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Cover art: spectroscopy is used for 
field and industrial processes
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FEATURED ARTICLES

06 A Brief Survey of Handheld and Portable Instruments 
Used in Spectroscopy
Jerome Workman, Jr.
This article provides a convenient summary of portable and handheld 
spectroscopy techniques, outlining the most prominent types of compact 
instruments for both atomic and molecular spectroscopy.

14 Making Industrial Raman Spectroscopy Practical
Karen Esmonde-White, Michael Kester, Maryann Cuellar, 
and Ian Lewis
Raman spectroscopy is a valuable process analytical technology (PAT)  
for many applications across multiple industries, as a result of its many 
advantages, such as molecular specificity, ability to be directly coupled  
to a reaction vessel, and compatibility with solids, liquids, gases, and 
turbid media.

21 Atline Analysis of Commercial Graphene Products with 
Raman Spectroscopy 
Dawid Polanski, Enrique Lozano Diz, Michael Watson, 
and Andy Goodwin
Graphene exhibits special properties, such as high strength and high 
electrical and thermal conductivity and as such is highly desirable for key 
electronic components. A new Raman spectroscopy sampling technique  
has been applied to the characterization of batches of graphene that  
provides a simple, at-line method for obtaining key product data.

25 Fiberoptic Formaldehyde Field Sensors for Industrial 
Environments: Capitalizing on Evanescent-Wave Spectroscopy
M. Mar Darder, Luis A. Serrano, María C. Moreno-Bondi, 
Miguel A. Alba, and Guillermo Orellana
An inexpensive fiberoptic-based formaldehyde field sensor is described 
for monitoring low-levels of formaldehyde, a widespread indoor air  
pollutant, based on the principle of evanescent wave absorption of light. 
Sensor prototypes following that principle are being tested in two plywood 
board production plants.

30 Raman Spectroscopy: Bringing Inline Analysis to Production
Brian Marquardt and Bharat R. Mankani
New Raman spectroscopy applications are emerging in non-traditional 
fields because of advances in easy-to-use commercial Raman spectroscopy 
instrumentation. With improvements in lasers, optics, and detectors, Raman 
spectroscopy has developed into a powerful measurement solution for 
manufacturing and quality control applications.
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FEATURED ARTICLE

A Brief Survey of Handheld  
and Portable Instruments  
Used in Spectroscopy

This article provides a set of tables 
summarizing the most prominent hand-
held and portable instruments widely 
applied for field and outside the labo-
ratory analysis. Techniques covered in 
this article include X-ray fluorescence 
(XRF), laser-induced breakdown spec-
troscopy (LIBS), infrared (IR) spectros-
copy, near-infrared (NIR) spectroscopy, 
Raman spectroscopy, ultraviolet, and 
visible spectroscopy.

Jerome Workman, Jr.  

This article is intended to provide 
a convenient summary of porta-
ble and handheld spectroscopy 

techniques. For each technique, it briefly 
explains what the technique measures, 
basic design features, key applications, 
and the general range of dimensions for 
portable and handheld instruments. The 
tables also provide some key references 
for further information on each topic. 

The article summarizes this informa-
tion by providing six tables describing 
the available handheld and portable in-
strumentation for atomic spectroscopy 
techniques, including X-ray fluorescence 
(XRF) and laser-induced breakdown 
spectroscopy (LIBS), as well as molecu-
lar spectroscopy techniques including 
ultraviolet (UV), visible (vis), infrared (IR), 
near-infrared (NIR), and Raman spectros-
copy. Each table includes a generalized 
description of the technique, the techni-
cal design and specifications features, 
a summary of typical dimensions for 
the smaller footprint instruments, and 
a list of applications where the various 
instruments are primarily used. The 
specific applications surveyed include 
agriculture, archaeometry, art, biomedi-
cal, chemicals, environmental, food, fo-
rensics, materials, pharmaceuticals, and 
polymers, which makes sense because 
these are the main application areas 

that lend themselves to in situ analysis 
in either the field or a manufacturing 
plant. For each category, references 
are listed in the reference section. Gen-
eral references include some original 
inventions as well as general refer-
ences for each specific technology or  
spectroscopic technique. 

Recent History of Handheld
and Portable Instruments 
Excellent resources are available on 
the various topics described in this ar-
ticle, including a recent review on the 
subject of portable spectroscopy (P1), 
and a set of volumes describing the 
detailed theory, instrument design, 
methods, and applications of molecular  
spectroscopic techniques (P2).

Introduction to the Tables
The tables in this article describe the 
major attributes for portable atomic 
spectroscopy methods (Tables I and 
II) and for the predominant portable 
molecular spectroscopy methods  
(Tables III–VII).

References
Portable Spectroscopy
(P1)    R.A. Crocombe, Appl. Spectrosc. 72(12), 

1701–1751 (2018).

(P2)  J.J. Workman Jr, Concise Handbook Of 
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Analytical Spectroscopy, Theory, Applica-
tions, And Reference Materials (in 5 Vol-

umes). (World Scientific, Singapore, 2016).

Atomic Spectroscopy
XRF

(X1)   P.T. Palmer, R. Jacobs, P.E. Baker, K. Fer-

guson, and S. Webber, J. Agric. Food 
Chem. 57(7), 2605–2613 (2009).

(X2)  A. Migliori, P. Bonanni, L. Carraresi, N. 

Grassi, and P.A. Mando, X-Ray Spec-
trom. 40(2), 107–112 (2011).

(X3)  G. Buzanich, P. Wobrauschek, C. Streli, 

A. Markowicz, D. Wegrzynek, E. Chinea-

Cano, M. Griesser, and K. Uhlir, X-Ray 
Spectrom. 39(2), 98–102 (2010).

(X4)   P.D. Selid, H. Xu, E.M. Collins, M. Striped 

Face-Collins, and J.X. Zhao, Sensors 
9(7), 5446–5459 (2009).

(X5)  D.J. Kalnicky, and R. Singhvi, J. Hazard. 
Mater. 83(1–2), 93–122 (2001).

(X6)  R. Carr, C. Zhang, N. Moles, and M. 

Harder, Environ. Geochem. Health 30(1), 

45–52 (2008).

(X7)  M.A. Bush, R.G. Miller, A.L. Norrlander, 

and P.J. Bush, J. Forensic Sci. 53(2), 419–

425 (2008).

(X8)   R.J. Speakman, N.C. Little, D. Creel, M.R. 

Miller, and J.G. Iñañez, J. Archaeol. Sci. 
38(12), 3483–3496 (2011).

(X9)  S. Arzhantsev, X. Li, and J.F. Kauffman, 

Anal. Chem. 83(3), 1061–1068 (2011).

(X10) A. Guzzonato, F. Puype, and S.J. Harrad, 

Chemosphere 159, 89–95 (2016).

(X11) S. Piorek, Field Anal. Chem. & Tech. 1(6), 

317–329 (1997).

(X12) A. Longoni, C. Fiorini, P. Leutenegger, 

S. Sciuti, G. Fronterotta, L. Strüder, and 

P. Lechner, Nucl. Instrum. Methods Phys. 
409(1–3), 407–409 (1998).

LIBS

(L1)   X.T. Yan, K.M. Donaldson, C.M. Davidson, 

Y. Gao, H. Wu, A.M. Houston, and A. 

Kisdi, RSC Adv. 8(64), 36886–36894 (2018).

(L2)   P. Vandenabeele and M.K. Donais, Appl. 
Spectrosc. 70(1), 27–41 (2016).

(L3)   V.K. Singh and A.K. Rai, Lasers Med. Sci. 

26(5), 673–687 (2011).

(L4)  R.S. Harmon, F.C. DeLucia, C.E. McMa-

nus, N.J. McMillan, T.F. Jenkins, M.E. 

Walsh, and A. Miziolek, Appl. Geochem. 
21(5), 730–747 (2006).

(L5)   A.P. Rao, J.D. Auxier, D.M. Vu, and M.B. 

Shattan, “Applications of Portable LIBS 

for Actinide Analysis,” in Laser Appli-
cations to Chemical, Security and En-
vironmental Analysis (Optical Society 

of America, Washington, D.C. 2020), 

pp. LM1A-2.

(L6)   M. Markiewicz-Keszycka, X. Cama-Mon-

cunill, M.P. Casado-Gavalda, Y. Dixit, R. 

Cama-Moncunill, P.J. Cullen, and C. 

Sullivan, Trends Food Sci. Technol. 65, 

80–93 (2017).

(L7)  A. Doña-Fernández, I. de Andres-Gi-

meno, P. Santiago-Toribio, E. Valtuille-

Fernández, F. Aller-Sanchez, and A. 

Heras-González, Forensic Sci. Int. 292, 

167–175 (2018).

(L8)  Q. Zeng, L. Guo, X. Li, M. Shen, Y. Zhu, J. Li, 

X. Yang, K. Li, J. Duan, X. Zeng, and Y. Lu, 

TABLE I: X-ray fluorescence (XRF) methods. See general reference X11.

Description of the Technique Technical Design Features 
and References

Main Applications 
and References

Typical 
Dimensions

For X-ray fluorescence (XRF), a sample 
material is exposed to high -energy 
X-rays, causing ionization of the atoms 
comprising the sample. The term 
fluorescence is used to denote that the 
absorption of X-rays by the sample, 
causing the atoms in the sample to re-
emit energy at a lower frequency than 
the excitation energy of the X-rays (to 
fluoresce). When ionization occurs in 
the sample due to the X-ray bombard-
ment, one or more electrons are eject-
ed from both the inner or outer orbitals 
of the atoms for each specific element 
within the sample. When an electron 
is ejected from is orbital by the high 
energy X-rays, the atom is destabilized, 
and a higher-orbital electron moves 
to replace the lower-orbital electron 
that was ejected. The movement of an 
electron from a higher orbital to a lower 
orbital yields a net energy difference in 
the form of an emitted photon. The en-
ergy emitted yields a characteristic or 
specific profile (spectrum), depending 
on the X-ray energy and the specific at-
oms (elements) present in the sample. 
The XRF spectrum provides elemental 
analysis for a sample material, and is 
used to measure the composition of 
materials and chemicals. Main applica-
tions are in the identification of metals, 
ceramics, archaeology and fine art 
objects, forensic science, geology,  
and gemology.

• Design features are  
described in (X2,X11,X12)

• Silicon drift detector (SDD) 
cooled by a Peltier element 
and on a miniaturized X-ray 
generator (X11)

• The use of two tubes with 
different anodes and to the 
presence of a continuous 
helium flow in front of the 
tubes and the detector to 
enhance transmission of 
both primary and charac-
teristic X-rays (X12)

• Vacuum chamber enclosed 
with a Kapton-window, 
allowing the detection of 
chemical elements from Na 
upward, which enables the 
characterization of glass 
and enamel objects with a 
camera and laser pointer 
(X2)

• X-Ray tube: Ag anode 
(6–50 kV, 0–500 uA, 5W 
max)

• Dynamically adjustable cur-
rent for optimal sensitivity 
on every analysis

• IP54 rating
• X-ray tube: 40 or 50 kV
• Max. sample temperature: 

100 or 400 ºC with special 
window material

• Operating environment 
10–40°C

Archaeometry
Art objects
Authentication testing
Cannabis 
Consumer goods validation
Counterfeit testing
Cultural history
Electronics materials
Environmental remediation
Geological exploration
Gold
Jewelry (metals ID and quantity)
Jewelry analysis
Lead paint 
Material identification
Medical devices
Metal fabrication
Metals 
Mining 
Plastics 
Precious metals 
Regulatory compliance
Scrap metal recycling 

References
Agriculture (X1)
Archaeometry and art 
(X2,X3,X12)
Biomedical (X4)
Chemicals (X10)
Environmental (X4,X5,X6)
Food (X1)
Forensics (X7)
Materials (X8)
Pharmaceuticals (X9)
Polymers and petroleum (X10)

Dimensions:
(l x h x w)

7.25 x 10.5 x 
4.5 in

to
9.54 x 8.19 x 

2.67 in
 (24.23 x 

20.8 x 6.78 
cm) 

Weight:

 2.8 lbs. with 
battery  
(1.3 kg)

to 
5 lbs. (2.5 kg)
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J. Anal. At. Spectrom. 31(3), 767–772 (2016).

(L9)   S. Nisar, G. Dastgeer, M. Shafiq, and M. Usman, J. Pharm. Anal. 
9(1), 20–24 (2019).

(L10) D. Stefas, N. Gyftokostas, E. Bellou, and S. Couris, Atoms 7(3), 

79 (2019).

(L11) G.S. Senesi, R.S. Harmon, and R.R. Hark, “Field-Portable and 

Handheld LIBS,” in Laser-Induced Breakdown Spectroscopy (El-

sevier, New York, New York, 2020), pp. 537–560.

(L12) G.S. Senesi, Int. J. Earth Sci. (2017). doi.org/10.15344/2456-

351X/2017/146.

Molecular Spectroscopy
Ultraviolet

(U1)  A. Tuerxun, A.R.M. Shariff, R. Janius, Z. Abbas, and G.A. Mahdiraji, 

IOP Conference Series: Earth and Environmental Science 540(1), 

012085 (2020). 

(U2)  M. Picollo, M. Aceto, and T. Vitorino, Phys. Sci. Rev. 4(4) (2018).

(U3)  E. Borisova, D. Ivanov, B. Kolev, T. Genova, V. Mircheva, S. Ilyov, L. 

Zaharieva, I. Lihachova, A. Lihachovs, J. Spigulis, and P. Troyanova, 

“Autofluorescence Spectroscopy of Cutaneous Neoplasia Under 

Ultraviolet, Visible, and Near-Infrared Excitation,” In Tissue Optics 
and Photonics (International Society for Optics and Photonics, 

Bellingham, Washington, 2020), 11363, pp. 113630Z.

(U4)  H.E. Tahir, Z. Xiaobo, X. Jianbo, G.K. Mahunu, S. Jiyong, J.L. Xu, 

and D.W. Sun, Food Anal. Methods 12(10), 2361–2382 (2019).

(U5)   E.M. Alves, R.J Rodrigues, C. dos Santos Corrêa, T. Fidemann, J.C. 

