2.757. Principal component analy-

tra arising from lipids (or fats), proteins, and carbohy-

sis (PCA) data showed a relationship between the sec-

drates were identified using known literature values

ond principal component and the margarine content.

(15,34). Importantly, bands from the individual com-

The loading plot confirms that the known chemical

ponents were well-resolved and enable univariate

moieties of margarine (the C=C double bond and the

models for quantification. Although there is spectral

choline group) vary together with margarine concen-

overlap of the constituents, the noted areas in Figure

tration because of the consistently negative peaks at

2 can be used to monitor changes in macronutrients.

973, 1268, and 1656 cm-1, the intensity of which closely

In the example of the 1620–1800 cm-1 region, a more

www.spectroscopyonline.com
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narrow shape of the carbonyl stretch envelope at

carotenoid pigments in spectra from Atlantic salmon.

~1650 cm-1 and the emergence of relatively narrow

By contrast, the spectra of wild coho salmon con-

bands at ~1740 and 1301 cm-1 indicates a preponder-

tained a signal from carotenoid pigments in addition

ance of lipids in powders 3 and 4. More intense and

to lipid and protein bands (data not shown).

broader bands in the 1040–1120 cm-1 region is indica-

Mock process measurements were performed

tive of a higher carbohydrate amount in powders 3

on Atlantic salmon. The large volumetric probe pro-

and 4. By contrast, a broader carbonyl stretch enve-

vides a noncontact measurement over a large volume,

lope at ~1650 cm-1 and a narrow ring breathing band

and the resulting spectra had contributions from the

at ~1005 cm-1 indicates an observable presence of

fatty and muscle portions of the tissue. Measurement

proteins in powders 1 and 2.

times were optimized to be compatible with conveyor
belt speeds. The Raman spectra collected at 1, 3, and

Salmon

5 s were suitable for input into a univariate or multivari-

Fish and meats are other common foods where

ate model with good signal-to-noise (S/N) and spec-

there are different types of macronutrients,

tral resolution. Similar to the measurements collected

which are mostly proteins and fats. Raman spec-

in dairy solids, the width of the amide I envelope at

tra were collected from store-bought samples of

~1660 cm-1 and the presence of the ring breathing

Atlantic salmon, wild coho, and smoked salmon.

band at ~1000 cm-1 were used as protein markers.

Two experiments were performed. In the first experiment, laboratory tests were performed using a bench-

Chocolate

top Raman analyzer (Endress+Hauser) operating at

The primary constituents of chocolate are cocoa

1000 nm equipped with a small-area (measured area

butter and sugar, and measurement of dark or milk

~100 μm2) contact probe. The probe was manually

chocolate is a challenge for Raman spectroscopy

placed on the surface of the fish and signal collected

performed in the visible or shortwave NIR because

for 10–60 s. In the second experiment, a large volu-

cocoa solids strongly fluoresce (35). To mitigate fluo-

metric noncontact probe (measured volume ~3–6

rescence, FT-Raman and surface-enhanced Raman

mm3) was used to assess compatibility with process-

spectroscopy (SERS) was used to study chocolate,

ing plant conditions. Spectra were presented without

cocoa butter, and fermented cocoa beans (36–39).

any preprocessing. The initial tests performed on the

Recent studies reporting dispersive unenhanced

store-bought salmon indicated a feasibility of 1000

Raman with 1064 nm excitation piqued our curios-

nm excitation for laboratory measurements. The

ity to use a benchtop 1000 nm Raman system for

small-area probe was able to collect the signal from

chocolate measurements (40). A 1000 nm Raman

each of these zones without significant interference

Rxn2 analyzer (laser intensity = 100 mW), equipped

from adjacent zones. Figure 3 shows the representa-

with an Rxn-10 probe and non-contact optic that

tive Raman spectra from Atlantic salmon, where there

resulted in a spot size of 150 μm, was used to collect

were visually apparent fat-rich and muscle-rich zones.