Rocha, J.L.L. Buzzo, P. de Oliva Neto, and E.G.F. Núñez, Environ. 

TABLE II: Laser-induced breakdown spectroscopy (LIBS) methods. See general references L11 and L12.

Description of the Technique
Technical Design 

Features and 
References

Main Applications 
and References

Typical 
Dimensions

Laser-induced breakdown spectroscopy (LIBS) 
uses a high-energy laser pulse to excite a sample 
material. The laser pulse—focused on a small 
area on the surface of a sample—is of such 
intensity that it forms a plasma by simultaneously 
atomizing (ablating) and exciting nanogram or 
picogram quantities of the excited sample spot. 
LIBS is based on the physics of optical emission  
spectroscopy and is an advanced design 
concept developed from earlier applications 
of arc-spark spectroscopy. In LIBS, any ele-
ment will emit a unique spectrum when excited 
to sufficiently high plasma temperatures of 
up to 30,000 K; this is well known from stellar 
astronomy. Higher-performing LIBS handheld 
instruments are capable of detecting all elements 
in the periodic table, depending on the laser 
pulse energy and the design of the spectrometer. 
Lower-cost portable instruments will not detect 
elements such as Br, Cl, Cs, F, H, N, O, Rb, and S. 
When the plasma is first formed after laser abla-
tion, the spectrum is not available due to high-
temperature ionic and atomic species, but after 
a few-microseconds delay, cooling occurs and 
the usual elemental atomic emission lines may be 
detected. LIBS is used for quantitative analysis 
for relative abundance of the elements present 
in a sample, and is often applied for identification 
or analysis of impurities in metals, ceramics, or 
electronics materials. Typically used for C, Co, Cu, 
Pb, Sn, Ti, Zn, AI, and Mg analysis.

• Design features are 
described in (L11,L12).

• Modern features 
include: touchscreen, 
built-in camera for 
selection of sampling 
area, USB, Wi-Fi data 
streaming, docking 
station, laser ablation 
pre-burn for cleaning 
of sample surface, 
holster for easy car-
rying, verification test 
samples, full one day 
operation on single 
battery charge, and 
industrial housing, 
such as NEMA 3 
(IP54).

• Spectrometer ranges:  
200–800 nm wave-
lengths

• Detector range: 
2048 pixel CCD array

• Laser Type:  
Pulsed Nd-YAG at 
1064 nm

• Plasma plume (par-
tially ionized gas) 
in the temperature 
range of 5,000–
20,000 K

Alloys (Al, Mg, Ti, Co, Cr, Ni, Cu, 
steels–various grades)
Archeology
Brines (Li, B, C, F, Na) 
Carbon in stainless steel (LOD = 
0.01%)
Carbon in other steel types 
Elemental R&D
Environmental soil
Forensics samples
Geochemistry
Glass 
Material identification
Material sorting
Minerals 
Mining
Oil and gas
Polymers 
Scrap/Recycling
Soils (Li, B, C, F, Na)

References
Agriculture (L1)
Archaeometry and art (L2)
Biomedical (L3)
Chemicals (L4,L5)
Environmental (L4,L5)
Food (L6)
Forensics (L7)
Materials (L8)
Pharmaceuticals (L9)
Polymers and petroleum (L10)

Dimen-
sions:

(l x h x w)

6.0 x 11.0 x 
13.0 in

(152 x 279 x 
330 mm)

to
11.2 x 14.8 x 

3.75 in
(275 x 315 x 

95 mm)

Weight:

2.4 kg  
(5.3 lbs.) 

with battery
to 

3.6 kg
(8 lbs)

Remote Sensing FTIR Spectrometer

The D&P Instruments Model 102 Remote Sensing FTIR 
spectrometer is a handheld portable battery-powered 
spectrometer used for highly calibrated measurements 
of absolute radiance and emissivity in the field. 
The spectrometer features a thermally stabilized 
interferometer, an embedded PC computer with sunlight 
readable screen, and through-the-lens fore-optics for 
viewing targets. The software calculates and displays 
real-time results in the field and stores all raw data for 
re-processing later on. It 
is supplied with compact 
batteries, a worldwide AC 
supply and charger, and 
can also be run from a car 
cigarette lighter or power 
outlet. See details at 
www.dpinstruments.com. 

D&P Instruments
Simsbury, CT 
www.dpinstruments.com

ADVERTISEMENT

http://www.dpiinstruments.com
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Monit. Assess. 190(6), 319 (2018).

(U6)  Y. Weesepoel, M. Alewijn, M. Wijtten, and 

J. Müller-Maatsch, J. AOAC Int. (2020). 

doi.org/10.1093/jaoacint/qsaa099.

(U7)  X. Li, J. Li, J. Ling, C. Wang, Y. Ding, Y., 

Chang, N. Li, Y. Wang, and J. Cai, Sens. 
Actuators B Chem. 128303 (2020).

(U8)  M. Hunault, G. Lelong, M. Gauthier,   

F. Gélébart, S. Ismael, L. Galoisy, F. 

Bauchau, C. Loisel, and G. Calas, Appl. 
Spectros. 70(5), 778–784 (2016).

(U9)  W. Chen, Y. Xiong, W. Wang, T. Wu, 

L. Li, Q. Kang, and Y. Du, Talanta 203, 

77–82 (2019).

(U10) O.R. Koseoglu, A. Al-Hajji, and G. Ja-

mieson, Characterization of crude oil 

by ultraviolet visible spectroscopy, 

Saudi Arabian Oil Co, U.S. Patent 

10,048,194 (2018).

(U11) M.L. Passos and M.L.M. Saraiva, Mea-
surement 135, 896–904 (2019). doi.

org/10.1016/j.measurement.2018.12.045

(U12) A.B.D. Nandiyanto, R. Zaen, R. Oktiani, 

A.G. Abdullah, and L.S. Riza, Telkomnika 

16(2), 580–585 (2018).

Visible

(V1)   M.J. Aitkenhead, G.J. Gaskin, N. Lafouge, 

and C. Hawes, Sensors 17(1), 99 (2017).

(V2) Q. Wu, M. Hauldenschild, B. Rös-

ner, T. Lombardo, K. Schmidt-Ott, 

B. Watts, F. Nolting, and D. Ganz, 

“Does Substrate Colour Affect the Vi-

sual Appearance of Gilded Medieval 

Sculptures? Part I: Colorimetry and 

Interferometric Microscopy of Gilded 

Models” (2020). doi.org/10.21203/

rs.3.rs-66102/v1.

(V3) W. Zhao, S. Tian, L. Huang, K. Liu, L. 

Dong, and J. Guo, Analyst 145(8), 2873–

2891 (2020).

(V4)  A. Motalebizadeh, H. Bagheri, S. Asiaei, 

N. Fekrat, and A. Afkhami, RSC Adv. 
8(48), 27091–27100 (2018).

(V5)  D.A. Fischer, “Portable Instrumentation for 

UV-Visible Spectroscopy of Ambient and 

Laboratory-Generated Aerosols” (doctoral 

dissertation, University of Georgia, Athens, 

Georgia, 2018). http://purl.galileo.usg.edu/

uga_etd/fischer_donald_a_201805_phd

(V6)   J. Vincent, H. Wang, O. Nibouche, and P. 

Maguire, Sensors 18(6), 1708 (2018).

(V7) G.O. da Silva, W.R. de Araujo, and T.R. 

Paixão, Talanta 176, 674–678 (2018).

(V8) A. De Bonis, G. Cultrone, C. Grifa, A. Lan-

gella, A.P. Leone, M. Mercurio, and V. 

Morra, Ceram. Int. 43(11), 8065–8074 (2017).

TABLE III: Ultraviolet (UV) spectroscopy methods. See general references U11 and U12.

Description of the Technique Technical Design Features 
and References

Main Applications 
and References

Typical 
Dimensions

Ultraviolet (UV) spectroscopy represents the 
(104–190 vacuum UV) or 190–360 nanome-
ters (nm) (UV) region of the electromagnetic 
(EM) spectrum. When a sample is illuminated 
using UV energy, specific electrons within 
the sample’s chemical bonds change their 
excited states. The specific bonds affected 
include nonbonding electrons, electrons in 
single bonds, and electrons involved in double 
bonds. These electrons may be excited to 
several excited states and the absorption 
spectrum of a sample is dependent both on 
the chemical bonds present and the atoms 
attached to the bonds. As examples, the pres-
ence of double bonds and attached elements 
such as oxygen, bromine, and others with 
pairs of nonbonding electrons will dramatical-
ly affect the UV spectrum of a sample. Most 
elements with UV absorbances have specific 
wavelengths at which their peak absorbances 
occur and the shape and location of peaks in 
absorbance spectra are used to identify the 
presence of specific atoms and molecular 
bonds. UV spectra are generally not complex, 
but contain enough features for identification 
of some types of bonds. A common use of 
this capability is in the pharmaceutical indus-
try where UV-vis detectors are frequently 
used with high performance liquid chroma-
tography (HPLC) instruments as a final check 
before a drug product is released for sale 
to consumers. The various moieties associ-
ated with UV spectra (in alphabetical order) 
include: acetylenes (-C≡C-), 170 nm; alcohols 
(R-OH), 180 nm and 175–200 nm; aldehydes 
(R-C=O–H), 190 nm and 290 nm; alkenes 
(>C=C<), 175 nm; amides, primary (R-C=O 
–NH2), 210 nm; amines, primary (R-NH2), 190 
nm and 200–220 nm; azo-group (R-N=N-R), 
340 nm; carboxylic acids (R-C=O–OH), 205 
nm; esters (R-C=O–OR), 205 nm; ethers (R-
O-R), 180 nm; ketones (R-C=O -R’ ), 180 nm 
and 280 nm; nitriles (R-C N), 160 nm; nitrites 
(R-NO2), 271 nm; and thiols (R-SH), 210 nm.

• Design features are de-
scribed in (U11,U12).

• Modern features include: 
touchscreen interface, 
compact standalone 
design, use of small-
volume cuvettes (≤0.5 
μL), extended spectral 
coverage of 100–1100 nm, 
ingress protection (IP54), 
USB, external I/O, Wi-Fi, 
RS-232, SPI, 4-20 mA 
analog for PLCs, digital 
I/O, and ethernet, battery 
operation, backlit graphic 
display, optional 12 V bat-
tery operation. CCD and 
PDA versions with fiber 
optic capabilities. 

• Handheld vacuum ultra-
violet to ultraviolet VUV/
UV units may use Czerny-
Turner spectrograph de-
sign, and may measure as 
low as 104 nm minimum 
range. 

• Spectrum scanning 
across entire range from 
198 to 1000 nm

• 5 nm spectral bandwidth 
• Press-to-read xenon lamp 

or Tungsten halogen lamp
• Generally UV-vis capa-

bilities are combined into 
one instrument

• Spectral resolution 
1.3~5.0 nm FWHM 
(varies by configuration)

• Wavelength ranges 
300–1000 nm, 
250–800 nm, 
380–760 nm, 700–1100 nm

Absorption 
Biological macromolecules
Chromatography detector
Cosmetics
Dental analysis
Dissolution testing (tablets)
Dissolved organics
DNA-RNA analysis
Environmental: trace  
organics in water
Fluorescence 
Food constituents
Light source testing (LEDs)
Oligonucleotides
Protein analysis
Quality analysis
Quality control
Reflectance 
Semiconductors 
Taste constituents
Vitamins

References
Agriculture (U1)
Archaeometry and art (U2)
Biomedical (U3)
Chemicals (U4)
Environmental (U5)
Food (U6)
Forensics (U7)
Materials (U8)
Pharmaceuticals (U9)
Polymers and petroleum 
(U10)

Dimensions:
 (w x d x h) 

5.8 x 3.9 x 
1.2 in

(148 x 98.5 x 
31.4 mm)

to
10.8 x 15.7 x 

8.7 in
(275 x 400 x 

220 mm)

Weight:

2 kg (4.4 lbs.) 
to 

6 kg (13.2 lbs.)



10  Spectroscopy Outside the Laboratory   November 2020 www.spectroscopyonline.com

FEATURED ARTICLE

TABLE IV: Visible (vis) spectroscopy methods. See general references V11 and V12.

Description of the Technique
Technical Design 

Features and 
References

Main Applications 
and References

Typical 
Dimensions

Visible (vis) light is light visible to the naked 
human eye and is defined as electromag-
netic radiation (EMR) from 360 to 780 
nm. Visible spectra include information 
for electronic and molecular interac-
tions of visible energy with the atoms and 
molecules within a sample. The visible 
spectrum contains molecular absorp-
tions including infrared harmonic bands or 
overtones. These include (in alphabetical 
order), alkenes, conjugated RC=C-C=C-
R’, aromatic C-H Stretch (5ν), methyl C-H 
stretch (5ν), methylene C-H stretch (5ν), 
O-H alkyl alcohol (4ν, no hydrogen bond-
ing), O-H alkyl alcohol (6ν, no hydrogen 
bonding), O-H phenols (4ν, no hydrogen 
bonding), O-H primary alcohols (4ν), 
O-H secondary alcohols (4ν), O-H ter-
tiary alcohols (4ν), and O-H water (4ν). 

Vis light is also commonly used to deter-
mine color coordinates that are precisely 
defined in mathematical terms. Colors are 
produced by electrons in molecules or 
atoms that move from one orbital transi-
tion to another when subjected to visible 
energy. The precise color of a sample 
depends on the light source color tempera-
ture and emission spectrum, the angle of 
observation, and the object background 
brightness and color differences. The 
size, direction, and scattering/absorption 
characteristics of the object also have an 
effect on its color appearance. The basic 
seven colors with corresponding wave-
lengths are violet (360–415 nm), indigo 
(415–444 nm), blue (444–487 nm), green 
(487–540 nm), yellow (540–590 nm), 
orange (590–690 nm), and red (690–830 
nm). The major color coordinate systems 
are CIE, XYZ tristimulus values, Yxy color 
space, L*a*b* color space, L*C*h color 
space, and Hunter Lab color space. 

• Design features 
are described 
in (V11,V12).

• Modern features 
include: backlit 
graphic display, bat-
tery operation, color 
and appearance 
software, compact 
standalone design, 
digital I/O, ethernet, 
extended spectral 
coverage of 190–1100 
nm, fast scan speeds, 
fiber optic accessory 
capabilities (some), 
gloss measurement 
software, ingress 
protection (IP54), 
optional 12 V battery 
operation, reflection 
accessories, silicon 
photodiode, CCD 
and PDA detector 
versions, touch-
screen interface, 
USB, external I/O, 
Wi-Fi, RS-232, SPI, 
4-20 mA analog 
for PLCs, Xenon 
flash source.

• 60 Hz Operating 
Temp. +5 °C to 40 °C, 
with relative humid-
ity 80% or less.

• Power supply: bat-
tery or 100–240 
V; 50; or 12 VDC, 
60 W adapter.

Absorption 
Beverage color
Chromophores (natural and 
synthetic)
CIE color space
Colony counting
Colorimetric methods (reagent-
based) 
Colorimetry applications (spe-
cific to multiple enzyme analysis)
Dental analysis
Dissolution testing (tablets)
Dissolved organics
Environmental: trace organics in 
water
Food color
Gemstone and mineral colors
Gloss levels on coatings and 
solid surfaces
Hunter Lab color space
L*a*b* color space 
L*C*h color space
Light source testing (LEDs)
Pharmaceutical product color
Purity
Quality analysis
Quality control
Reflectance 
Turbidity
Wine color
XYZ tristimulus color values 
Yxy color space

References
Agriculture (V1)
Archaeometry and art (V2)
Biomedical (V3)
Chemicals (V4)
Environmental (V5)
Food (V6)
Forensics (V7)
Materials (V8)
Pharmaceuticals (V9)
Polymers and petroleum (V10)

Dimensions:
 (w x d x h) 

3.9 x 3.9 
x 8.7 in

(100 x 100 
x 200 mm)

to
5.9 x 11.8 
x 19.7 in

(150 x 300 
x 500 mm)

Weight:

0.5 kg  
(1.1 lbs.)

to 
8 kg  

(3.63 lbs.)

(V9) A. Lantam, W. Limbut, A. Thiagch-

anya, and A. Phonchai, Microchem. 
J. 105519 (2020). doi.org/10.1016/j.mi-

croc.2020.105519

(V10) N. Shisa, S. Ishihara, Y. Huang, M. Asai, 

and K. Ariga, “Colorimetric Sensor 

for Facile Identification of Methanol-

Containing Gasoline” (No. 2017-01-

1288). SAE Technical Paper (2017). doi.

org/10.4271/2017-01-1288

(V11) A. Scheeline, and T.A. Bùi, Appl. Spec-
trosc. 70(5), 766–777 (2016).

(V12) K. Devarayan, “Progress in Development 

of Portable Colorimeters for On-Site 

Analyses” (2019). PDF at https://chesci.

com/wp-content/uploads/2019/11/

V8i31_2_CS072050061.pdf

Near-Infrared

(N1)  J. Workman Jr. and L. Weyer, Practical 
Guide and Spectral Atlas for Interpretive 
Near-Infrared Spectroscopy (CRC Press, 

Boca Raton, Florida, 2012).

(N2)  M. Attas, E. Cloutis, C. Collins, D. Goltz, 

C. Majzels, J.R. Mansfield, and H.H. Man-

tsch, J. Cult. Herit. 4(2), 127–136 (2003).

(N3) A. Bozkurt, A. Rosen, H. Rosen, and 

B. Onaral, Biomed. Eng. Online 4(1), 

1–11(2005). doi.org/10.1186/1475-

925X-4-29

(N4) R.M. Correia, E. Domingos, F. Tosato, 

N.A. dos Santos, J.D.A. Leite, M. da 

Silva, M.C. Marcelo, R.S. Ortiz, P.R. Fil-

gueiras, and W. Romão, Anal. Methods 
10(6), 593–603 (2018).

(N5) M. Sut, T. Fischer, F. Repmann, T. Raab, 

and T. Dimitrova, Water Air Soil Pollut. 
223(8), 5495–5504 (2012).

(N6)  C.A.T. Dos Santos, M. Lopo, R.N. Páscoa, 

and J.A. Lopes, Appl. Spectrosc. 67(11), 

1215–1233 (2013).

(N7)  K. Tsujikawa, T. Yamamuro, K. Kuwayama, 

T. Kanamori, Y.T. Iwata, K. Miyamoto, F. 

Kasuya, and H. Inoue, Forensic Sci. Int. 
242, 162–171 (2014).
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TABLE V: Near-infrared (NIR) spectroscopy methods. See references N1, N11, and N12.

Description of the Technique
Technical Design 

Features and 
References

Main Applications  
and References

Typical 
Dimensions

Near-infrared (NIR) spectroscopy is de-
fined as the range of the EMR spectrum 
from 780 nm to 2500 nm, although mea-
surable associated molecular vibrational 
energy exists in both the visible and infrared 
spectral extended spectral regions from ap-
proximately 650 nm to 2650 nm (P2,N1). NIR 
spectroscopy generally uses reflection mode 
to collect reflectance spectra. NIR spectra 
are formed from the absorptions of overtone 
and combination bands of the mid infrared 
fundamental molecular absorptions. For 
many solid samples, NIR spectra are com-
prised of overlapping bands that sometimes 
are poorly resolved. Chemometric methods 
have usually been applied to calibrate NIR 
spectrophotometers for either qualitative or 
quantitative analysis. The dominant near-
infrared spectral features (in alphabetical 
order) include aromatic C-H stretching vibra-
tions, carbonyl associated C-H stretching, 
methoxy C-H stretching, methyl C-H stretch-
ing vibrations, methylene C-H stretching vi-
brations, N-H from amine salts, N-H from pri-
mary amides, N-H from primary, secondary, 
and tertiary amines, O-H stretching vibra-
tions, and secondary amides (both alkyl, and 
aryl group associations). Early uses of NIR 
spectroscopy were applied for agricultural 
analysis of such components as (in alphabet-
ical order with band peaks positions) amino 
acid polymers such as proteins (2180 nm), 
carbohydrates (2100 nm), glucose-based 
polymers such as cellulose (2336 nm), lignin-
based polymers (2270 nm), moisture (1440 
and 1940 nm), and paraffins or long alkane 
chain polymers, such as lipids (2310 nm),

• Operating 
Temp. +5 oC 
to 40 °C, with 
relative humid-
ity 80% or less.

• Power supply: 
battery 14.4 V 
DC, 
3500 mAh;  
100-240 V; 
50/60 Hz; or 
12 VDC, 60 
W adapter.

• Available Spec-
tral Ranges:  
700–1100 
740–1070  
800–2600  
900–1700  
908–1676  
950–1650  
1100–1350  
1350–1650  
1350–2500  
1550–1950  
1596–2396 
1750–2150  
2000–2450 
nm; 

• Measuring 
spot size: 13 
mm to 25 mm 

Absorption 
Alcohol content
Authentication
Beverage chemistry
Counterfeit materials and products
Dissolution testing (tablets)
Drug identification
Fat content of meat and fish; 
Fiber content of foods
Field analysis of agricultural crops 
Food chemistry
Forensics
Fruit ripeness in vineyards 
Fruits and vegetables; 
Identification of raw materials
Moisture content in foods 
and agricultural products
Optical materials analysis
Pharmaceutical product chemistry
Protein content of cereals 
Purity
Quality analysis
Quality control
Reflectance 
Soil analysis for organics
Wine chemistry

References
Agriculture (N1)
Archaeometry and art (N2)
Biomedical (N3)
Chemicals (N1,N4)
Environmental (N5)
Food (N6)
Forensics (N7)
Materials (N8)
Pharmaceuticals (N1,N9)
Polymers and Petroleum (N10)

Dimensions:
(w x d x h) :

Dimensions:
9.0 x 3.9 
x 11.8 in.

(230 x 100 
x 300 mm)

Weight: 

2.5 kg 
(5.5 lbs.)

to 
15 kg 

(33 lbs.)

(N8) O.R. Dumitrescu, D.C. Baker, G.M. Fos-

ter, and K.E. Evans, Polym. Test. 24(3), 

pp.367-375 (2005).

(N9) V.H. da Silva, J.J. da Silva, and C.F. 

Pereira, J. Pharm. Biomed. 134, 287–294 

(2017).

(N10) M. Kumagai, H. Suyama, T. Sato, T. 

Amano, and N. Ogawa, J. Near Infrared 
Spectrosc. 10(4), 247–255 (2002).

(N11) E.W. Ciurczak, B. Igne, J. Workman Jr., 

and D.A. Burns, Handbook of Near-In-
frared Analysis (CRC Press, Boca Raton, 

Florida, 4th Ed., 2020).

(N12) Y. Zhang, J.W. Sun, G. Wei, F. Scopesi, G. 

Serra, and P. Rolfe, “Design of a portable 

near infra-red spectroscopy system for 

tissue oxygenation measurement,” in 

3rd International Conference on Bioin-

formatics and Biomedical Engineering 

(June 11, 2009) pp. 1-4 doi.org/10.1109/

ICBBE.2009.5162593

Infrared

(I1)    E.D. Wilkerson, G.E. Anthon, D.M. Bar-

rett, G.F.G. Sayajon, A.M. Santos, and 

L.E. Rodriguez-Saona, J. Agric. Food 
Chem. 61(9), 2088–2095 (2013).

(I2)    M. Vagnini, F. Gabrieli, A. Daveri, and D. 

Sali, Spectrochim Acta A Mol. Biomol. 
Spectrosc. 176, 174–182 (2017).

(I3)   A. Schwaighofer, M. Brandstetter, and 

B. Lendl, Chem. Soc. Rev. 46(19), 5903–

5924 (2017).

(I4)    I. Yut and A. Zofka, Appl. Spectrosc. 
65(7), 765–770 (2011).

(I5)    I. Litvak, Y. Anker, and H. Cohen,. RSC 

Adv. 8(50), 28472–28479 (2018).

(I6)  M. Manfredi, E. Robotti, F. Quasso, 

E. Mazzucco, G. Calabrese, and E. 

Marengo, Spectrochim Acta A Mol. Bio-
mol. Spectrosc. 189, 427–435 (2018).

(I7)   J. Manheim, K.C. Doty, G. McLaughlin, 

and I.K. Lednev, Appl. Spectrosc. 70(7), 

1109–1117 (2016).

(I8)    S. Karampelas, L. Kiefert, D. Bersani, 

and P. Vandenabeele, “Gem Analysis,” 

in Gems and Gemology (Springer Inter-

national Publishing, Cham, Switzerland, 

2020), pp. 39–66.

(I9)    A.G. Usman, U.M. Ghali, and S. Işık, 

J. Fac. Pharm. Ankara 44(1), 188–203 

(2020). doi.org/10.33483/jfpau.599077

(I10) M. Said, M. Amr, Y. Sabry, D. Khalil, 

and A. Wahba, “Plastic Sorting Based 
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TABLE VI: Infrared (IR) spectroscopy methods. See general references I11 and I12.

Description of the Technique
Technical Design 

Features and 
References

Main Applications Typical 
Dimensions

Infrared (IR) or mid-infrared spec-
troscopy represents the EMR spec-
tral region from 4000 to 400 cm-1 
(2500 to 25000 nm). The molecular 
absorptions for this spectral region 
are intense, isolated, and reliable 
absorption bands of fundamen-
tal molecular vibrations from both 
inorganic and organic compounds. IR 
spectra are routinely measured with 
high signal strength (absorptivity) for 
solids, liquids, or gas-phase measure-
ments. Attenuated total reflection 
(reflectance) (ATR) is quite useful 
for portable instruments because it 
requires no sample preparation and 
measurements are made simply by 
sample contact with the ATR crystal. 
For transmission measurements, small 
pathlengths of 0.1 to 1.0 mm are used 
for hydrocarbon liquids and/or solid 
films. IR may be used with specialized 
fiber-optic materials, such as chalco-
genides fibers. Dominant IR spectral 
bands include (in alphabetical order), 
C-Cl stretch from chlorinated hydro-
carbons, C-F (fluorocarbon) stretch-
ing, C-H (methyl, methylene, aromatic, 
methoxy, and carbonyl) fundamental 
stretching and bending molecular 
vibrations, -C=N (nitrile) stretching, 
-C=O (carbonyl) stretch from esters, 
acetates, and amides, N-H (amine) 
stretching, -NO2 from nitro- contain-
ing compounds, and O-H (hydroxyl) 
stretch fundamental vibrations.

• Design features are 
described in (I11,I12).

• DGTS or MCT detectors
• Power: Two (2) inter-

nal batteries (3 h), or 
100/120/240 V AC, 
50/60 Hz

• Spectral range MCT: 
5000–1100 cm-1

• Resolution: 4–16 cm-1

• Controller: Inte-
grated CPU with 
Microsoft OS

• Can be operated by 
PC or Mobile software

• Warmup time: 10 min
• Response time: 2 min
• Operating tem-

perature: 0–40 °C 
(32–104 °F)

• Storage tempera-
ture: -25–75 °C 
(-13–167 °F)

• Humidity: 95% non-
condensing

• Water resistance: 
completely sealed

• Sampling interfaces: 
diffuse reflectance, 
external reflectance, 
grazing angle, dia-
mond ATR, Ge ATR

Absorption 
Adhesives chemistry
Alcohol content
ATR (attenuated total reflectance)
Authentication
Beverage chemistry
Coal quality
Counterfeit materials and products
Drug identification
Elastomer chemistry
Explosives and explosive precursors 
identification
Fat content of meat and fish 
Food chemistry
Food spoilage
Forensic sample identification and 
analysis
Forensics
Fruits and vegetables 
Gemology identification
Geological specimen analysis
HAZMAT chemicals identification
Identification of raw materials
Metal coatings
Milk (fat, lactose, protein, solids)
Moisture content in foods and agricul-
tural products
Paint analysis
Paper and pulp analysis
Polymer coatings
Polymer composition and 
identification
Polymer film identification and analysis
Quality analysis
Quality control
Reflectance 
Surfactant chemistry
Trans fat analysis
Wine chemistry

References
Agriculture (I1)
Archaeometry and art (I2)
Biomedical (I3)
Chemicals (I4)
Environmental (I5)
Food (I6)
Forensics (I7)
Materials (I8)
Pharmaceuticals (I9)
Polymers and petroleum (I10)

Dimensions:
(w x d x h)

4 x 7.5 x 
13.6 in

 (100 x 190 
x 350 mm) 

Weight: 

1.88 kg (4.15 
lbs.) without 

batteries 
to

2.22 kg  
(4.9 lbs.) with 

batteries

on MEMS FT-IR Spectral Chemomet-

rics Sensing,” In Optical Sensing and 
Detection VI 11354, 113540J. (Interna-

tional Society for Optics and Photon-

ics, Bellingham, Washington, 2020). 

doi.org/10.1117/12.2555876

(I11) R. Mukhopadhyay, “Produc t re-

view: Portable FT-IR Spectrometers 

Get Moving” (PDF version online). 

https://pubs.acs.org/doi/pdf/10.1021/

ac041652z

(I12) Y.M. Sabry, K. Hassan, M. Anwar, M.H. 