Raman spectra from commercially available white-,

The Raman spectra were also visually different. The

milk-, and dark-chocolate samples (41). Raman spec-

top spectrum contained features from mostly lipids

tra were compared with literature studies in cocoa

in fat, and the bottom spectrum contained the pro-

butter polymorphs, lipid extractions of chocolate,

tein features. The approach of using a small-area con-

and chocolate samples (35,36,42). Figure 4 shows

tact probe was applicable when more precise zonal

an example dark-chocolate spectrum collected

measurements were required for quality control pur-

with 1000 nm excitation. Qualitative and quantita-

poses. Notably, there were no bands observed from

tive analysis of several functional groups of cocoa
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Lithium-Ion Battery
Manufacturing and Quality Control:
Raman Spectroscopy, an
Analytical Technique of Choice
The efficiency of renewable energy technologies, such as solar and wind power, has drastically increased over the last decade, whereas the cost of owning these technologies has
decreased significantly. As a result, these changes have created a huge demand for energy
storage devices, including batteries. Of particular interest is the development and improvement of portable lithium-ion (Li-ion) batteries because of their advantages over traditional
battery technologies, including having higher energy density compared to other existing
rechargeable batteries and faster charging. Researchers are constantly investigating ways to
make Li-ion batteries more efficient and safer. Currently, the Li-ion battery technology is far
from perfect and there have been several high-profile reports of failures, including explosions
and fires caused during charging, use, and storage. In this regard, Raman spectroscopy has
proven to be a powerful tool for research and quality control of Li-ion batteries. In this paper,
we present Raman as a technique of choice for quality control of manufacturing processes of
Li-ion batteries. We highlight two cases of bulk analysis of lithium compounds using Raman
spectroscopy during the quality control procedure of raw materials, and one case of analysis
for better manufacturing using Raman imaging microscopy.

Bruno Beccard, Shaileshkumar N. Karavadra, and Sudhir Dahal

S

ir C.V. Raman contemplated the color of the

able with the advent of modern lasers, optics, and

sea on a sea trip returning back to India from

computers, with current uses ranging from the nonde-

England in 1921. These contemplations led

structive identification of minerals to the early detec-

him to conduct a series of research experiments on

tion of life-threatening diseases. Raman was awarded

the scattering of light in then British Calcutta. In 1928,

the Nobel Prize in physics in 1930 for his discovery (4).

he discovered that when a beam of colored light

Today, Raman spectroscopy is utilized by research-

entered a liquid, a fraction of the light scattered by

ers and quality control analysts as a tool to analyze

that liquid was a different color (1–3). Raman showed

cells, tissues, minerals, pharmaceutical compounds,

that the nature of this scattered light was depen-

and nanomaterials (5), and it plays an important role in

dent on the type of sample present. Other scientists

developing new materials as well as in the large-scale

understood the significance of this phenomenon

manufacturing of such materials.

as an analytical and research tool, and called it the

Over the last decade, with the increased use

Raman effect. This method became even more valu-

of renewables and the need for energy storage,

46 Raman Technology for Today’s Spectroscopists

June 2022

95,59
144,21
126,38

192,85

1000

800

600

86,09

118,34

212,25

245,90

327,96
297,93

394,37
367,16

516,87

(b)

94,80

200
150
100
50 (a)
0
1200

618,22

350
300
250

(c)

840,05

600
550
500
450
400

155,88

1090,31

900
850
800
750
700
650

1088,34

Raman intensity

1000
950

400

200

Raman shift (cm-1)
FIGURE 1: Raman spectra of: (a) lithium hydroxide anhydrous, (b) lithium hydroxide
monohydrate, and (c) lithium carbonate.
researchers have been investigating new generations

analysis of lithium compounds and how Raman imag-

of materials for rechargeable lithium ion (Li-ion) bat-

ing can help solve complex problems arising in the

teries. Raman spectroscopy plays an important role

production of anode and cathode films.

in this research phase for characterizing novel anode
and cathode materials (6–8). Raman spectroscopy

Analysis and Observations

has many advantages, but the most important one

Analysis of Raw Materials and

for battery applications involves the detection and

Various Battery Components

measurement of subtle changes in molecular struc-

Li-ion battery manufacturing involves active anode

ture or local chemical environments because the

and cathode materials, solvents, and separa-

Raman spectral results can easily be correlated with

tor films. It is mandatory to control the chemical

the electrochemical performance.