Alharon, M. Medhat, G.A. Adib, R. Du-

mont, B. Saadany, and D. Khalil, “Ultra-

Compact MEMS FTIR Spectrometer,” 

In Next-Generation Spectroscopic 
Technologies X 10210, 102100H. (In-

ternational Society for Optics and Pho-

tonics, Bellingham, Washington, 2017). 

doi.org/10.1117/12.2268078

Raman

(R1)  S.H. Liu, B.Y. Wen, J.S. Lin, Z.W. Yang, 

S.Y. Luo, and J.F. Li, Appl. Spectrosc. 
p.0003702820951891 (2020). doi.

org/10.1177/0003702820951891

(R2)   D. Lauwers, A.G. Hutado, V. Tanevska, L. 

Moens, D. Bersani. and P. Vandenabeele, 

Spectrochim Acta A Mol. Biomol. Spec-
trosc. 118, 294–301 (2014).

(R3)  Y. Zou, M. Huang, K. Wang, B. Song, 

Y. Wang, J. Chen, X. Liu, X. Li, L. 

Lin, and G. Huang, Laser Phys. Lett. 
13(6), 065604 (2016).

(R4)  J. Jehlička, P. Vitek, H.G.M. Edwards, 

M.D. Hargreaves, and T. Čapoun, J. 
Raman Spectrosc. 40(8), 1082–1086 

(2009).

(R5)  M. Li and X. Zhang, Bull. Environ. 
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TABLE VII: Raman spectroscopy methods. See general references R11 and R12.

Description of the Technique
Technical Design 

Features and 
References

Main Applications Typical 
Dimensions

Raman spectroscopy is used to mea-
sure inelastic scattering of energy from a 
bright-light monochromatic energy source 
(laser) impinging on an organic or inorganic 
sample. A Raman scattered energy spec-
trum is measured as the Stokes shift, gener-
ally from 3500 to 50 cm-1. The laser energy 
interacts with target sample molecules 
(vibrations, excitations, or phonons) so that 
the laser photon energy (frequency) is shift-
ed up (anti-Stokes shift) or down (Stokes 
shift). The specific Stokes shift in energy 
is correlated to the vibration modes of the 
sample and the resulting Raman spectrum 
is complementary with its corresponding 
infrared (IR) vibrational spectrum. Thus, IR 
and Raman spectra have similar fundamen-
tal molecular vibration information, except 
that Raman spectra do not contain infor-
mation on weak scattering molecules such 
as water (H2O), carbon dioxide (CO2), and 
glass (SiO2), whereas IR spectra have large 
absorptions for these molecules. Raman 
spectra are easily measured for aqueous 
samples or samples contained in glass 
vials. There is typically no sample prepara-
tion required for samples measured using 
Raman, and Raman measurements are 
compatible with silica-based fiber optics. 
The dominant Raman spectral features that 
are somewhat unique as compared to IR 
spectra are (in alphabetical order) acety-
lenic C≡C stretching, C-Cl (halogenated 
hydrocarbons) stretching, C-S stretching, 
C=S stretching, carbonyl C=O stretch as-
sociated with esters, acetates, and amides, 
CH2 twist and wagging, N=N (azo-) stretch-
ing, -NO2 (nitro-/nitrite) stretching, olefinic 
C=C stretch at 1680-1630 cm-1; phenyl- 
containing compounds at 1000 cm-1,S-H 
(thio-) stretching, and S-S stretching bands.

• Design features are 
described in (R11,R12).

• Lasers: 532, 785, 
1064 nm excitation

• Laser output power: 
300 mW output, >215 
mW at sample

• Spectral range: 400 
to 2300 cm-1

• Spectral resolution: 
max. 10 cm-1

• Operating tempera-
ture: -20 °C to +40 °C

• Humidity 10–85%
• Spectral range 01: 

150–3350 cm-1 
• Resolution <8.0 cm-1 

at 12 nm
• Spectral range 02 

230–3500 cm-1

• Resolution 4 cm-1 (1 
cm-1 pixel resolution)

• High sensitivity open 
electrode CCD, 1024 
x 256 pixels

• Hermetically sealed 
vacuum

• Air cooled operation 
at -50 °C

• 21 CFR Part 11 
compliant software 
available, including 
material ID checking 
software

• Calibration to ASTM 
and NIST standards

• Optional IQ/OQ

Alcohol content
Authentication
Beverage chemistry
Coal quality
Counterfeit materials and 
products
Drug identification
Elastomer chemistry
Explosives and explosive 
precursors identification
Fat content of meat and fish
Food chemistry
Food spoilage
Forensic sample identification 
and analysis
Forensics
Fruits and vegetables 
Gemology identification
Geological specimen analysis
HAZMAT chemicals identifica-
tion
Identification of raw materials
Illicit drug detection
Medicine counterfeiting
Polymer composition and 
identification
Polymer film identification and 
analysis
Quality analysis
Quality control
Surfactant chemistry
Wine chemistry

References
Agriculture (R1)
Archaeometry and art (R2)
Biomedical (R3) 
Chemicals (R4)
Environmental (R5)
Food (R6)
Forensics (R7)
Materials (R8)
Pharmaceuticals (R9)
Polymers and petroleum (R10) 

Dimensions:
(w x d x h)

6.2 x 4.0 
x 1.1 in

(158 x 101 
x 29 mm)

to
15.7 x 10.2 

x 9.8 in
(400 x 

260 mm x 
250 mm)

Weight:

0.650 kg 
(1.4 lbs.)

 to 
9 kg 

(19.8 lbs.)

Contam. Toxicol. 1–12 (2020). doi.

org/10.1007/s00128-020-02989-5

(R6)  X. Gong, M. Tang, Z. Gong, Z. Qiu,  

D. Wang, and M. Fan, Food Chem. 
295, 254–258 (2019).

(R7) J. Fujihara, Y. Fujita, T. Yamamoto, 

N. Nishimoto, K. Kimura-Kataoka, 

S. Kurata, Y. Takinami, T. Yasuda, 

and H. Takeshita, Int. J. Legal Med. 
131(2), 319–322 (2017).

(R8)  J. Jehlička, A. Culka, D. Bersani, and 

P. Vandenabeele, J. Raman Spec-
trosc. 48(10), 1289–1299 (2017).

(R9)  L.M.M. Lê, A. Tfayli, J. Zhou, P. Pro-

gnon, A. Baillet-Guffroy, and E. Cau-

dron, Talanta 161, 320–324 (2016).

(R10 )A. Klisińska-Kopacz, B. Łydżba-

Ko p c z yń s k a ,  M.  C z a r n e c k a ,  T. 

Ko ź l e c k i ,  J .  d e l  H o y o  M é l e n -

dez, A . Mendys, A . K łosowska-

Klechowska, M. Obarzanowski, and 

P. Frączek, J. Raman Spectrosc. 50(2),  

213–221 (2019).

(R11) J .P.  B o u rg e o i s  a n d O.  Vo r l e t , 

CHIMIA International Journal for 
Chemistry 72(12), 905 –906 (2018). 

(PDF document). doi.org/10.2533/

chimia.2018.905

(R12)M. Tang, X. Wang, F. Xianguang, 

W. Li, Y. Xu, J. Que, J. He, and Y. 

Zuo, Appl. Opt. 55(26), 7195–7203 

(2016).
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Making Industrial Raman  
Spectroscopy Practical

Raman spectroscopy is now a first-
choice process analytical technology 
for several reasons. Within a short 
time frame, Raman spectroscopy has 
transitioned from an esoteric labora-
tory technique to a practical indus-
trial tool in laboratory and manu-
facturing applications. We highlight 
important technology milestones in 
Raman spectroscopy’s history, mod-
ern approaches to sampling probes, 
and the role of instrument accuracy 
in analytical model development. Ap-
plications of Raman spectroscopy 
in process control and understand-
ing its fundamentals form the basis 
for expanding Raman spectroscopy 
in new applications and integrating 
Raman spectroscopy into new process  
automation strategies.

Karen Esmonde-White, Michael Kester, Maryann Cuellar, and Ian Lewis 

R aman spectroscopy is an opti-
cal spectroscopy technique based 
on inelastically scattered light. 

The resulting Raman spectrum provides 
a “molecular fingerprint” of the sample, 
delivering highly specific information 
about chemical composition and mo-
lecular structure without sample prepa-
ration. We provide an overview of Raman 
spectroscopy for industrial applications. 

From Laboratory to Process
The specificity of a Raman spectrum is 
powerful because it provides a chemi-
cal fingerprint of a sample, thus allowing 
a qualitative assessment of a material’s 
chemical composition and molecular 
structure. From the first reports of the 
Raman effect in 1928 until the early 1970s, 
technology for certain components, such 
as lasers and scientific cameras, enabled 
Raman spectroscopy to be used for aca-
demic laboratory studies in geology, 
biology, and chemistry fields. Although 
these developments in Raman spectros-
copy represented a significant advance 
over original instrumentation, Raman 
spectroscopy instrumentation was still 
complex, inefficient, and difficult to op-
erate. One reason for this difficulty was 
the inefficiency and instability of optical 
components such as filters and wave-
length separators. Until the early 1990s, 

it was a challenge for Raman spectrosco-
pists to simply measure a usable Raman 
spectrum. However, the academic com-
munity consensus was that the challenges 
of using Raman spectroscopy were worth-
while to get the composition and molec-
ular structure information unobtainable 
via other spectroscopy techniques. In the 
1990s, however, process and quantitative 
applications were limited because of in-
strument instability. 

The standardization of optical com-
ponents represented the next genera-
tion of enabling technologies for Raman 
spectroscopy outside the academic 
laboratory. Standardizing optical com-
ponents and simplifying instrument de-
sign in the 1980s and 1990s resulted in 
the first generation of commercially avail-
able Raman instruments for microscopy 
and benchtop applications. Quantitative 
Raman spectroscopy for industrial appli-
cations became more practical during the 
1980s and 1990s. Since then, additional 
improvements in optical components, 
laser stability, integrated spectrograph 
design, and fiber-optic sampling probes 
have helped make Raman spectroscopy 
a practical technology outside the labo-
ratory. Today, Raman spectroscopy can 
be applied in various research settings. 
These include portable, industrial, en-
vironmental, and clinical research set-
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tings. In industrial process applications, 
Raman spectroscopy is a proven process 
analytical technology (PAT) in pharma-
ceutical, bioprocessing, chemical, and  
food applications.

As a PAT, Raman spectroscopy can 
be integrated into an in-process or 
manufacturing site in several ways.  
Figure 1 shows the differences between 
inline, online, at-line, and offline installa-
tions. There are many factors that affect 
choices about the type of installation, 
such as process chemistry, cycle time, 
presence of hazardous conditions at 
the site, skill level of the operator, and  
application needs. 

Instrumentation
Hardware
Several excellent in-depth discussions 
of Raman spectroscopy instrumentation 
fundamentals have been published (1–3). 
Briefly, instrumentation used to collect a 
Raman spectrum include a light source, a 
sampling optic, a signal collection optic 
(interchangeably called a spectrograph 
or spectrometer), and a low-noise detec-
tor. The light source, typically a laser, is 
delivered to the sample either by free-
standing optics, a microscope, or a fiber-
optic sampling probe. A spectrograph 
based on holographic volume technol-
ogy enables simultaneous collection of 
all wavelengths without moving parts, 
resulting in a fast, robust, and reliable in-
strument. The use of non-moving parts in 
the spectrograph imparts the advantage 
of consistently high spectral performance. 
This consistency allows the user to per-
form calibration transfer from instrument 
to instrument seamlessly and prevented 
calibration rework if there is a laser or  
detector change.

Sampling from Nanoscale 
to Megaton Production
One benefit of Raman spectroscopy is 
sampling flexibility. For industrial uses, 
sampling is available in a microscope, 
sample chambers, or fiber-optic probes 
for immersion sampling or through sight 
glass. At the nano- and micrometer scale, 
Raman microscopy is a valuable labora-
tory instrument because it provides de-

tailed chemical information at high spa-
tial resolution (4). Commercially available 
Raman microscopes, first introduced in 
the early 1970s, enabled point spectros-
copy and imaging studies in academic 
research laboratories in biomedical, 
chemical, materials, semiconductor, and 
pharmaceutical fields (5–8). Raman mi-
croscopy applications have continued 
to grow and have expanded into the 
nanoscale. Tip-enhanced Raman spec-
troscopy (TERS) incorporates a metallic 
atomic force microscopy (AFM) needle 
into a Raman microscope. With TERS, 
Raman spectroscopy on the nanometer 
scale can be achieved (9,10). Surface-
enhanced Raman spectroscopy (SERS) is 
another enhancement approach that can 
increase Raman signal 102 to 106 times 
and provide detailed chemical informa-
tion (11,12). New substrates for SERS have 
expanded its application from the analy-
sis of single molecules to biomarkers. 
In addition to enhancement mediated 
through metal-substrate plasmonics, 
as in TERS and SERS, coherent Raman 
spectroscopy approaches such as co-
herent anti-Stokes Raman spectroscopy 
and stimulated Raman spectroscopy can 
provide rapid and high-quality signals for 
imaging or spectroscopy applications 
(13,14). These nano- and micro- scale ap-
proaches are undergoing a resurgence of 

interest because of the development of 
new plasmonic materials, the extension 
of the techniques to biological and clini-
cal applications, and commercial interest. 
These approaches are used primarily in 
the laboratory across many industries. In-
dustry applications of Raman nanoscopy 
and microscopy can include testing of 
multilayer films, understanding degra-
dation mechanisms, quality control, and 
high-resolution imaging in melts, solid 
dispersions, or polymers. 

In environments outside the laboratory 
at larger scales, fiber-optic probes pro-
vide a convenient and reliable sampling 
format. Sampling probes are useful be-
cause they can be directly immersed into 
a process, into a slip stream, or outside 
a sight glass. The use of visible or near-
infrared fiber optics means that the probe 
can be placed in a process that is meters 
away from the Raman spectrograph. 
Therefore, the probe can stay inside 
the process media, and Raman spectra 
can be recorded automatically without 
needing to physically collect a sample for  
laboratory measurement. 

Fiber-optic sampling probes are a key 
technology enabling process Raman 
spectroscopy for many reasons. One ben-
efit of using sampling probes is that many 
industrial processes pose contamination 
and safety risks when manually collecting a 

Inline Online At-line Of�ine

Labratory
measurements

FIGURE 1: Implementation of Raman spectroscopy in industrial settings can 
be within a laboratory or process environment. From left: Online and Inline 
applications bring the analysis into the process either directly, as is the case 
of inline, or through a slipstream, as is the case for online. At-line measure-
ments bring the laboratory to the process site, but still require collection of a 
sample from the process. Offline measurements are performed when a sample 
is collected from the process and analyzed in a laboratory. These options have 
greatly expanded the use of Raman spectroscopy in industrial applications.
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sample for laboratory analysis. For exam-
ple, in the chemical industry, processes 
may involve toxic chemicals or hazardous 
conditions, increasing the safety risks of 
manual sampling (15). In upstream bio-
processing, manual sampling increases 
the risk of contaminating the sterile  
cell culture. 

Another reason that sampling probes 
are beneficial is because they can mea-

sure in solids, liquids, gases, or turbid 
media without requiring specialized 
adaptors or sample preconditioners. 
Its ability to maximize signal collec-
tion in each phase of matter requires a 
fundamental understanding of photon 
migration and the physical conditions 
at the probe–process interface before 
building specialized probes based on  
that understanding. 

Chemical analysis of solid or turbid 
media requires special consideration 
to capture the spatial heterogeneity of 
the layers or bulk product. Raman spec-
troscopy is widely used to analyze solid 
heterogeneous samples because it pro-
vides detailed chemical information and 
requires no sample homogenization, al-
lowing for bulk or cross-sectional analy-
sis in a spatially heterogeneous sample. 
Some examples of solid or turbid ma-
terials monitored by process Raman 
spectroscopy include pharmaceutical 
tablets, slurries, graft copolymers, and 
processed foods. For these materi-
als, their optical scattering properties 
are important to understand because 
they have an impact on the measured  
sampling volume (16).

Understanding the effects of optical 
scattering on Raman signal recovery 
guides the design and selection of a fi-
ber-optic probe. There are applications 
that should harness the effects of opti-
cal scattering to obtain a representative 
sample or minimize the effects of optical 
scattering from bubbles or particulates. 
Figure 2 shows the principle of photon 
scattering through a layered solid system 
and how fiber geometries can be tai-
lored to optimize collection of a surface 
or subsurface Raman signal. 

Figure 3 shows commercially avail-
able variants of sampling probes for 
Raman spectroscopy using optical 
fibers. A commonly used approach is 
backscattered Raman spectroscopy, 
which is highlighted in Figure 2. In 
backscattered Raman spectroscopy, in-
cident and Raman-scattered light share 
the same optical path. This geometry 
allows the collection of a small volume. 
In the layered system shown in Figure 2, 
a backscattered probe will collect a sig-
nal from the surface layer. This type of 
probe geometry can be applied toward 
measurement in liquids, especially to 
reduce potentially deleterious effects 
of bubbles, turbidity in the liquid, or 
immiscible liquids. This type of probe 
can also be used to measure surfaces  
of solids. 

To obtain signals from a larger volume, 
collection fibers can be offset from the 

Backscattered
Single-point surface
Of�ine, at-line, inline

Large volumetric
Single-point 3D volume

Of�ine, at-line, inline

SORS
Single-point 3D volume

Of�ine, at-line

Transmission
Single-point 3D volume

Of�ine, at-line

∆d

FIGURE 3: An in-depth view of available fiber geometries for sampling probes, 
type of measurement provided, and their typical installations. Solid lines in-
dicate delivery of the laser via an optical fiber, and defocused laser delivery 
indicated by a solid cylinder. Dashed lines indicate the position of collection 
fibers. There are many possibilities for offline measurements of solids or liq-
uids, and a single analyzer with multiple “plug-and-play” probes can provide 
sampling flexibility. For inline or online measurements, it is important to con-
sider the installation location in addition to the process’s optical scattering 
and chemical properties. (SORS = spatially offset Raman spectroscopy.)

d3

d2

d1

FIGURE 2: Understanding the principles of photon diffusion in turbid media 
can help with selection of a sampling probe. In turbid media, laser light de-
livered by the excitation fiber (shown in red) is scattered multiple times and 
results in a volume of scattered light (shown in yellow). Dashed lines show the 
path of surface-scattered and subsurface-scattered photons. Strategic place-
ment of collection fibers (in grey) can optimize collection of Raman signal. In 
the case of a closely placed collection fiber, at distance d1, most of the col-
lected signal comes from the surface. Longer collection fiber offsets from the 
excitation results in collection of signal from the surface with some subsur-
face signal, shown by d2, and mostly subsurface signal, shown by d3.
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excitation fiber. Large volumetric Raman 
spectroscopy uses a wide laser beam 
and multiple collection fibers to obtain 
data from surface and subsurface layers. 
Large volumetric sampling is a useful ap-
proach for in-process measurements of 
content uniformity or processing solids 
and turbid media. Spatially offset Raman 
spectroscopy (SORS) and transmission 
Raman spectroscopy utilize a single-
point excitation with spatially offset 
collection fibers. In SORS, the fibers 
are typically in the same plane, and in 
transmission Raman spectroscopy, the 
collection fibers are typically 180° from 
the excitation fiber. These probes are 
used in solids applications ranging from 
through-container raw material identi-
fication to in-process quality assurance 
of processes involving solids or turbid 
media such as blending. Together, these 
four variants provide sampling flexibility 
from early development to manufac-
turing, in applications from laboratory 
quality assurance (QA) to in-process  
monitoring, testing, or control.

Analytical Model
There are many approaches to modeling 
spectroscopic data with either a univari-
ate or multivariate model. Multivariate 
models are more commonly used, and 
these models can incorporate first princi-
ple bounds in the model (known as hard 

modeling) or be based on correlation or 
covariance without any a priori knowl-
edge (known as soft modeling) (17). One 
important consideration for industrial ap-
plications is model transferability. Model 
transfer can refer to a) transfer across dif-
ferent instruments that measure the same 
process, or b) expanding the scope of an 
existing model to account for changes 
in process conditions, such as pressure, 
temperature, media composition, and 
reactor size. An excellent 2018 review on 
calibration transfer discusses how hard-
ware design affects model transfer (18). 
Hardware built for high-accuracy with a 
uniform internal design, but with housing 

configurable to the installation environ-
ment, has a few advantages, including 
reproducible cross-instrument perfor-
mance, compatibility with “turn-key” sam-
pling probes, and ease of servicing. This 
flexible design allows the user to perform 
calibration transfer from instrument to in-
strument and prevents calibration rework 
in the event of subsampling, or a laser or 
detector change. Another important 
consideration is the choice of probe. 
Probe selection impacts representative 
sampling and model development, and 
certain probe optics may adversely affect 
model transferability or robustness in tur-
bid media and solids (19,20). 
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FIGURE 4: The chemical structure of polystyrene (insert) and its Raman spec-
trum. The sharp Raman bands of polystyrene correspond to specific chemical 
structures and can be used to identify, monitor, and quantify the polymer.
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Applications
Biopharmaceuticals
Raman spectroscopy has been success-
fully applied to upstream biopharmaceu-
tical development in industrial settings 
since 2010 (17). Whether for cell culture 
or fermentation bioprocesses, in batch 
or continuous mode, Raman spectros-
copy has many proven benefits, includ-
ing the ability to simultaneously measure 
nutrients, metabolites, and cell viability. 
Raman spectroscopy also allows for the 
cross-scale method transfer from the 
laboratory to a current good manufactur-
ing practice (cGMP) environment without 
significant method adjustments (21–23). 
Recent studies have demonstrated that 
Raman spectroscopy-based feedback 
control of glucose feeding or lactate 
accumulation in cell cultures has ben-
efits of improved monoclonal antibody 
product quality and increased titer (24–
26). Feedback-based control was also 
achieved in highly fluorescing cell cul-
ture and fermentation applications using 
wavelengths closer to shortwave infrared 
(1–1.4 μm) (27,28). More recent work has 
further expanded upstream monitor-
ing to amino acids and titer predictions 
(29,30). In downstream applications, 
Raman spectroscopy can be equally 
powerful and we have seen recent suc-
cessful cases of Raman spectroscopy 
used to quantify protein concentration 
and to monitor chromatography-based 
purification and crystallization (31,32). 

Chemical Manufacturing
As performance demands on polymeric 
materials have increased, polymerization 
processes have become more complex 
and often require tighter control of pro-

cess parameters. Enabling mega-volume 
processes that can consistently make a 
quality product safely have increased the 
demand for PAT with high uptime that 
enables real-time, closed-loop process 
control. An example of successful poly-
mer analysis by Raman spectroscopy is 
polystyrene, an important polymeric ma-
terial. Figure 4 shows a Raman spectrum 
of polystyrene. What should be noted 
about the spectrum is that the peaks 
correspond to known chemical moieties, 
and they are sharp, identifiable, and 
quantifiable, which makes robust process 
monitoring and control possible. Styrene 
polymerization can be easily quantified 
using the area or intensity ratio of the 
styrene vinyl bond at 1630 cm−1 to the 
1000-cm-1 reference band. 

Raman spectroscopy-derived con-
centration predictions closely match 
measurements carried out by gravim-
etry, but without the need for sample 
extraction. The work reported by Brun’s 
team indicates that Raman spectros-
copy could be part of a control strategy 
to avoid process upsets and ensure 
quality of a polymer product (33). Spe-
cifically, these results demonstrate the 
utility of Raman spectroscopy for moni-
toring the polymerization of styrene into 
polystyrene. The data were able to be 
generated quickly (in a matter of sec-
onds), and they corresponded well with 
data obtained by classical gravimetric 
methods that are known to give good 
results but are also cumbersome and 
time-consuming.

Csontos’s group developed an ef-
fective feedback control loop based on 
Raman spectroscopy for a hazardous 
exothermic oxidation reaction (34). They 

were able to determine the end point 
of the process reaction, following the 
quantification of reaction components 
and an unstable intermediate. This was 
another successful example of Raman 
spectroscopy giving visibility into an in-
dustrial chemical reaction allowing for 
real-time control of the overall process. 
Similarly, Hart’s group was able to de-
velop an accurate Raman spectroscopy 
calibration model for end-point deter-
mination of an etherification, where the 
residual level of chloropyrazine start-
ing material needed to be minimized 
(35). At the outset, they were aware the 
reaction may be scale dependent be-
cause a heterogenous base (K2CO3) was 
used. They successfully demonstrated 
that the calibration work for reaction 
end-point determination done at the 
laboratory scale was easily transferred 
to the scaled-up pilot plant, with pre-
dicted results closely matching man-
ual off-line high-performance liquid  
chromatography results. 

Raman spectroscopy has also been 
used to improve our understanding of 
the reaction kinetics of many processes, 
such as mechanochemical Knoevenagel 
condensations (36). In one study, crys-
tallization properties were examined for 
the condensation of three fluorinated 
benzaldehyde derivatives and malo-
nonitrile by Hart’s group using in situ  
Raman spectroscopy. 

As we continue to find ways of deal-
ing with climate change, Raman spec-
troscopy will play an increasingly signifi-
cant role in controlling and optimizing 
industrial processes that involve green-
house gases like CO2. Recently, Jina-
dasa’s group demonstrated the ability 
of Raman spectroscopy to effectively 
monitor speciation of a CO2 capture 
process for both the lean and rich amine 
streams (37). Other chemical processes 
involving carbon chemistry, such as the 
common Suzuki-coupling reactions of 
the C–C bond, can also benefit from 
Raman spectroscopy through yield op-
timization. In this scenario, parameters 
like temperature and concentration can 
be varied independently within reaction 
limits to find optimal operating condi-

TABLE I: Properties measured by Raman spectroscopy for meat or fish  
quality attributes

Quality 
Attribute

Property Measured by 
Raman Spectroscopy Laboratory Reference

Taste Fatty acid unsaturation Iodine test
Liquid or gas chromatography

Texture Protein secondary structure Mechanical tests
Moisture

Color Carotenoid content Color card
UV-vis spectroscopy
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tions. In doing so, Heteni and Janagap 
were able to develop a robust partial 
least squares (PLS) model using their ex-
perimental Raman spectra, and online 
predictions from the model agreed well 
with offline gas chromatography–mass 
spectrometry (GC–MS) measurements 
of reaction yield (38).

Pharmaceuticals
Raman has been used to examine crys-
tallization and the solid state form of 
small-molecule active pharmaceutical 
ingredients (API) since the 1980s (39). 
As in many industries, applications of 
Raman spectroscopy in small-molecule 
pharmaceuticals have surged in the 
past three decades as technology has 
improved. Because of these technologi-
cal advances, Raman spectroscopy is 
now a practical analysis technique in the 
pharmaceutical laboratory and process 
environments. As a PAT in API manufac-
turing, Raman spectroscopy has demon-
strated value from scientific understand-
ing to process control. A recent paper by 
Nagy’s group highlights the industrial 
trend for using Raman spectroscopy for 
real-time monitoring and control for sec-
ondary processing batch steps (40). We 
are enthusiastic about recent reports in 
continuous solids monitoring and solid 
phase unit operations, including in situ 
control of crystallization and polymor-
phism, process-induced transformations, 
low-dose formulations, and tablet coat-
ing. Automated Raman spectroscopy 
measurements are compatible with the 
fast cycle times and can provide process 
understanding for continuous solids pro-
duction approaches, including twin-screw 
granulation and hot melt extrusion (41,42).