properties of the materials from suppliers of the

Raman spectroscopy has been used to analyze

components and bulk lithium compounds. A va-

many different types of battery components, includ-

riety of analytical techniques are employed, rang-

ing cathode materials, anode materials, and electro-

ing from bulk sample measurement to surface

lytes (6–9). During the manufacturing of Li-ion bat-

analytical techniques at various production stages.

teries, there are several challenges and bottlenecks

Techniques such as inductively coupled plasma

in the analysis workflows. Raman spectroscopy and

(ICP)–mass spectrometry (MS) and ICP–optical

Raman microscopy can overcome these challenges,

emission spectroscopy (OES) are widely used in an-

especially for analyzing lithium compounds, anode,

alyzing impurities. At manufacturing plants where

and cathode slurries, and then utilizing Raman imag-

they develop their own standards (and also rely on

ing for the defect analysis of anode and cathode films

the certificate of analysis provided by the suppliers

during production. This article focuses on examples

of raw materials), bulk analysis of samples is car-

of how Raman spectroscopy has been used for the

ried out using vibrational spectroscopy techniques
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FIGURE 2: Raman spectra of battery-grade lithium hydroxide.
because of the nondestructive and rapid analysis

fiber optic probe can enable in situ measurements

those techniques provide.

or can be located in the glove box for analyzing

Raman spectroscopy is well suited for bulk analysis
of polyatomic lithium salts because the technique is

environmentally sensitive samples, such as battery
electrolyte solutions.

sensitive to hydrated forms of salts. Typical analysis

The shaded areas in Figure 1 show the peaks re-

can be carried out without sample preparation and

lated to the carbonates, and it can be seen that the

typical analysis time is in minutes.

battery-grade lithium hydroxide is free from the con-

Lithium hydroxide (and its hydrated forms) and
lithium carbonate are used as raw materials for battery

taminants. Tests carried out indicated the suitability
of lithium hydroxide for cathode manufacturing.

manufacturing. It is mandatory to check the chemi-

In other tests, several batches of battery-grade

cal identity of these materials and to check whether

lithium hydroxides were compared to check the

carbonate is present in lithium hydroxide salts before

presence of carbonates. As seen in Figure 2,

using them in production. Raman spectroscopy is

the Raman spectrum in red shows no contami-

well suited for this task; typical wet chemistry analyti-

nants, and the spectra in violet, green, and blue

cal tests, in contrast, take longer and are destructive.

shows the presence of carbonates as contami-

A Thermo Fisher Scientific DXR3 SmartRaman

nants (regions below 2000 cm-1).

spectrometer was used to acquire the spectrum of

Lithium sulfide (Li2S) is another active cathode

the battery grade lithium hydroxide anhydrous (A)

material used in high-performance solid-state

and the spectrum was compared with the lithium

batteries. The presence of carbonates were found

carbonate and library reference spectrum of lithium

easily with bulk sample analysis carried out with

hydroxide monohydrate. The DXR3 SmartRaman is

Raman analysis.

a versatile instrument with sampling flexibility and

Figure 3 shows the Raman spectrum of lithium

ease of use. Its universal plate holder enables analy-

sulfide in red and lithium carbonate in violet.

sis of solids and liquids with ease. Additionally, the

As seen from the shaded area, there are car-
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FIGURE 3: Raman spectra of lithium sulfide (red) compared with lithium carbonate (violet).
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FIGURE 4: Raman spectra of pristine cathodes: pristine anode 1 (blue), pristine anode
2 (violet), pristine anode 3 (green), pristine anode 4 (red).
bonate impurities present in the battery-grade

electrode coating depends on uniform thickness,

lithium sulfide.

porosity, material distribution, and adhesion to

The primary source of waste in battery manufac-

the current collector. Any inhomogeneity of these

turing is coating defects. Currently, electrodes with

properties results in defects that lead to local aging

defective coatings are discarded regardless of the

of the electrode and a loss in capacity and cycle life.