Food and Beverage Industry 
The food and beverage industry works 
in a highly regulated environment with 
strict controls on quality and safety. In 
this respect, there are similarities be-
tween food and beverage production 
and biopharmaceutics and small mol-
ecule API manufacturing. Although the 
PAT framework has been successfully 
used in pharmaceutical and biophar-
maceutical manufacturing since 2004, 

its application has lagged in the food 
and beverage industry until recently. A 
more current interpretation of PAT in 
food and beverage is that it represents 
“a silent revolution in industrial quality 
control in food processing” (43). As a 
result, there are more reports of Raman 
spectroscopy in food processing (44,45). 
One application area that is particularly 
benefitting from Raman spectroscopy is 
meat and fish processing. Meat and fish 
quality is based on taste, texture, and ap-
pearance. All of these quality attributes 
have a basis in the specimen’s chemical 
properties, making Raman spectroscopy 
well-suited to providing a fast, non-de-
structive, and multiattribute quality mea-
surement (46). Table I shows an overview 
of Raman spectroscopy-provided labo-
ratory measurements for meat or fish  
quality attributes. 

Laboratory studies demonstrate that 
Raman spectroscopy can provide both 
a fast and effective analytical method 
for determining iodine value, polyun-
saturated fatty acids, monounsaturated 
fatty acids, and saturated fatty acids in 
samples of pork back fat (47–49). Even in 
a highly sophisticated meat processing 
plant, a fair amount of byproducts are 
generated. One strategy to minimize 
by-product waste is to use it as input for 
creating other valuable materials such 
as hydrolyzed proteins, and new re-
search is showing the promise of Raman 
spectroscopy-based feedback control in  
this application (50,51). 

Conclusions
Raman spectroscopy is a valuable PAT 
for many applications across multiple 
industries. The molecular specificity, 
ability to be directly coupled to a reac-
tion vessel, and compatibility with sol-
ids, liquids, gases, and turbid media are 
advantages of Raman spectroscopy. 
Application success and rapid return-
on-investment are realized in Raman 
spectroscopy-based feedback control 
because it enables in-process correc-
tions and ensures process and product 
quality. The established history of pro-
cess Raman spectroscopy in molecular 
identification, quantification, and process 

monitoring form the basis for continuing 
to expand Raman spectroscopy to new 
applications. We are enthusiastic about 
bringing Raman spectroscopy even fur-
ther into industry through the adoption 
of industry 4.0 principles in PAT, increased 
automation, and even more integration 
of Raman spectroscopy into process  
control applications. 
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Atline Analysis of  
Commercial Graphene Products 
with Raman Spectroscopy

Successful adoption of graphene ma-
terials requires simplified techniques 
that can provide representative, atline 
data to ensure the quality and repeat-
ability of high-volume manufacturing 
processes. A new Raman spectroscopy 
sampling technique has been applied 
to the characterization of batches of 
graphene product that provides a sim-
ple, atline method for obtaining key 
product data. The technique is simple 
to operate and does not require highly 
skilled operators. Atline analysis with a 
portable Raman spectrometer is used 
to monitor every batch of graphene 
product manufactured by a graphene 
supplier, confirming that the products 
are low defect, high-aspect ratio gra-
phene platelets. The analysis of the 2D 
band indicates that the average gra-
phene platelet is <5 layers thick. 
 

Dawid Polanski, Enrique Lozano Diz, Michael Watson, and Andy Goodwin 

Graphene has gained a large 
amount of attention in the scien-
tific and engineering communities 

and is currently being explored extensively 
for its properties, such as high strength and 
high electrical and thermal conductivity 
(1,2). Graphene has been proposed as a 
highly suitable material for memory chips, 
batteries, touchscreens, composites, sen-
sors, barrier films, and even medicine and 
drug delivery systems (3,4).

Currently, graphene materials are being 
applied to industrial markets for rubbers 
and composites, fire retardancy products, 
construction materials, and energy storage 
(5). Standard methods for the character-
ization of graphene materials support the 
establishment of internationally accepted 
nomenclature and categorization of gra-
phene-like materials (6). Much analysis of 
graphene requires applying sophisticated 
techniques only available at research and 
speciality measurement laboratories. For 
successful adoption of graphene materials 
in industrial applications, there is a need 
for simplified techniques that can provide 
representative, atline data to ensure the 
quality and repeatability of high-volume 
manufacturing processes. In the study 
presented here, a new Raman spectros-
copy sampling technique has been ap-
plied to the characterization of batches 
of graphene product that provides a 

simple, atline method for obtaining key  
product data.

Raman spectroscopy is a tool that allows 
for effective identification of the sp2-car-
bon lattices found in graphite, graphene, 
and carbon nanotubes. Raman spectros-
copy provides chemical and structural in-
formation based on the vibrational and ro-
tational modes of a molecule. The samples 
are irradiated with a monochromatic laser 
and emit inelastically scattered radiation, 
which is then collected by the spectrom-
eter. Raman spectroscopy has been widely 
used for characterizing carbon allotropes, 
and the technique has been valuable for 
the identification and quantification of 
these materials.

Raman spectroscopy is recommended 
for the analysis of graphene materials by 
the National Physical Laboratory (NPL) 
and the British Standards Institute (BSI) 
(7,8). The identity of graphene in Raman 
spectra is determined by the presence of 
a disorder (D) band at 1350 cm-1, a gra-
phitic (G) band at 1585 cm-1, and a 2D 
band at approximately 2700 cm-1 (9). The 
intensity ratio of the D and G bands (ID/
IG) measures the level of defects and the 
2D band indicates platelet thickness. The 
presence of multilayer graphene in more 
than 10 layers or graphite is identified by 
a shoulder in the Raman spectrum at 2720 
to 2740 cm-1.
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Figure 1 shows the differences within 
the 2D bands related to the quantity of the 
layers present. A band at 2720 to 2740 cm-1 
is clearly evident in the graphene materi-
als with 5 and 10 layers. The spectrum of 
the 10-layer material is very similar to that  
of graphite. 

Recent research on electrochemically 
exfoliated graphenes demonstrates the 
challenges in interpreting Raman data, in-
cluding the need for representative sam-

pling and the important impact of sample 
treatment prior to analysis (10). 

Raman analysis of graphene products 
has traditionally been performed using 
confocal Raman microscopy. Although 
Raman microscopy is a useful and effec-
tive technique for research laboratories 
because it provides information on a mi-
croscopic scale, it is less useful for quality 
control and atline testing. The data can-
not be considered representative of bulk 

products and a highly skilled operator is 
typically required. A new method has been 
developed that utilizes a portable Raman 
spectrometer with a large-spot, remote 
sampling accessory. This method enables 
rapid, representative analysis of graphene 
products directly at the manufacturing 
plant, ensuring excellent batch-to-batch 
quality control.

Materials and Methods
PureGraph graphene powders were pro-
vided by First Graphene Ltd. The Pure-
Graph products are high aspect-ratio 
graphene nanoplatelet powders manu-
factured by the electrochemical exfolia-
tion of Sri Lankan vein graphite. Samples 
of graphene powders were analyzed and 
received without any further sample prep-
aration or manipulation. Sample powders 
were placed directly onto glass specimen 
holders. The samples were tested using 
a B&W Tek i-Raman Plus 532H system 
with a fiber-optic probe at 30 mW laser 
power at the sample and 60-s integra-
tion time with four averages (11). Samples 
were analyzed in an enclosure during 
data acquisition. The results are displayed 
with the anti-biasing and Savitzky-Golay  
smoothing algorithm.

Results and Discussion
Figures 2 and 3 show the spectra ob-
tained for the graphene products and 
vein graphite raw materials. Spectra of 
the PureGraph samples show prominent 
D, G, and 2D bands present at 1350 cm-1, 
1585 cm-1, and 2700 cm-1, respectively. An 
approach based on published methods 
was used to analyze the level of defect in 
the graphene structure by examining the 
ratio between the D and the G bands. The 
G band is a result of in-plane vibrations of 
sp2-bonded carbon atoms whereas the D 
band results from out-of-plane vibrations 
attributed to the presence of structural de-
fects. The lower the value of the ID/IG ratio, 
the greater the quality (more graphene-
like properties) of the graphene sample. 
Some major causes of defects are: the 
presence of vacancies as sp3-carbon, the 
presence of graphene oxide, the presence 
of amorphous carbon, and of course, the  
platelet edges.
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The samples show a low defect ratio 
(ID/IG) of 0.17 for 5 (red) and 10 (green), 
and 0.12 for 20 (blue). The low values of 
the ID/IG for PureGraph are indicative 
of a low level of defects in the product. 
This is consistent with independent oxy-
gen analysis of the PureGraph products 
performed by micro-elemental analysis, 
which shows typical bulk oxygen levels 
between 1 and 2% w/w.

Figure 4 shows an overlay of PureGraph 
samples against graphite raw material. 
The samples clearly show the absence of 
the graphitic band at 2720 to 2740 cm-1. 
The 2D band of PureGraph products is 
indicative of fewer than 5 carbon layers 
(8). The Raman spectroscopy results in-

dicating few-layer graphenes are consis-
tent with microscopy analysis, supporting 
transmission electron microscopy images 
of the PureGraph 5 product are shown in 
Figure 5.

Conclusion
Atline analysis of graphene can be per-
formed by portable Raman spectroscopy 
with simple equipment and no pretreat-
ment, giving instant and representative 
batch data. The technique is simple to op-
erate and does not require highly skilled 
operators. Atline Raman spectroscopy 
analysis is currently used to monitor every 
batch of graphene manufactured by First 
Graphene Ltd. Portable Raman spectros-

copy confirms that the products examined 
in this study are low defect, high-aspect 
ratio graphene platelets. The analysis of 
the 2D band indicates that the average 
graphene platelet is <5 layers thick. 
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Fiberoptic Formaldehyde Field  
Sensors for Industrial Environments: 
Capitalizing on Evanescent-Wave 
Spectroscopy

Formaldehyde is an indoor air pollut-
ant that is widespread across many 
industries. The established implication 
of formaldehyde in respiratory condi-
tions and its carcinogenicity pose a risk 
to millions of workers in the wood and 
textile industries. We have developed 
an optical sensor based on the evanes-
cent wave absorption of light by the 
tailored formaldehyde-sensitive clad-
ding of a modified commercial plastic 
optical fiber. This known spectroscopic 
technique, in combination with the in-
expensive plastic optical fibers, has 
proven to be a powerful tool for form-
aldehyde monitoring. Sensor proto-
types following that principle are being 
tested in two Spanish plywood board 
production plants. The manufactured 
fiberoptic sensors have been designed 
to meet the requirements of in situ, 
continuous, and unattended occupa-
tional FA monitoring with a detection 
limit of 250 μg/m3 (0.20 ppm).

M. Mar Darder, Luis A. Serrano, María C. Moreno-Bondi, Miguel A. Alba, and Guillermo Orellana 

Formaldehyde is a relevant 
indoor air pollutant that is 
widespread in many indus-

tries. The implication of formalde-
hyde in respiratory conditions and 
its carcinogenic potential pose a 
risk to millions of workers in multiple 
sectors, such as the wood, textile, 
construction, and automotive indus-
tries (1). Reducing the risks related 
to formaldehyde exposure can be 
economically demanding in terms 
of equipment and personnel (2). 
Although many portable formalde-
hyde sensors are available, reliable 
and automated detection systems 
for affordable continuous monitor-
ing are scarce (3). Spec troscopic 
techniques can great ly assis t in 
the development of powerful ana-
ly tical tools for industrial process 
analysis and safety assurance (4–6). 
In particular, fiberoptic-based sen-
sors of fer valuable advantages for 
industrial chemical monitoring in 
terms of reduced weight and size, 
portability, low cost, and immunity 
to electromagnetic interferences (7). 
Fiberoptic evanescent wave (EW) in-
terrogation (also called evanescent 

field sensing, or EFS) can easily be 
combined with any conventional 
optical analy tical technique that 
is most convenient for a given ap-
pl icat ion, such as f luorescence, 
ultraviolet, v isible, near- or mid-
inf rared absorpt ion, and Raman  
scattering spectroscopies (8). 

A typical fiberoptic-based absorp-
tion EFS setup consists of a light 
source coupled to an analyte-sensi-
tive fiber, the distal end of which is 
interfaced to a detector. In this setup, 
the light propagates from the light 
source to the detector through the 
sensing waveguide. The waveguide 
then responds to changes in the de-
sired optical parameter (whether that 
is intensity, wavelength, or phase) (9). 
The diversity of optical fiber materi-
als increases the options for chemi-
cal-sensing purposes. Plastic optical 
fibers (POFs) are attractive alterna-
tives to the conventional multimode 
silica optical fibers because of their 
increased robustness, significantly 
lower prices, and ease of handling. 
Their only main drawback is that 
their main features come at the ex-
pense of higher attenuation (10). 
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Multimode fibers are based on a 
core–cladding structure. Light prop-
agates through the core by means 
of total internal ref lections at the 
core–cladding interface, as long as 
the refractive index of the cladding 
is lower than that of the core. Each 
internal reflection generates an EW 
that passes into the cladding. EWs 
are exponentially decaying elec-
tromagnetic fields that propagate 
perpendicularly to the core–clad-
ding interface into the cladding me-
dium. The actual penetration depth 
(dp), on the order of the propagat-
ing light wavelength, depends on 
the latter (λ), the incidence angle at 
the interface (θ), and the refractive 
indexes of cladding (ncl) and core 
(nco), according to equation 1 (11):

dp = λ
2�   n2 sin2θ – n2

co cl
[1]

Absorption-based EW fiberoptic 
sensors measure the color varia-
tions of the cladding produced by 
an incoming analyte that typically 
undergoes a color-changing reac-
tion with an “indicator” dye em-
bedded therein. Interrogation of 
the color imetr ic reac tion occurs 
through the EW propagating inside 
the cladding. In this way, the optical 

fiber itself acts as an optical cell. The 
amount of analyte that penetrates 
the cladding from the sample can 
be directly correlated to the power 
loss of the light travelling along the 
fiber at specific wavelengths, namely 
those within the absorption spec-
trum of the indicator dye (12). 