type of defect, which greatly increases the cost of

There are several tests that manufacturers carry

production as the raw materials for electrode man-

out to determine the distribution of organic com-

ufacturing are very expensive. The quality of the

pounds on the anode and cathode surfaces, to trace
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FIGURE 5: Raman spectra of different cycled cathodes.
the migration of binder on carbon-based anodes,

fluorescence compared to the others. Fluorescence

to check for contamination on formed anode and

in Raman spectra of cycled electrodes is common

cathode films, and to investigate the thin layer solid

and can originate from multiple sources, such as SEI,

electrolyte interface.

residual electrolyte, or transition metal complexes.

After the batteries are assembled and final

The Raman spectra of the anodes show contri-

tests are completed, investigations are carried out

butions from three major components: graphite,

on failed batteries to determine the root cause of

carbon black, and fluorescence.

failure. For such analysis, Raman imaging can be

The Raman spectra of the cycled anode exhibits

a great tool to complement X-ray photoelectron

two peaks at 1346 and 1582 cm-1, corresponding to

spectroscopy (XPS) and scanning electron micros-

the D and G bands, respectively. The D band corre-

copy (SEM) analysis. Next, we present few exam-

sponds to the presence of defects, and the G band

ples of such analysis.

indicates ideal graphitic sp2 carbons. The ratio of the
D and G band intensities (ID/IG) is considered to in-

Raman Chemical Imaging
of Pristine and Cycled Anodes

dicate the degree of disorder in a carbon structure.
During Raman imaging, spectral data collec-

Raman spectra of the baseline anode and the cycled

tion is synchronized with sample stage movement

anode are shown in Figures 4 and 5. Raman spec-

so that a complete Raman spectrum at each point

tral acquisition and imaging were carried out using a

in the sample (or an area of interest) is acquired.

Thermo Fisher Scientific DXR3xi Raman imaging mi-

This used to be called Raman mapping; however,

croscope. All the samples showed distinct D, G, and

with the increased sensitivity and speed of the

2D bands, characteristic of graphitic carbon. The un-

modern-day instruments, the data can be col-

cycled, pristine baseline sample had the lowest fluo-

lected in minutes rather than days, so the term

rescence background. The cycled anodes showed

Raman imaging is more commonly used.

varying degrees of fluorescence, indicative of the

The areas in Figure 6 shaded in red mark the G

amount of impurities. For example, anode 5 has the

band with higher width and in green correspond

least amount of impurities, thus showing the least

to the lower width of the G band, which shows

www.spectroscopyonline.com
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FIGURE 6: Image of the cycled cathode overlay with Raman chemical image. The entire picture (visible image) is approximately 100 µm x 100 µm, and the Raman image
(overlay image) is approximately 50 µm x 50 µm in spatial dimensions.
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FIGURE 7: Chemical image with multivariate curve resolution (MCR). The entire picture (visible image) is approximately 200 µm x 150 µm, and the Raman image (overlay
image) is approximately 50 µm x 50 µm in spatial dimensions.
smaller crystals, and therefore a lower order,

aging system. Figure 6 shows such cross-section

going more amorphous.

analysis of an anode.

Anode and cathode cross sections are often

The micrograph in Figure 7 shows white material;

created for XPS and SEM analysis for morphology

that is, the residual separator material on the elec-

and particle distribution analysis, and these cross-

trode after it is removed from the battery and rinsed.

sections can often be analyzed using a Raman im-

The dark area is the anode surface.
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Superimposed in the red square is a chemi-

user friendly and removed many of the obstacles that,

cal image generated from an multivariate curve

in the past, made routine use of Raman spectroscopy

resolution (MCR) analysis of the Raman data col-

arduous for users with limited expertise.

lected over a 50 μm square area of the anode.
Red and blue dyed areas represent intensity of
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Pushing the Limit of Raman
Detection of Melamine Using SERS
Vicky Broadley, Nikalyte Ltd.
In this application note, we present the
results for a novel nanoparticle-enhanced
surface-enhanced Raman spectroscopy
(SERS) substrate that overcomes many
of the barriers to the adoption of SERS
in food safety, and demonstrate trace
detection of melamine.

T

he rise in popularity of plant-based eating brings
with it a heightened risk of the unscrupulous
use of protein substitutes, such as melamine. Thus
the need for fast, reliable, and sensitive methods
for detecting food adulterations has never been
greater. SERS promises high-sensitivity detection
of food adulterations using Raman spectroscopy
(1) but has not been widely adopted due to issues
with reliability, reproducibility, cost, and ease of
use. Liquid-based SERS is most commonly used in
laboratories, preferred over expensive solid SERS
substrates, but solution preparation and handling
makes this technique unsuitable for in-field use or
for use by nonexperts.
Nikalyte’s SERS substrates utilize gold
nanoparticles,
generated
in-vacuum
by
terminated gas condensation, are free of the
ligands and hydrocarbons usually associated with
chemical synthesis. The ultrapure nanoparticles
self organize and trap the analyte at hot
spots to provide high signal-to-noise Raman
measurements required for reliable measurement
of low analyte concentrations. In this application
note, we investigate the limit of detection

of melamine using
SERS substrates.

Nikalyte’s

nanoparticle

Experimental Conditions
Raman measurements were performed using
a Wasatch Photonics-785-SR-25 spectrometer
with an integrated laser, and a fiber-coupled
785-nm Raman probe inser ted into a Raman
sample holder with a microscope slide slot
for the SERS substrates. A dilution series of
melamine in water for 0, 1, 10, 10 0, and 10 0 0
ppm was prepared. A laser power density of
15 mW/cm 2 was focused into a 90 0 µm spot.
For each melamine concentration, a Raman
measurement was taken in-vial and also using
the Nikalyte SERS substrates, where a drop of
the solution was simply applied to the active
region of the substrate using a pipette and
allowed to spread before measurement.
Results
The baseline-corrected Raman measurements
for the in-vial and SERS substrates for the full
range of melamine concentrations are shown
in Figure 1. The in-vial measurements of the
melamine solution show no measurable Raman
signal for concentrations less than 10 0 0 ppm,
where a weak signal at 675 cm -1 is observed.
Conversely, the 675 cm -1 melamine peak is
clearly visible for all concentrations of the
solution, including the 1 ppm solution, when
measured using the SERS substrates.
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Figure 1: Baseline-corrected Raman spectra for melamine dilution series measured using
Nikalyte SERS substrates (top) and in-vial (bottom).

Conclusions
The limit of detec tion for melamine was
reduced by three orders of magnitude
from 10 0 0 ppm down to 1 ppm with the use
of Nikaly te nanopar ticle SERS substrates.
The high sensitivit y of the SERS substrates,
coupled with low cost and ease of use, makes
this technique ideal for the detec tion of food
adulterations including melamine, where fast
detec tion of low concentrations is vital to
consumer health.

www.spectroscopyonline.com
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Quantitative Analysis of H2S Scavengers
OndaVia Inc.

MEA-triazine is a commonly used hydrogen sulfide scavenger for oil and gas applications. In this application note, we
describe a technique for robust, facile
quantification of MEA-triazine and its
reaction products using Raman spectroscopy.

H

ydrogen sulfide (H 2 S) is a corrosive, putrid
component of natural gas and crude oil.
To avoid corrosion and asset risk, it is necessar y to remove H 2 S early in the hydrocarbon
transpor t process. One commonly used, nonregenerative hydrogen sulfide scavenger,
MEA-triazine, was supplied as an aqueous
solution in a range of 20 – 80% by mass (%-w t).
MEA-triazine was produced by mixing equal
molar concentrations of monoethanolamine
(MEA) with formaldehyde: Three moles of
each compound are consumed, producing one
mole of MEA-triazine.
Although straightforward in the laboratory,
this process was not trivial at manufacturing
scale. The purity of industrial-grade materials
may not be known precisely and cost factors