For the detection of formaldehyde, 
we capitalized on the EW absorption 
changes undergone by the reduced 
form of fuchsin, a known colorimetric 
reagent for this aldehyde. The pres-
ence of formaldehyde in the fiber 
cladding is detected through the 
formation of a violet product (VP) as 
a result of the reaction between the 
leuco (“colorless”) form of fuchsin 
and formaldehyde (Figures 1a–b). 
The absorption changes of the man-
ufactured FA-sensitive optical fibers 
are detected with a custom-made 
portable instrument with dedicated 
software, tailored to in situ, near-real 
time, unattended airborne FA moni-
toring in industrial facilities (Figure 
1c). The initial analytical results of 
the sensor before its deployment in 
a plywood board production plant 
are reported herein.

Materials and Methods
Formaldehyde-Sensitive Optical Fiber
The sensit ive optical f ibers were 
fabricated from a multimode step-

index plast ic optical f iber (PFU-
FB-1000, Toray Raytela, Japan) of 
1000 μm external diameter (980 μm 
poly[methyl methacrylate] core and 
10 μm perfluorinated acrylate clad-
ding) (13). Before the sensitive coat-
ing could be applied, the original 
cladding of the fiber was removed 
by chemical dissolution. To remove 
the or iginal c ladding, a mix ture 
of 200 mL of a mixture of acetone 
(VWR International, HPLC grade), 
methyl isobutyl ketone (Alfa Aesar, 
99.0%) and type I purified water (Di-
rect-Q, Merck) (3:1:1 by volume) was 
placed in an evaporation dish con-
taining 1 m of the optical fiber. After 
magnetically stirring for 45 min, the 
remaining cladding was manually 
removed with latex gloves. 

Then, 40 cm of an uncladded op-
tical fiber was hung vertically while 
a drilled rubber septum containing 
500 µL of a Nafion D-521 dispersion 
in lower alcohols (Alfa Aesar, 5% 
w/w, >0.92 meq g-1 exchange capac-
ity) was extended manually around 
the fiber with a slow constant slide 
movement. The re-cladded fibers 
were allowed to ambient dry for 24 h.

The dye immobilization involved 
immer s ing eac h Naf ion - coated 
fiber for 2 h in 50 mL of an aque-
ous solution containing 40 mL of a 
0.25 g/L basic fuchsin (Fluka Ana-
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ly t ical ), 2.0 g of sodium bisulf i te 
(VWR Eurolab, reagent grade), and 
10.8 mL of phosphoric acid (Fisher 
Scientif ic, ≥85%) (such a mix ture 
quantitatively generates the leuco 
fuchsin in situ). After 24 h contact, 
37.5 cm segments of the fiber were 
cut, end polished, and fitted into a 
nylon-made opaque fiber chamber, 
designed and manufactured in our 
facilities (Figure 1d).

Formaldehyde-Sensitive 
Optical Fiber Calibration
The response to fo r maldehyde 
of the sensitive optical fibers was 
evaluated in air in the 0 to 6.7 ppm 
range (equivalent to 0 to 8.24 mg/
m3), at atmospheric pressure, con-
trolled temperature (25 ± 1 °C), con-
stant relative humidity (RH) (50%) 
and flow rate (75 mL/min). The car-
rier air was obtained from cylinders 

(99.995%) supplied by Carburos Me-
tálicos (Spain). The formaldehyde air 
streams were generated by concen-
trated gaseous formaldehyde (2.5 to 
14 mL/min) with pure air (25 to 60 
mL/min) and a 100% RH air stream 
generated in a water sparger (25 
to 60 mL/min). Figure 2 illustrates  
this scheme. 

The concentrated formaldehyde 
stream was produced by passing air 

TABLE I: Calibration data and repeatability of formaldehyde measurements carried out with EW interrogation of sensi-
tive optical fibers.

Formaldehyde (ppm) Δ(I575/I455)a RSD (%)b

1.8 0.12 ± 0.01 8

3.5 0.21 ± 0.02 7

5.3 0.29 ± 0.01 4

7.1 0.39 ± 0.03 6

a Signal decrease of the intensity ratio from that of the zero level for each FA in air after 15 min of exposure at (25 ± 1) °C, 
50% RH, and 75 mL/min sample flow; the zero-level signal is automatically calculated as an average of the I575/I455 ra-
tio before the FA exposure and after the sensor regeneration. Confidence intervals ± t sn–1 n-1/2 (at 95% confidence level); n = 5;  
b Relative standard deviation (%).

http://www.marqmetrix.com
http://www.marqmetrix.com
mailto:info@marqmetrix.com
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(2.5–10 mL/min) through a sparger 
at 25.0 ± 0.5 °C (thermostatic bath) 
containing an aqueous formalde-
hyde solution (0.18 M) made by di-
lution of commercial FA (Sigma-Al-
drich, 37.2% in water) with ultrapure 
water. Every gas stream was set in-
dividually with electronic mass-flow 
controllers (Bronkhorst F–211CV ) 
with maximum flows of 15, 50, and 
3 0 0 mL /min,  respec t i ve ly,  con-
trolled by PiD Eng&Tech Process@  
v.2.2.1.0 software. 

EW-Based Optical Fiber Spectrometer
Formaldehyde measurements were 
car r ied out us ing a ruggedized 
por t a b le  d ev ice  d e s ig ned and 

manufactured at our university fa-
cilities. The optoelectronic unit of 
the sensing device monitors the 
changes in the transmit ted l ight 
through the indicator-cladded op-
tical fiber from the ratio of the de-
tected intensities at 575 nm to 455 
nm every minute. Figure 1d shows 
the sensit ive optical f iber inside 
the U - shaped sample c hamber 
with standard SMA connectors for 
POF (Ratioplast Optoelectronics), 
connec ted to a white LED (STS-
DA1-1479) enclosed in an ABS 3D-
printed housing and to a compact 
mini-spectrometer (FLAME-S-VIS-
NIR-ES, Ocean Insight) equipped 
with a 25 μm entrance slit (Figure 

2a). Instrument configuration, cali-
bration curves, and collected data 
are stored locally in the ruggedized 
sensor system CPU. The latter man-
ages the described components by 
a dedicated software built on Lab-
VIEW drivers (NI), developed in our 
research group. The acquired data, 
including formaldehyde concentra-
tion readings associated to the sen-
sor location, can be accessed and 
downloaded remotely at any time 
via a Wi-Fi network. Our software al-
lows the instrument to operate fully 
unat tended as long as required, 
because it can trigger the sample 
acquisition automatically once the 
baseline is recovered af ter each 
measurement, upon regeneration 
with clean air (Figure 1c). 

Results and Discussion
The transmission spec tra of the 
formaldehyde-sensitive optical fi-
bers were recorded initially to evalu-
ate the effect of the embedded LF 
on the light emerging from the dis-
tal fiber end, with respect to a pure 
optical fiber. The effect of the for-
mation of the violet product on the 
transmitted light was subsequently 
investigated. Figure 2b shows the 
transmission spectra of the sensing 
fiber in the absence and presence 
of formaldehyde. The decrease of 
the detected intensity in the 540 to 
640 nm spectral region of the LF-
containing fiber upon dif fusion of 
the analyte into the cladding reveals 
the effect of the interaction of form-
aldehyde with the indicator dye. LF 
displays weak absorption in the 350 
to 500 nm spectral region, but the 
violet product strongly absorbs in 
the 450 to 650 nm range. Figure 1b 
shows the absorption peaks at 575 
nm. Therefore, when the violet prod-
uct forms, the intensity of the light 
emerging from the distal end of the 
fiber decreases with respect to that 
in the absence of analyte resulting 
from the absorption of the evanes-
cent wave at every internal reflection 
of the transmitted light.
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The identification of the transmis-
sion loss region is key for successful 
EW monitoring using indicator-clad-
ded optical fibers. However, the ana-
lytical signal must also be corrected 
for small f luc tuations in the light 
source or differences in the installa-
tion or manufacturing of the various 
sensitive POFs. Therefore, we moni-
tored the signal by ratioing the 575 
nm main band to the 455 nm peak 
(both integrated over 5 pixels). The 
455 nm peak is a region where both 
LF and VP absorb weakly and allow 
the underlying blue LED emission of 
the white diode to shine through.

Formaldehyde-sensitive optical fi-
bers were calibrated in the 0 to 6.7 
ppm concentration range at 25 ºC 
and 50% RH (automatic correction for 
the sample temperature and humidity 
will be implemented at a later stage). 
Every 15-min formaldehyde exposure 
cycle was followed by 1 h regenera-
tion time with a formaldehyde-free 
air stream using the same flow, tem-
perature, and humidity conditions for 
signal stability. Figure 3 depicts the 
response curve and dose-response 
plot of the sensing optical fibers. 
The calibration curve shows a nonlin-
ear behavior between the analytical 
response (y) and the formaldehyde 
concentration (x) at low formalde-
hyde levels. Therefore, a power func-
tion (y = axb) was used to fit the ex-
perimental data points (a and b are  
the parameters).

The sensing fiber repeatability was 
evaluated using a single optical fiber. 
Each formaldehyde concentration 
was measured five times and the cor-
responding relative standard devia-
tions (RSD) of their analytical signals 
were compared (Table I). Detection 
limits were determined to be 0.25 
mg/m3 (0.20 ppm) for the 15 min sam-
pling time, a value lower than the cur-
rent short term exposure limit (STEL) 
established by different regulations 
(for example, 2 ppm in the United 
States or 0.6 ppm in the EU). The 
sensor displayed good measurement 
repeatability (RSD <10%), but its sen-

sitivity needs to be improved for ac-
curate measurements below the long 
term exposure limit (for example, 0.3 
ppm of EU Directive 2019/983). The 
good stability and repeatability of the 
formaldehyde-sensitive optical fiber 
sensor, obtained during 50 h monitor-
ing periods, demonstrate consistent 
performance of the sensor over full 
working shifts to guarantee that the 
occupational exposure safety limits 
are never reached.

Conclusions
Evanescent wave absorption spec-
troscopy is a valuable analytical tech-
nique that can provide useful solu-
tions outside of the laboratory, with 
compact rugged devices and mini-
mum cost of consumables if plastic 
optical fibers are used. We have dem-
onstrated a fiberoptic evanescent 
wave absorption sensor for continu-
ous monitoring of airborne formal-
dehyde. The optoelectronic interro-
gation unit can be readily adapted 
to gas phase monitoring of other 
chemicals. We showed how optical 
fibers offer the required versatility to 
develop new analytical strategies in 
combination with the proper spectro-
scopic technique. Even though future 
commercial exploitation would still 
require further optimization of the 
sensing fibers to enhance their limit 
of detection, the developed formal-
dehyde-sensitive optical fibers clearly 
have analytical features suitable for 
routine monitoring of this chemical in 
industrial environments.
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Raman Spectroscopy: Bringing 
Inline Analysis to Production

Since its discovery in the 1920s, Raman 
spectroscopy has revolutionized pro-
cess analysis with its nondestructive 
nature and ability to measure sample 
composition. More recently, technologi-
cal improvements in lasers, optics, and 
detectors have made Raman faster and 
more accessible to both scientists and 
nonexperts for real-time process analy-
sis. As a result, Raman is now a powerful 
measurement solution for research and 
development, manufacturing, and quality 
control. When applied in manufacturing 
processes, Raman spectroscopy provides 
real-time results in seconds, transmitted 
to an advanced process control (APC) 
system to increase process understanding 
and efficiency, ensuring product quality 
and consistency. A process Raman sys-
tem has considerable operator health and 
safety benefits. For instance, using an im-
mersion Raman probe eliminates the need 
for toxic samples to be extracted from the 
process and analyzed in the laboratory, 
significantly reducing exposure. This ar-
ticle focuses on two examples of Raman’s 
safety and time benefits in process con-
trol. The first example is the manufacture 
of organometallic compounds, such as 
trialkyl aluminum compounds, that are 
pyrophoric and dangerous to sample. 
The second is the transformation of or-
ganic waste into alternative fuels, where 
monitoring the reaction offline at extreme 
temperatures and pressures is dangerous, 
time-consuming, and expensive.

Brian Marquardt and Bharat R. Mankani 

Raman spectroscopy is no  
longer reserved for just labo-
ratory use. New Raman spec-

troscopy applications are emerging in 
non-traditional fields because of advance-
ments in easy-to-use commercial Raman 
spectroscopy instrumentation (1). Outside 
the laboratory, Raman spectroscopy has 
found a home in manufacturing and qual-
ity analysis. Raman spectroscopy systems 
are the new analytical tools to control 
processes by measuring critical process 
parameters (CPPs). With improvements 
in lasers, optics, and detectors, Raman 
spectroscopy has developed into a pow-
erful measurement solution for research 
and development, manufacturing, and 
quality control.

Raman spectroscopy is an optical 
analysis technique that relies on the mea-
surement of the vibrational properties of 
molecules. It produces a unique spectral 
fingerprint that identifies the chemical 
composition and molecular structure 
of materials. Taking a Raman measure-
ment is as simple as shining a laser onto 
a sample. A spectrometer collects and 
measures the Raman scattered photons, 
creating a unique spectral fingerprint. A 
Raman measurement can be collected 
in seconds for most organic substances. 
Sample mixtures, even those containing 
water, can also be analyzed quickly and 
effectively. There is little to no sample 
preparation required when using Raman 
spectroscopy. The technique is non-

destructive and can measure samples in 
real-time, making it an effective process 
analysis tool. A Raman signal is straight-
forward to interpret: The distribution of 
the spectral peaks describes the mol-
ecule’s composition while the signal 
intensity correlates linearly with concen-
tration. The simplicity of this data-rich 
qualitative and quantitative information 
makes Raman spectroscopy an attractive 
process analytical technology (PAT) tool.