may require using materials of lower quality.
It was advantageous to maintain a slight excess
of MEA to guarantee no free formaldehyde remains in solution for hazardous materials labeling purposes. Given the many variables in the
manufacturing process, quantitative analysis
was essential to ensure scavenging performance.
Experimental Conditions
We prepared and measured standard solutions
from analytical-grade MEA-triazine. These solutions were mixed with a Raman-active, water-soluble reagent that acts as an internal standard to
ensure consistent spectra. All experiments used
the OndaVia Analysis System (P/N OV-PP-J007),
a benchtop Raman spectrometer equipped with
a 100-mW, 785-nm laser.
Results and Discussion
A standardized sample-reagent mixture (P/N
OV-PP-B010 -PCT ) gives stable Raman spec tra,
as shown Figure 1. Once normalized to the reagent spec trum, the concentration is linearly
related to the triazine Raman intensit y.
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Figure 1: Raman spectra for MEA-triazine solutions. (Inset) Quantitative analysis of scavenger
solutions as measured using an OndaVia Triazine Analysis kit (OV-PP-B010-PCT).
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Figure 2: Analysis of excess reactants, monoethanolamine and formaldehyde. The same techniques used for MEA-triazine quantification enable a direct measure of residual reactants.
We tested the calibration against a series
of MEA-triazine laborator y standards with six
replicate samples per validation set. The plot
of MEA-triazine analyses is displayed in Figure
1 (inset). The relationship bet ween ac tual and
predic ted concentrations has unit slope with
an average relative error of 3.3%.
The Raman spectrum also includes information
on excess reactants. We prepared small-volume
MEA-triazine solutions with known levels of excess MEA and excess formaldehyde using analytical grade MEA, paraformaldehyde, and deionized
water. At all ratios, the reaction is highly favored
and exothermic with only one excess reactant observable in any given solution. We mapped the
excess reactant concentrations to their respective signals. The results of this calculation are presented in Figure 2. The results are linear and of
unit slope.

www.spectroscopyonline.com

Conclusion
This application note details a simple Raman spectroscopy-based method for repeatable, quantitative triazine monitoring. Not only can this technique
provide an accurate measurement of MEA-triazine,
but it also can simultaneously provide data on any
excess reactants. This method is ideal for manufacturers of MEA-triazine to verify specifications and for
oilfield operators to qualify incoming material.

OndaVia Inc.
26102 Eden Landing Rd. Suite 1
Hayward, California 94545, USA
tel. +1-510-576-0476
www.ondavia.com
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Tracking Polymorph and Crystal Morphology Using
Non-invasive In situ Analysis at a Small Scale
Technobis Crystallization Systems
Controlling Crystallization in Pharmaceuticals

C

rystallization is commonly used in the
manufacturing of solid-dose formulations.
If a crystallization process is well designed,
it can improve a drug molecule’s economic and
biological performance by exer ting control
over par ticle-size distribution and morphology,
polymorphic form, and purity. However, the
process is difficult to control due to the
complex relationship between thermodynamic
and kinetic factors such as nucleation, grow th,
and agglomeration. To maximize the benefits
of crystallization, a thorough understanding
is required, which can be gained though
modelling, design-of-experiment stress testing,
and the use of process analytical technologies
(PAT).
Under taking
these
studies
gives
an
understanding of a crystallization process at

58 Raman Technology for Today’s Spectroscopists

an earlier stage with less material. Fur thermore,
it is possible to accelerate the development of
drugs to market by using the Crystalline device,
equipped with par ticle view cameras and a
Raman spectrometer.
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Figure 1: Raman spectrum transformation for mefenamic acid captured using the Tornado
HyperFlux integrated with the Crystalline instrument.
The Importance of Controlling Crystallization
The control of crystallization is paramount,
especially with molecules that have multiple
polymorphs. Polymorphism is the result
of different stable packing structures in a
crystal lattice and can be differentiated using
offline techniques including X-ray diffraction,
differential scanning calorimetry (DSC), and
Raman spectroscopy. Different polymorphs can
have different physical and chemical proper ties,
which can drastically alter a molecule’s
therapeutic effectiveness. Polymorphs will have
a relative stability between them, one being
the thermodynamic form and the other a
metastable form. Even trace amounts of the
more stable polymorph can result in full
conversion. Therefore, a crystallization process
to produce a metastable polymorph requires a
significant level of control and understanding
at the molecular level.
The invention of PAT has allowed for the realtime in situ monitoring of various parameters,
including concentration, measured with Fourier
www.spectroscopyonline.com

transform infrared (FT-IR) and UV-vis spectroscopy,
cord length (FBRM), morphology, measured
with a particle viewer, and solid-form, measured
with Raman spectroscopy. By tracking these
parameters, it is possible to take proactive
measures to ensure the development of a
robust crystallization procedure. Furthermore,
it is beneficial to use these technologies at the
earliest stage of development and doing so
makes it possible to gather more information
per experiment, reducing the number of
experiments and, consequently, the amount of
material needed. Additionally, the detection
of a process falling out of specification (wrong
polymorph or poor particle-size distribution)
enables mitigation through the implementation
of feedback controls to salvage a batch.
With Crystalline, it is possible to generate
information about the solid form, particle
size, and morphology. By using the integrated
particle viewer and Raman spectroscopy,
one can accelerate the drug development
process at an earlier stage using less material.
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Figure 2: Morphology transformation of carbamazepine Form 2 (needles) to Form 3 (Blocks)
captured using the Crystalline instrument.

Proof of Principle: Mefenamic Acid
Mefenamic acid is a non-steroidal anti-inflammatory drug used to treat mild pain. It has three
polymorphs, with Form I being thermodynamically the most stable form. Using Raman spectroscopy, it is possible to track the rapid conversion of mefenamic acid Form II to Form I by
monitoring the spectral region 1660 –1690 cm -1.
First, 50 mg of mefenamic acid Form II
was suspended in 5 mL ethanol and stirred
(70 0 rpm) using an overhead hook impeller
at 25 °C in the Cr ystalline instrument.
Next, the Cr ystalline was inter faced to
a Tornado HyperFlux™ PRO Plus Raman
spec trometer, equipped with a Hudson™
Probe. This was then adapted to the Cr ystalline
sampling por t (785 nm, with a total collec tion
time of 4.8 s per spec trum).
Over 10 min, the C=O stretching at 1676 cm -1
rapidly decreased in intensity until it was no
longer detectable, signifying the complete
conversion to the thermodynamic Form I.
This experiment highlighted how using the

Crystalline instrument, with the Tornado Raman
spectrometer, resulted in the ability to track
the fast polymorph conversion in real time.
Case Study: Carbamazapine
Polymorphic Transformation
Carbamazapine is an anticonvulsant used
to treat epilepsy and is commonly marketed
as a solid-dosage form. It is also one of the
benchmark compounds in cr ystallization
research because there are several known
polymorphs.
Carbamazapine
has
four
anhydrous polymorphs and a dihydrate
form. Form III is the thermodynamically
most stable polymorph, and Forms I, II,
and IV are metastable but readily obtainable
through cr ystallization. It is possible to
dif ferentiate bet ween Forms II and III using
Raman spec troscopy with optical microscopy,
because the t wo polymorphs show dif ferent
morphologies: Form II, needles, and Form III,
blocks, respec tively.
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Figure 3. Raman spectrum transformation for carbamazepine captured using the Tornado
HyperFlux integrated with the Crystalline instrument.

This experiment was conducted using the
Crystalline instrument interfaced to a Tornado
HyperFlux PRO Plus Raman spectrometer,
equipped with a Hudson™ probe (785 nm, with
a total collection time of 15 s per spectrum).
Carbamazepine (199 mg) was suspended
in isopropanol (5 mL). The sample was
then heated and held at 70 °C and stirred
(70 0 rpm) until a clear solution was obtained.
The solution was then crash cooled to 20 °C
at 20 °C/min to induce crystallization and held
at that temperature with constant stirring
for several hours. After several minutes,
large amounts of fine needle-shaped crystals were
seen using the Crystalline instrument’s par ticle
view camera.
Using in situ Raman spectroscopy on the
Crystalline, a peak was observed at 262.5 cm -1,
indicating the formation of the kinetic
metastable Form II. After approximately 100 min,
some block-shaped crystals of Form III appeared
with the emergence of peaks at 248 and 271 cm -1
in the Raman spectra. Over the course of the
next 130 min, the amount of Form III increased
as the metastable Form II converted.
www.spectroscopyonline.com