In addition, the evolution of Raman 
spectrometers and probes reveals that 
Raman equipment has long had a repu-
tation for being expensive, cumbersome, 
and difficult to use. Advancements in the 
stability and portability of certain Raman 
systems demonstrate that this technology 
can be moved out of the traditional labo-
ratory and installed at the point of need 
with little to no maintenance. These re-
cent developments have been valuable in 
reducing the need for sample extraction 
and handling, especially when hazardous 
materials are present.

These benefits and advancements have 
increased the adoption of Raman spec-
troscopy systems in various fields. Raman 
systems have proven valuable for analyzing 
and controlling product quality in indus-
tries such as pharmaceuticals, biopharma-
ceuticals, polymers, semiconductors, oil 
and gas, alternate fuels, and fine art. This 
list continues to grow as more industries 
learn about the value of process Raman 
spectroscopy. Companies are beginning 
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to realize that real-time Raman spectros-
copy compositional analysis allows them 
to engineer quality into their products, 
reduce the cost of manufacturability, and 
speed up the time to market (2).

Given the ease of use, simplicity of data 
analysis, first principles compositional in-
formation, and versatility, Raman spec-
troscopy is an excellent tool for industrial 
process analysis and control.

What is Process 
Raman Spectroscopy?
When used in an industrial setting, Raman 
spectroscopy can increase process effi-
ciency and understanding. Raman en-
sures product quality and consistency by 
transmitting real-time compositional data 
to advanced process control (APC) sys-
tems in seconds. This is known as “process  
Raman spectroscopy.”

Process Raman spectroscopy can ad-
dress manufacturing challenges in various 
industries: How does one obtain action-
able, real-time insights for production? 
How does one ensure consistent product 
quality? What is the optimal way to man-
age process variability? Process Raman 
spectroscopy is the answer to these 
questions because it offers a higher level 
of compositional information for process 
control. As a result, process Raman spec-
troscopy has become an established PAT 
tool. Raman can also be used as an on-
line–inline optical sensor, bringing analy-
sis right to the production line (for exam-
ple, a conveyor belt, tablet coater, or wet  
milling operation). 

Before taking Raman spectroscopy out 
of the laboratory, manufacturers looking 
to adopt process Raman spectroscopy 
technology in their production lines must 
consider several factors: Are their Raman 
spectroscopy systems easy to install and 
maintain? Are their instruments portable? 
The ability to install your Raman spectros-
copy system at the point of need is es-
sential in these applications. Reducing 
the cost of ownership is imperative when 
using Raman spectroscopy for continuous 
process analysis and control.

Furthermore, selecting the appropri-
ate equipment is of the utmost impor-
tance when taking Raman spectroscopy 

out of a laboratory setting. Technical re-
quirements to look for are a 785-nm laser 
wavelength for the right balance between 
signal strength and reduced fluorescence, 
open platform communications (OPC)–
compatibility, and the ability to interface 
with chemometrics process software, all 
of which are important considerations for 
process analysis. 

Once installed, process Raman 
spectroscopy has considerable opera-
tor health and safety benefits because 
samples are no longer required to be 
extracted from the manufacturing pro-
cess and transported to the laboratory 
for analysis.

Raman Spectroscopy as a  
Process Analytical Technology Tool
Raman spectroscopy is an established 
PAT tool. It can collect and preprocess 
molecular compositional data to build 
a chemometric model for CPPs (3,4). 
Raman spectroscopy can also help con-
trol and fine-tune processes based on 
fast, real-time feedback to improve critical  
quality attributes (5). 

This article reviews two industrial appli-
cations that have successfully used Raman 
spectroscopy as a PAT tool: The first in-
dustrial application is the manufacture 
and sampling of highly sensitive and re-
active trialkyl aluminum compounds. The 
second is the transformation of organic 
waste into alternate fuels.

By utilizing online Raman spectros-
copy, as opposed to traditional offline 
monitoring, manufacturers can signifi-
cantly reduce cost and risk while improv-

ing efficiency. Installation of a solid-state 
process Raman spectroscopy system is 
straightforward, and it does not require 
a sophisticated sampling system. The 
ongoing cost expressed as the total cost 
of ownership is negligible, given the sta-
bility and reliability of factory-calibrated 
process Raman systems.

Sampling Hazardous Compounds 
with Raman Spectroscopy 
Manufacturers handling hazardous ma-
terials in their production facilities face 
unique analytical challenges when it 
comes to the collection of samples for 
laboratory analysis. These substances 
do not travel well and could potentially 
be dangerous to the person sampling or 
handling them (6). An example is trimethyl 
aluminum (TMA), a highly sensitive and 
reactive chemical compound. TMA is 
known for its exceptional degree of pyro-
phoricity. Science Translational Medicine 
has called TMA reactions “the most noto-
rious fireball in all of chemistry” (7). 

Organometallic compounds like TMA 
constitute an extensive group of sub-
stances that have played a significant role 
in chemistry development. They are used 
as catalysts and as intermediates in both 
the laboratory and in the industry. 

Challenge
Organometallics are manufactured in 
large volumes with very high purity, which 
presents major analytical obstacles, be-
cause sample handling is hazardous (8). 
Raman spectroscopy has been demon-
strated to help manufacturers overcome 
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FIGURE 1: Raman spectra of organometallic products of differing purity.
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this challenge. One strategy is to use a 
sensitive, spectroscopic inline measure-
ment for process monitoring and control 
during the manufacturing process. 

As mentioned above, organometallic 
purity is of the utmost importance, so any 
spectroscopic method capable of mea-
suring purity must have excellent specific-
ity, sensitivity, stability, accuracy, and pre-

cision. Solid-state Raman spectroscopy 
has all of the above attributes and no re-
quirement for a sophisticated sampling 
system, making the installation of such a 
system relatively straightforward. 
 
Method
In this example, the measurement of or-
ganometallic purity was performed with 

process Raman spectroscopy. The man-
ufacturer coupled a MarqMetrix Raman 
spectrometer with a laser excitation of 785 
nm to 100 m of high-grade armored fiber-
optic cable. This cable was connected to a 
Hastelloy C-276 BallProbe, mounted into 
the process with flanges, and installed. A 
separate identical probe with a 3-m fiber-
optic cable was coupled to the spectrom-
eter for model development purposes. 

The standard procedure for method 
development is collecting inline Raman 
spectra at regular intervals with accurate 
time and date stamps. Process operators 
then extract samples at set times and 
send them to the laboratory for analysis. 
The laboratory analysis would be com-
pared to the Raman spectra, and a multi-
variate data analysis (MVDA) model would 
be developed. In this case, that traditional 
methodology is not possible because the 
sample has an extremely reactive nature. 

Because of the sample handling 
challenges, sample extraction from the 
process must be minimized as much as 
possible to ensure operator safety. An al-
ternative methodology is to extract one 
pure sample from the plant and “spike” it 
with known impurities to create a sample 
set, consisting of 18 samples specified by 
a design of experiments (DoE) approach. 
This combination ensures maximum 
sample variance with a minimum num-
ber of samples, and a purity range of 90 
to 99.9%. The DoE sample set used for 
calibration was stored in glass vials under 
nitrogen, and Raman spectra were col-
lected using a contact-free probe measur-
ing through the vial. Acquisition param-
eters set the integration time to 230 mS 
and the laser power to 450 mW. Figure 1 
shows the Raman spectra of the finished 
organometallic product with a 90% pure 
sample. There are clear differences in the 
spectra that correspond to the variation 
in sample purity. 

The MVDA algorithm used was par-
tial least squares (PLS). The spectral data 
were preprocessed using a first derivative 
and standard normal variate (SNV) treat-
ment to correct for additive and multipli-
cative baseline effects and to enhance 
resolution. A cross-validation technique 
was used to ensure realistic error statis-
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FIGURE 4: Schematic of a supercritical water gasification reactor, with posi-
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tics were calculated. Figure 2 shows the statistical results for the 
cross-validation with both a regression line (Figure 2a) and target 
line alongside the plot of error versus the number of PLS factors 
(Figure 2b).

A three-factor PLS model was optimal as indicated by the root 
mean square deviation (RMSD) for the cross-validation data in-
creasing because of the overfitting of additional factors. The PLS 
model was subsequently implemented for inline analysis. There 
were minor changes to integration time because longer lengths 
of optical fiber were used, and the analysis was subsequently 
performed using third-party process control software (Camo 
Analytics Process Pulse II) for model execution, visualization, 
and transmission of results via fieldbus to the plant process con-
trol system. Results are updated once per minute, and process 
operators make key decisions that ensure product quality and 
consistency while reducing cycle times (Figure 3). 

Figure 3 shows the continuous Raman spectroscopy analysis 
of product purity versus time. Process operators set control lim-
its, alarms, and warnings on the process control system. Results 
were updated once per minute, enabling the operators to opti-
mize process settings to ensure all material produced is within 
specification resulting in increased product yield and reduced 
cycle times.

Analyzing the Transformation of Organic Waste 
into Alternate Fuels with Raman Spectroscopy
Hazardous compound sampling and the transformation of or-
ganic waste into alternate fuel technology share one common 
factor: Both are more efficient when continuously monitored 
with a Raman spectrometer. In the case of supercritical water 
gasification (SCWG) of organics, Raman spectroscopy is the only 
technology that can effectively measure the required CPPs (4).

SCWG is an emerging alternate fuel technology (9,10). It can 
transform organic waste, such as biomass, into hydrogen-rich 
syngas. Water becomes a unique fluid above its thermodynamic 
critical point (374 °C, 22.1 MPa), but there are very few tools that 
can study the decomposition of organic waste at these tempera-
tures and pressures. The use of an inline or online measurement 
tool is imperative to understand CPPs and study the effects of 
these parameters on the reaction kinetics

Challenge
Traditionally, gas chromatography is used for total organic car-
bon (TOC) analysis. This ex situ analytical method is time-con-
suming and expensive to operate because reactor conditions 
can only be changed from run-to-run, and the system requires 
carrier gas, column maintenance, and regular maintenance to 
maintain optimal performance. In situ process Raman spectros-
copy makes it possible to continuously monitor and identify gas-
ification products such as H2, CO2, and CO in real-time. Decisions 
to adjust operational parameters are made based using these 
well-timed insights. In this example, process Raman spectros-
copy was used in the analysis of the kinetics of decomposition 
of formic acid in sub- and supercritical water. CPPs for optimizing 

yields and the product composition are temperature, pressure, 
concentration, residence time, reactor concentration, reaction 
pathway, and catalysis (5). 

Method
In a study conducted by professor Igor V. Novosselov at the 
University of Washington, the decomposition of formic acid was 
monitored in a continuous sub- and supercritical water reactor at 
temperatures between 300 and 430 ºC, at a pressure of 25 MPa, 
with a residence time between 4–65 s, and a feedstock concen-
tration of 3.5 wt%. Raman instrumentation and a MarqMetrix 
immersion BallProbe were located immediately after the heat 
exchanger (optical cell in Figure 4) to allow for in situ monitoring 
of the product species in the quenched effluent stream.

The equipment used was a fiber-optic immersion probe with 
a 785-nm laser operating at the 300 mW power setting. The 
immersion probe’s sapphire ball lens focuses the laser into the 
sample flow. Five spectra, each with a total integration time of 20 
s, were collected and averaged for each operational condition—
signal averaging provided an acceptable signal-to-noise ratio 
for identifying minor constituents. A semi-manual fluorescent 
background subtraction method was used for consistent spec-
tral processing. The spectra were normalized to the sapphire 
peak (used as an internal standard), to negate sample to sample 
variance. The manufacturer used an average of all five spectra 
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to calculate product yield. The five indi-
vidual spectra were used to calculate the 
uncertainty of reported yields to a 95% 
confidence interval.

The Raman signal intensity for a given 
molecule is linearly dependent on the 
constituent molar concentration in the 
optical control volume. However, tem-
perature, pressure, reactions, and mo-
lecular interactions can cause non-linear 
spectral behavior. For the spectra col-
lected in this study, indirect hard mod-
eling (IHM) was used to extract species  
concentration data.

Calibration was accomplished by using 
the least-squares optimization of stoichio-
metric atom balances for the collected 
spectra. This action allows calibration 
without an extensive set of known mix-
ture spectra that are challenging to pro-
duce for a two-phase effluent stream of a  
reacting system.

The gasification of formic acid resulted 
in yields of H2, CO, and CO2. Figure 5 
shows a representative Raman spectrum 
of the decomposition products formed 
from gasifying formic acid. The corre-
sponding chemical identification of sig-
nificant peaks are noted in the plot.

The experimental conditions of the su-
percritical water reactor and the gasified 
formic acid were as follows: Continuous 
temperatures hovered between 300 and 
430 °C; a pressure of 25 MPa was main-
tained; residence times stayed between 

4 and 65 s; and a feedstock concentration 
was set at 3.6 wt%. Raman spectroscopy 
was used to accurately monitor the in 
situ liquid and gaseous products in the 
effluent stream. The use of Raman spec-
troscopy also allowed operators to col-
lect data during reactor operation, which 
quickly assessed the reaction products. A 
total of 10 experimental conditions were 
tested in a day, demonstrating potential 
for expediting future gasification studies 
with more complex model compounds.

In the end, CPPs such as temperature, 
pressure, residence time, and the con-
centrations of H2, CO2, CO, and residual 
formic acid were identified. In conclusion, 
at temperatures below 300 °C, formic acid 
did not show significantly fast decompo-
sition. At temperatures above 430 °C, 
formic acid decomposed too rapidly to 
quantify kinetic rates accurately.

Conclusion
In manufacturing, timing can impact 
everything, from development to the 
time it takes to get a product to market. 
Businesses desire production insights 
to facilitate real-time decisions that may 
ultimately give them an advantage over 
their competitors. Raman spectroscopy 
can help industries overcome difficult 
production hurdles and improve prod-
uct quality. As a measurement technol-
ogy, it is reliable, easy to interpret, and 
process-ready. However, these benefits 

are dependent on the type of equipment 
a business ultimately chooses to use. A 
solid-state Raman spectrometer will allow 
you to take Raman out of the laboratory 
and into production. 
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