Conclusion
By utilizing the Crystalline device with a
Tornado Raman spectrometer, it is possible
to monitor and track polymorphism and
morphology at low working volumes. Typically,
the smallest commercial vessel where Raman
spectroscopy and in-solution microscopy
can be used as PAT tools is 10 0 mL. However,
by using the experimental setup described
in this document, it is possible to obtain the
same data while working at scales as low as
2.5 mL. Working at these reduced volumes
means the material required for crystallization
development is significantly reduced. Solidform selection and research can be under taken
earlier in the active pharmaceutical ingredient
(API) development, increasing the speed at
which an API can be manufactured and made
available to the patient.

Technobis Crystalization Systems
Pyrietstraat 2, 1812 SC Alkmaar, The Netherlands
Tel. +31 (0) 72 3020040
Website: crystallizationsystems.com
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Monitoring Curing Rates in Ophthalmic Materials
Ocean Insight

A modular Raman system was evaluated for
monitoring the curing processes in ophthalmic
materials. For manufacturers of lenses used in
eye surgery, simple tools utilizing spectroscopy can speed up the development of newer and
more effective ophthalmic materials.

curing time because of the consumption of the
C=C bond as polymerization occurs (1).
Conclusions
The polymerization of the UV-irradiated ophthalmic materials was monitored using Raman
spectroscopy. The evolution of a Raman band at
1632 cm -1 was used to determine the extent of C=C
bond consumption as the molecules were polymerized. Another band, at 1720 cm -1, indicated C=O
stretching and was used as an internal standard
to help calculate the conversion rate of the polymer based on the intensity of the 1632 cm -1 band
(Figure 1). Other bands were investigated to determine a contribution from the photoinitiator, but a
clear trend could not be determined.

W

e evaluated a modular 785 nm Raman
setup for characterizing curing processes
in ophthalmic materials. Measurements of several irradiated compounds were conducted over
varying levels of exposure time. To investigate
changes during curing, we compared the data to
previously collected spectra of individual components, including monomers and a cross-linker,
UV absorber, and photoinitiator.

Results
The analysis revealed two regions of interest:
~1620 –1650 cm -1 and 1710 –1745 cm -1. For the
~1620 –1650 cm -1 region, the polymerization of
PEA and PEMA consumes the carbon–carbon
double bond (C=C), which allows the carbons
to bind to other molecules. A study by Lui and
others revealed that monitoring the 1632 cm -1
band can characterize the curing processes,
where the intensity decreases along with the

Reference
(1) F. Liu, Y. Wang, X. Xue, and H. Yang, Polymer
(Korea) 40, 390–396 (2016).

Ocean Insight
3500 Quadrangle Blvd., Orlando, FL 32817
tel. +1 727-733-2447
https://www.oceaninsight.com/

SNV Raman Spectra for
C=C Stretching Band at 1632 cm-1 and C=O Stretching Band at 1720 cm-1
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Figure 1: Intensity from Raman spectra for the C=C and C=O stretching bands was plotted as
a function of curing time. Data was pre-treated using standard normal variate methods.
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Raman imaging
Advanced performance from the
name you trust!
The Thermo Scientific™ DXR3xi Raman Imaging Microscope enables users
across many disciplines to quickly create information-rich chemical images
without Raman expertise. From analyzing lithium-ion batteries to applications
in pharmaceutical research, the system’s research-grade performance
makes it a tool of choice in a wide variety of fields.
Be sure to check out our article:
Lithium-ion batteries manufacturing and quality control:
Raman spectroscopy, an analytical technique of choice
in this month’s issue on page 46.

DXR3xi Raman Imaging Microscope

Learn more with these three assets:

Improving lithium-ion
batteries ebook

Raman microscopy essential
knowledge booklet

Lean manufacturing
on-demand webinar
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